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x SECTION I General Principles

The Next Frontier in Cardiac Surgery 
and Interventions

FOREWORD

Nothing endures but change.
Heraclitus

Medicine is in constant flux. Humans constantly are pushing the 
realm of scientific discovery into meaningful medical applications that 
ultimately alleviate suffering. The art and science of anesthesia care, as 
the practice of medicine, continues to progress significantly, especially 
in cardiac anesthesia. Our responsibilities have expanded beyond cre-
ating insensitivity to pain to the practice of sophisticated medical tech-
niques based on fundamental scientific principles. As a specialty, we 
are much more involved in disease assessment and physiologic manip-
ulation. The distinctions among anesthesiologist, diagnostician, and 
even interventionalist have blurred. The cardiac anesthesiologists' piv-
otal role constantly is growing in the successful outcome of a patient 
population that is becoming ever more complex.

These advances in our specialty come from our ever-expanding 
knowledge of cardiopulmonary physiology, biochemistry, pharmacol-
ogy, and neuroscience. However, much of our deeper understanding 
has come from advancements in technology. This edition of Kaplan's 
Cardiac Anesthesia comes at a time that witnesses the practice of our 
subspecialty at a major crossroads. Cardiac surgery is undergoing a 
revolution in the way both simple and complex heart disease will be 
treated. Simultaneously, anesthesiology and cardiology are undergo-
ing major advancements in imaging. Regional anesthesia now moves 
beyond the art of landmark assessment to the science of looking and 
guiding. In cardiology, it is fascinating to see that as new imaging or 
quantification technologies are brought online, new physiologic vari-
ables of the heart are discovered, rediscovered, or simply appreciated 
better. Moreover, newer imaging methodologies will serve as the eyes 
for catheter-guided hands in what can only be called a revolution in the 
development of new cardiac implantables and repair techniques that 
avoid sternotomy and cardiopulmonary bypass. Enter the “Echo Era.”

We have moved away from an era of palpation of the post-mitral 
repair thrill to sophisticated techniques to quantify a myriad of  cardiac 
physiologic parameters. We are also moving away from an era of open-
ing the chest to operate on the still heart. Newer image-guided proce-
dures ultimately will lead to less invasive incisions, less infection, and 
less end-organ insult from cardiopulmonary bypass. Cardiopulmonary 
bypass will still predominate over the next few years, but this decade 

will witness an explosion of newer catheter-based techniques that avoid 
reanimating the nonbeating heart. Imaging will be the cornerstone of 
these new minimally invasive procedures. Advances in materials sci-
ence and microelectronics ultimately will put three-dimensional eyes 
onto the tips of catheters, and these procedures will be performed by 
physicians who now operate inside the beating heart. Valve surgery is 
changing in a major way with adult senile calcific stenosis. Progressive 
change is accelerating transcatheter aortic valve intervention (TAVI). 
More than 20,000 cases have been performed. These procedures already 
avoid sternotomy and cardiopulmonary bypass to the point at which 
some patients are treated without endotracheal intubation and general 
anesthesia. Time will tell whether this procedure can be done safely. 
Nonetheless, the course is set and clear; cardiopulmonary bypass has 
brought us into the 21st century and imaging will advance us in 
the decades to come. Cardiac anesthesiologists now face a career-
changing decision: will they embrace being key members of the new 
interventional team, or will they be content to be sideline observers of 
these new procedures?

The pivotal role of echocardiography as both monitoring and diag-
nostic tool evidenced itself in the 1990s with mitral valve repair. The 
technology revolution is only going to accelerate. New advancements 
will include technologies that look at structures with more detail in 
space and time. Ultimately, newer parallel-processing algorithms in 
beamforming and automated machine analysis of cardiac images will 
allow assessment of 3D regurgitant volume, myocardial contraction, 
and full four-chamber and valvular quantification. Because computers 
have become more powerful, imaging will be embraced only as it pro-
gresses in simplicity.

This new echo era will advance both diagnostics and therapeutic 
guidance. I have been most privileged that my path from medical stu-
dent to cardiac anesthesiologist has been mentored by Drs. Kaplan, 
Reich, and Savino. This edition's framework, penned by a world-
renowned group of experts, not only is current and complete but also 
will equip its readers well for the dynamic ride to come.

Ivan S. Salgo, MD, MS
Chief of Cardiovascular Investigations, Ultrasound

Philips Healthcare
Andover, Massachusetts
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PREFACE

The sixth edition of Kaplan's Cardiac Anesthesia has been written to 
further improve the anesthetic management of the patient with cardiac 
disease undergoing both cardiac and noncardiac surgery. Since publi-
cation of the first edition in 1979, at the beginning of the modern era 
of cardiac surgery, continued advances in the field have made cardiac 
anesthesia the leading subspecialty of anesthesiology. To maintain its 
place as the standard reference textbook in the field, this edition has 
been completely revised, expanded, and updated throughout to reflect 
the ongoing changes in cardiovascular care, especially the rapid growth 
and use of ultrasound and other imaging technologies. Significant con-
tributions to the text have been made by leading cardiologists and car-
diac surgeons to fully cover the broader aspects of the total care of the 
cardiac patient.

This edition is subtitled The Echo Era to emphasize today’s expanded 
role of transesophageal echocardiography (TEE) and other ultrasound 
techniques in the perioperative period. The developments leading to 
the clinical use of TEE are described, and many of the authors discuss 
the expanding applications in monitoring and diagnosis by the mod-
ern cardiac anesthesiologist. Specific clinical situations are described 
using the decision-making process highlighted by Weiss and Savino: 
(1) framing the question asked of the anesthesiologist/echocardiog-
rapher; (2) collecting echocardiographic and nonechocardiographic 
information; (3) making the clinical decision based on integration of 
knowledge, framing, and information; and (4) implementing the rec-
ommendations after a full discussion with the surgeon and other clini-
cians (e.g., cardiologists).

These case discussions dealing with clinical decision making are aug-
mented by the full-color presentation of the text, multiple color echo 
and Doppler images, cine clips, and supplementary material on the 
Expert Consult premium website accompanying the print version of 
the text. The website also will be used to update the book as new mate-
rial appears between editions. Some of the new information will be 
provided by integrating key clinical areas first described in the Journal 
of Cardiothoracic and Vascular Anesthesia. The reader will be able to 
move seamlessly from the text to the new electronic information tech-
nology available with the book.

The content of the sixth edition ranges from the basic sciences 
through translational medicine to the clinical care of the sickest and 
most complex cardiac patients. The final section of this edition is 
entitled “Education in Cardiac Anesthesia” and emphasizes reducing 
errors to further improve the quality of our patient care. Training and 
certification in cardiovascular anesthesia are discussed, as well as the 
educational process and certification available for TEE. Because of 
the success of the new teaching aides used in the last edition, the Key 
Points of each chapter appear at the start of the chapters, and Teaching 
Boxes appear with many of the important “take-home messages.” The 
emphasis throughout the book is on using the latest scientific develop-
ments to guide proper therapeutic interventions in the perioperative 
period.

Kaplan’s Cardiac Anesthesia: The Echo Era was written by acknowl-
edged experts in each specific area or related specialties. It is the most 
authoritative and up-to-date collection of material in the field. Each 
chapter aims to provide the scientific foundation in the area as well 

as the clinical basis for practice, and outcome information is included 
when it is available. All of the chapters have been coordinated in an 
effort to maximize the clinical utility. Whenever possible, material has 
been integrated from the fields of anesthesiology, cardiology, cardiac 
surgery, physiology, and pharmacology to present a complete clinical 
picture. Thus, this edition should continue to serve as the definitive 
text for cardiac anesthesia residents, fellows, attendings, practitioners, 
cardiologists, cardiac surgeons, intensivists, and others interested in the 
management of the patient with cardiac disease for either cardiac or 
noncardiac surgery.

Cardiac anesthesia is a complex and comprehensive field of med-
icine, incorporating many aspects of the specialties of anesthesiol-
ogy, cardiology, and cardiac surgery. Monitoring modalities always 
have been an integral part of the practice and have provided us with 
data to improve our therapeutic interventions. Over the past 30 years, 
these monitors have become progressively more sophisticated. Many 
of these monitoring techniques have been adapted from cardiologists 
and then applied to the cardiac surgical setting. This has been true 
of electrocardiographic monitoring, with the introduction of the V
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lead for the intraoperative detection of myocardial ischemia modified 
from its use during exercise tolerance testing. The pulmonary artery 
catheter (PAC) was developed for use in the coronary care unit by Dr. 
Swan, but as he told me, the perioperative use of the PAC in high-risk 
patients with heart failure and cardiogenic shock was a better role for 
it, and this use would outlast its role for cardiologists; it turned out to 
be very true!

Now, we have arrived at the echo era in which TEE—adapted from 
transthoracic echocardiography use in cardiology—is used widely in 
cardiac anesthesia for monitoring, diagnosis, and helping to guide 
the surgery in procedures such as mitral valve repairs. This technique 
certainly has led to changes in the operative procedures, as well as 
improvements in our care and choices of pharmacologic treatments, 
as pointed out in this edition. However, the practice of cardiac anes-
thesia is and always has been more than the interpretation of any one 
monitor. Those who believe and emphasize that obtaining certifica-
tion in TEE makes an anesthesiologist into a cardiac anesthesiologist 
are sadly mistaken. The practice of cardiac anesthesia includes the use 
and interpretation of TEE, as it does with other monitors, but it also 
includes much, much more, and explains the overall size and depth of 
this book, incorporating all of the areas involved in the complete care 
of a cardiac surgical patient. It was this overall care in the perioperative 
period that led J. Willis Hurst, MD, one of the world’s leading cardiolo-
gists, to state, in his foreword to the first edition of Kaplan's Cardiac 
Anesthesia, that “This cardiologist views the modern cardiac anesthe-
siologist with awe.”

The editors gratefully acknowledge the contributions made by the 
authors of each of the chapters. They are the dedicated experts who 
have made the field of cardiac anesthesia what it is today and are the 
teachers of our young colleagues practicing anesthesiology around 
the world. This book would not have been possible without their hard 
work and expertise.

Joel A. Kaplan, MD, CPE, FACC
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Electrocardiogram Atlas: A Summary of 
Important Changes on the Electrocardiogram

Lead Placement

ELECTRODE

LEAD PLACEMENT POSITIVE NEGATIVE

BIPOLAR LEADS

I LA RA
II LL RA
III LL LA
AUGMENTED UNIPOLAR
aVR RA LA, LL
aVL LA RA, LL
aVF LL RA, LA

PRECORDIAL
V

1
4 ICS–RSB

V
2

4 ICS–LSB
V

3
Midway between V

2
 and V

4

V
4

5 ICS–MCL
V

5
5 ICS–AAL

V
6

5 ICS–MAL

LA, left arm; LL, left leg; RA, right arm.

Normal Electrocardiogram—Cardiac Cycle

The normal electrocardiogram (ECG) is composed of waves (P, QRS, 
T, and U) and intervals (PR, QRS, ST, and QT).
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Arrhythmias
Sinus Tachycardia

Rate: 100–160 beats/min
Rhythm: Regular
PR interval: Normal; P wave may be difficult to see
QT interval: Normal
Note: Should be differentiated from paroxysmal atrial tachycardia (PAT). 
With PAT, carotid massage terminates arrhythmia. Sinus tachycardia 
may respond to vagal maneuvers but reappears as soon as vagal stimulus 
is removed.

Premature Atrial Contraction

Rate: < 100 beats/min
Rhythm: Irregular
PR interval: P waves may be lost in preceding T waves; PR interval is 

variable
QT interval: QRS normal configuration; ST segment and T wave 

normal
Note: Nonconducted premature atrial contraction (PAC) appearance 
similar to that of sinus arrest; T waves with PAC may be distorted by 
inclusion of P wave in the T wave.

Premature Ventricular Contraction

Rate: Usually < 100 beats/min
Rhythm: Irregular
PR interval: P wave and PR interval absent; retrograde conduction of 

P wave can be seen
QT interval: Wide QRS (> 0.12 sec); ST segment cannot be evaluated 

(e.g., ischemia); T wave opposite direction of QRS with compensatory 
pause; fourth and eighth beats are premature ventricular 
contractions

II

Multifocal Atrial Tachycardia Rate: 100–200 beats/min
Rhythm: Irregular
PR interval: Consecutive P waves are of varying shape
QT interval: Normal
Note: Seen in patients with severe lung disease. Carotid massage has no 
effect. At heart rates < 100 beats/min, may appear as wandering atrial 
pacemaker. May be mistaken for atrial fibrillation.

Paroxysmal Atrial Tachycardia

Rate: 150–250 beats/min
Rhythm: Regular
PR interval: Difficult to distinguish because of tachycardia obscuring  

P wave; P wave may precede, be included in, or follow QRS 
complex

QT interval: Normal, but ST segment and T wave may be difficult to 
distinguish

Note: Therapy depends on degree of hemodynamic compromise. Carotid 
sinus massage may terminate rhythm or decrease heart rate. In contrast 
with management of paroxysmal atrial tachycardia in awake patients, 
synchronized cardioversion rather than pharmacologic treatment is 
preferred in hemodynamically unstable anesthetized patients.

II

Atrial tachycardia

P' P

Sinus rhythm
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Sinus Arrhythmia

Rate: 60–100 beats/min
Rhythm: Sinus
PR interval: Normal
QT interval: R-R interval variable
Note: Heart rate increases with inhalation and decreases with exhalation 10–20% (respiratory). Nonrespiratory sinus arrhythmia seen in elderly with 
heart disease. Also seen with increased intracranial pressure.

II

INSPIRATION EXPIRATION

Atrial Fibrillation

Rate: Variable ( 150–200 beats/min)
Rhythm: Irregular
PR interval: No P wave; PR interval not discernible
QT interval: QRS normal
Note: Must be differentiated from atrial flutter: (1) absence of flutter waves 
and presence of fibrillatory line; (2) flutter usually associated with higher 
ventricular rates (> 150 beats/min). Loss of atrial contraction reduces car-
diac output (10–20%). Mural atrial thrombi may develop. Considered 
controlled if ventricular rate < 100 beats/min.

Atrial Flutter

Rate: Rapid, atrial usually regular (250–350 beats/min); ventricular 
usually regular (<100 beats/min)

Rhythm: Atrial and ventricular regular
PR interval: Flutter (F) waves are saw-toothed; PR interval cannot be 

measured
QT interval: QRS usually normal; ST segment and T waves are not 

identifiable
Note: Carotid massage will slow ventricular response, simplifying recogni-
tion of the F waves.

II

Wolff-Parkinson-White Syndrome Rate: < 100 beats/min
Rhythm: Regular
PR interval: P wave normal; PR interval short (< 0.12 second)
QT interval: Duration (> 0.10 second) with slurred QRS complex; type A 

has delta wave, RBBB, with upright QRS complex V
1
; type B has delta 

wave and downward QRS-V
1
; ST segment and T wave usually normal

Note: Digoxin should be avoided in the presence of Wolff-Parkinson-White 
syndrome because it increases conduction through the accessory bypass 
tract (bundle of Kent) and decreases atrioventricular node conduction; 
consequently, ventricular fibrillation can occur.
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Sinus Bradycardia

Rate: < 60 beats/min
Rhythm: Sinus
PR interval: Normal
QT interval: Normal
Note: Seen in trained athletes as normal variant.

Sinus Arrest

Rate: < 60 beats/min
Rhythm: Varies
PR interval: Variable
QT interval: Variable
Note: Rhythm depends on the cardiac pacemaker firing in the absence 
of sinoatrial stimulus (atrial pacemaker 60–75 beats/min; junctional 
40–60 beats/min; ventricular 30–45 beats/min). Junctional rhythm most 
common. Occasional P waves may be seen (retrograde P wave).

Atrioventricular Block

(First-Degree)
Rate: 60–100 beats/min
Rhythm: Regular
PR interval: Prolonged (> 0.20 second) and constant
QT interval: Normal
Note: Usually clinically insignificant; may be early harbinger of drug toxicity.

Atrioventricular Block

(Second-Degree) Mobitz Type I/ Wenckebach Block
Rate: 60–100 beats/min
Rhythm: Atrial regular; ventricular irregular
PR interval: P-wave normal; PR interval progressively lengthens with 

each cycle until QRS complex is dropped (dropped beat); PR inter-
val following dropped beat is shorter than normal

QT interval: QRS complex normal but dropped periodically
Note: Commonly seen (1) in trained athletes and (2) with drug toxicity.

Atrioventricular Block

(Second-Degree) Mobitz Type II
Rate: < 100 beats/min
Rhythm: Atrial regular; ventricular regular or irregular
PR interval: P waves normal, but some are not followed by QRS complex
QT interval: Normal but may have widened QRS complex if block is 

at level of bundle branch. ST segment and T wave may be abnormal, 
depending on location of block

Note: In contrast with Mobitz type I block, the PR and RR intervals are 
constant and the dropped QRS occurs without warning. The wider the 
QRS complex (block lower in the conduction system), the greater the 
amount of myocardial damage.

Atrioventricular Block

(Third-Degree) Complete Heart Block
Rate: <45 beats/min
Rhythm: Atrial regular; ventricular regular; no relation between P 

wave and QRS complex
PR interval: Variable because atria and ventricles beat independently
QT interval: QRS morphology variable, depending on the origin of 

the ventricular beat in the intrinsic pacemaker system (atrioven-
tricular junctional vs. ventricular pacemaker); ST segment and  
T wave normal

Note: Atrioventricular block represents complete failure of conduction 
from atria to ventricles (no P wave is conducted to the ventricle). The 
atrial rate is faster than ventricular rate. P waves have no relation to QRS 
complexes, for example, they are electrically disconnected. In contrast, 
with atrioventricular dissociation, the P wave is conducted through the 
atrioventricular node, and the atrial and ventricular rates are similar. 
Immediate treatment with atropine or isoproterenol is required if cardiac 
output is reduced. Consideration should be given to insertion of a pace-
maker. Seen as a complication of mitral valve replacement.

Atrioventricular Dissociation

Rate: Variable
Rhythm: Atrial regular; ventricular regular; ventricular rate faster than 

atrial rate; no relation between P wave and QRS complex
PR interval: Variable because atria and ventricles beat independently
QT interval: QRS morphology depends on location of ventricular 

pacemaker. ST segment and T wave abnormal
Note: In atrioventricular dissociation, the atria and ventricles beat indepen-
dently. The P wave is conducted through the atrioventricular node, and the 
atrial and ventricular rate are similar. In contrast, atrioventricular block rep-
resents complete failure of conduction from atria to ventricles (no P wave is 
conducted to the ventricle). The atrial rate is faster than the ventricular rate. 
P waves have no relation to QRS complexes; for example, they are electrically 
disconnected. Digitalis toxicity can present as atrioventricular dissociation.

II
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Left Bundle Branch Block

Rate: <100 beats/min
Rhythm: Regular
PR interval: Normal
QT interval: Complete LBBB (QRS > 0.12 second); incomplete LBBB
(QRS = 0.10–0.12 second); lead V

1
 negative RS complex; I, aVL, V

6
 

wide R wave without Q or S component; ST-segment and T-wave 
defection opposite direction of the R wave

Note: Left bundle branch block (LBBB) does not occur in healthy patients 
and usually indicates serious heart disease with a poorer prognosis. In 
patients with LBBB, insertion of a pulmonary artery catheter may lead to 
complete heart block.

Right Bundle Branch Block

Rate: < 100 beats/min
Rhythm: Regular
PR interval: Normal
QT interval: Complete right bundle branch block (RBBB; QRS > 

0.12 second); incomplete RBBB (QRS = 0.10–0.12 second);  varying 

patterns of QRS complex; rSR (V
1
); RS, wide R with M pattern; 

ST-segment and T-wave opposite direction of the R wave
Note: In the presence of RBBB, Q waves may be seen with a myocardial 
infarction.
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Torsades de Pointes

Rate: 150–250 beats/min
Rhythm: No atrial component seen; ventricular rhythm regular or irregular
PR interval: P wave buried in QRS complex
QT interval: QRS complexes usually wide and with phasic variation twisting around a central axis (a few complexes point upward, then a few point 

downward); ST segments and T waves difficult to discern
Note: Type of ventricular tachycardia associated with prolonged QT interval. Seen with electrolyte disturbances (e.g., hypokalemia, hypocalcemia, 
and hypomagnesemia) and bradycardia. Administering standard antiarrhythmics (lidocaine, procainamide, etc.) may worsen torsades de pointes. 
Treatment includes increasing heart rate pharmacologically or by pacing.

Torsades de Pointes: Sustained

Coarse Ventricular Fibrillation

Fine Ventricular Fibrillation

Ventricular Fibrillation
Rate: Absent
Rhythm: None
PR interval: Absent
QT interval: Absent
Note: "Pseudoventricular fibrillation" may be the result of a monitor 
malfunction (e.g., ECG lead disconnect). Always check for carotid pulse 
before instituting therapy.

Ventricular Tachycardia

Rate: 100–250 beats/min
Rhythm: No atrial component seen; ventricular rhythm irregular or 

regular
PR interval: Absent; retrograde P wave may be seen in QRS complex
QT interval: Wide, bizarre QRS complex; ST segment and T wave dif-

ficult to determine
Note: In the presence of hemodynamic compromise, immediate direct cur-
rent (DC) synchronized cardioversion is required. If the patient is stable, 
with short bursts of ventricular tachycardia, pharmacologic management 
is preferred. Should be differentiated from supraventricular tachycar-
dia with aberrancy (SVT-A). Compensatory pause and atrioventricular 
dissociation suggest a PVC. P waves and SR  (V

1
) and slowing to vagal 

 stimulus also suggest SVT-A.

Atrial pacing
Pacemaker Tracings
Atrial pacing as demonstrated in this figure is used when the atrial 
impulse can proceed through the atrioventricular node. Examples are 
sinus bradycardia and junctional rhythms associated with clinically 
significant decreases in blood pressure. (Arrows are pacemaker spike.)

Ventricular Pacing
In this tracing, ventricular pacing is evident by absence of atrial wave 
(P wave) and pacemaker spike preceding QRS complex. Ventricular 
pacing is used in the presence of bradycardia secondary to atrioven-
tricular block or atrial fibrillation. (Arrows are pacemaker spike.)

DDD Pacing

The DDD pacemaker (generator), one of the most commonly used, 
paces and senses both atrium and ventricle. Each atrial and ventricular 
complex are preceded by a pacemaker spike.
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Coronary Artery Disease
Transmural Myocardial Infarction
Q waves seen on ECG, useful in confirming diagnosis, are associated with poorer prognosis and more significant hemodynamic impairment.  
Arrhythmias frequently complicate course. Small Q waves may be normal variant. For myocardial infarction (MI), Q waves > 0.04 second and 
depth exceeds one third of R wave (inferior wall MI). For inferior wall MI, differentiate from right ventricular hypertrophy by axis deviation.

MYOCARDIAL INFARCTIONS

Left main
coronary artery

Diagonal artery

Septal artery
Dominant right

coronary artery (RCA)

Circumflex artery

Obtuse
marginal artery

Right ventricular
marginal branch

Posterolateral branch
of the circumflex artery

Left anterior
descending
artery (LAD)
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descending artery
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b

a

ANATOMIC SITE LEADS ECG CHANGES CORONARY ARTERY

Inferior II, III, aVF Q, ST, T Right

I II III aVR aVL aVF

V1 V2 V4V3 V5 V6
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1
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ANATOMIC SITE LEADS ECG CHANGES CORONARY ARTERY
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Subendocardial myocardial infarction

Persistent ST-segment depression and/or T-wave inversion in the absence of Q wave. Usually requires additional laboratory data (e.g., isoenzymes) 
to confirm diagnosis. Anatomic site of coronary lesion is similar to that of transmural myocardial infarction electrocardiographically.

Myocardial Ischemia

I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

ST 

ST 

ST 

A B C

P

R

QS
PR-segment

T

TP-segment

P

Rate: Variable
Rhythm: Usually regular, but may show atrial and/or ventricular 

arrhythmias
PR interval: Normal
QT interval: ST segment depressed; J-point depression; T-wave inver-

sion; conduction disturbances; coronary vasospasm (Prinzmetal) 

ST segment elevation; (A) TP and PR intervals are baseline for 
ST-segment deviation, (B) ST-segment elevation, (C) ST-segment 
depression

Note: Intraoperative ischemia usually is seen in the presence of "normal" 
vital signs (e.g., ±20% of preinduction values).
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Other Important ECG Changes
Digitalis Effect

Rate: < 100 beats/min
Rhythm: Regular
PR interval: Normal or prolonged
QT interval: ST-segment sloping ("digitalis effect")
Note: Digitalis toxicity can be the cause of many common arrhythmias 
(e.g., premature ventricular contractions, second-degree heart block). 
Verapamil, quinidine, and amiodarone cause an increase in serum digi-
talis concentration.

Rest Exercise

V5 V5

ST

V5 V6

Calcium

I

II

III

I

II

III

I

II

III

Hypocalcemia Normal Hypercalcemia

Electrolyte Disturbances

 Ca2  Ca2+  K+  K+

Rate < 100 beats/min < 100 beats/min < 100 beats/min < 100 beats/min
Rhythm Regular Regular Regular Regular
PR interval Normal Normal/increased Normal Normal
QT interval Increased Decreased T wave flat U wave T wave peaked QT increased

Note: ECG changes usually do not correlate with serum calcium. Hypocalcemia rarely causes arrhythmias in the absence of hypokalemia. In contrast, 
abnormalities in serum potassium concentration can be diagnosed by ECG. Similarly, in the clinical range, magnesium concentrations rarely are associ-
ated with unique ECG patterns. The presence of a "u" wave (> 1.5 mm in height) also is seen in left main coronary artery disease, certain medications,  
and long QT syndrome.
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Potassium
Hypokalemia (K+ = 1.9 mEq/L)

Hyperkalemia (K+ = 7.9 mEq/L)

Hypothermia

Rate: < 60 beats/min
Rhythm: Sinus
PR interval: Prolonged
QT interval: Prolonged
Note: Seen at temperatures less than 33° C with ST-segment elevation (J point or Osborn wave). Tremor caused by shivering or Parkinson  disease may 
interfere with ECG interpretation and may be confused with atrial flutter. May represent normal variant of early ventricular repolarization. (Arrow 
indicates J point or Osborn waves.)

Subarachnoid Hemorrhage

Rate: < 60 beats/min
Rhythm: Sinus
PR interval: Normal
QT interval: T-wave inversion is deep and wide. Prominent U waves are seen. Sinus arrhythmias are observed. Q waves may be seen and may 
mimic acute coronary syndrome.

11:00 AM
K  = 1.9 meq/L

6:00 PM
K  = 7.9 meq/L

I aVR V1 V4

II aVL V2 V5

III aVF V3 V6

I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

VI

II

V5



 Electrocardiogram Atals 13

Pericarditis

Rate: Variable
Rhythm: Variable
PR interval: Normal
QT interval: Diffuse ST- and T-wave changes with no Q wave and seen in more leads than a myocardial infarction.

Pericardial Tamponade

Rate: Variable
Rhythm: Variable
PR interval: Low-voltage P wave
QT interval: Seen as electrical alternans with low-voltage complexes and varying amplitude of P, QRS, and T waves with each heartbeat

IIIIII aVR

V1 V4

aVL

V2 V5

aVF

V3 V6

I

II
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II
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aVF

V1

V2

V3

V4

V5

V6
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I

II

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

Rate: Variable
Rhythm: Variable
PR interval: Normal
QT interval: Normal
Note: Common ECG abnormalities include right-axis deviation, decreased QRS amplitude, and inverted T waves V

1-6
. Differentiate from pulmonary 

embolus. May present as electrical alternans; thus, pericardial effusion should be ruled out.

Pulmonary Embolus

Rate: > 100 beats/min
Rhythm: Sinus
PR interval: P-pulmonale waveform
QT interval: Q waves in leads III and AV

F
Note: Classic ECG signs S

1
Q

3
T

3
 with T-wave inversion also seen in V

1-4
 and RV strain (ST depression V

1-4
). May present with atrial fibrillation or flutter.

Pneumothorax

IIIIII aVR

V1 V4

aVL

V2 V5

aVF
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Assessment of Cardiac Risk and 
the Cardiology Consultation

In the early 1980s, coronary artery bypass graft surgery (CABG) was 
characterized by operative mortality rates in the range of 1% to 2%. 
Over the ensuing years, however, urgent and emergent operations and 
“redo” procedures became common, and greater morbidity and mor-
tality rates were observed. Percutaneous coronary interventions (PCIs) 
absorbed low-risk patients from the surgery pool, with the net result 
being that the operative mortality rate increased to the range of 5% to 
6%. The trend toward PCI has continued, with recent trials demon-
strating the safety of stenting even left main coronary artery disease 
(CAD).1 This demographic shift has led hospital administrators to ask 
for justification of the observed increase in CABG mortality. This often 
has prompted a time-consuming and expensive chart review to identify 
the differences in the patient populations that led to the greater mor-
bidity. Even with this information, it was difficult to objectively deter-
mine the impact of these new and compelling factors on mortality. The 
impetus for the development of a risk-adjusted outcome assessment/
appropriate risk adjustment scoring system was the need to compare 
adult cardiac surgery results in different institutions and to bench-
mark the observed complication rates.2 With the passage of healthcare 
reform, there is increased interest in publicly reporting perioperative 
outcomes, which requires optimal risk adjustment.

The first risk-scoring scheme for cardiac surgery was introduced by 
Paiement et al3 at the Montreal Heart Institute in 1983. Since then, 

multiple preoperative cardiac surgery risk indices have been devel-
oped. The patient characteristics that affected the probability of spe-
cific adverse outcomes were identified and weighed, and the resultant 
risk indices have been used to adjust for case-mix differences among 
surgeons and centers where performance profiles have been compiled. 
In addition to comparisons among centers, the preoperative cardiac 
risk indices have been used to counsel patients and their families in 
resource planning, in high-risk group identification for special care or 
research, to determine cost-effectiveness, to determine effectiveness of 
intervention, to improve provider practice, and to assess costs related 
to severity of disease.4,5

Anesthesiologists are interested in risk indices as a means of iden-
tifying patients who are at high risk for intraoperative cardiac injury 
and, together with the surgeon, to estimate perioperative risk for car-
diac surgery to provide objective information to patients and their 
families during the preoperative discussion. This chapter approaches 
the preoperative evaluation from this perspective.

 Sources of Perioperative Myocardial 
Injury in Cardiac Surgery
Myocardial injury, manifested as transient cardiac contractile dysfunc-
tion (“stunning”) or acute myocardial infarction (AMI), or both, is the 
most frequent complication after cardiac surgery and is the single-most 
important cause of hospital complications and death. Furthermore, 
patients who have a perioperative myocardial infarction (MI) have 
poor long-term prognosis; only 51% of such patients remain free from 
adverse cardiac events after 2 years, compared with 96% of patients 
without MI.6

It is important to understand the pathogenesis of this morbidity and 
mortality to understand the determinants of perioperative risk. This is 
particularly important with respect to cardiac outcomes because the 
definition of cardiac morbidity represents a continuum rather than a 
discrete event. This understanding can help target the biologically sig-
nificant risk factors, as well as interventions that may decrease irrevers-
ible myocardial necrosis.

Myocardial necrosis is the result of progressive pathologic ischemic 
changes that start to occur in the myocardium within minutes after 
the interruption of its blood flow, as seen in cardiac surgery (Box 
1-1). The duration of the interruption of blood flow, either partial or 
complete, determines the extent of myocardial necrosis. This is con-
sistent with the finding that both the duration of the period of aortic 
cross-clamping (AXC) and the duration of cardiopulmonary bypass 
(CPB) consistently have been shown to be the main determinants of 
postoperative outcomes in virtually all  studies. This was further sup-
ported in a study with an average follow-up of 10 years after complex 

1

2

KEY POINTS

1. Perioperative cardiac morbidity is multifactorial, 
and understanding these factors helps define 
individual risk factors.

2. Assessment of myocardial injury is based 
on the integration of information from 
myocardial imaging (e.g., echocardiography), 
electrocardiography (ECG), and serum 
biomarkers, with significant variability in the 
diagnosis based on the criteria selected.

3. Multivariate modeling has been used to develop 
risk indices that focus on preoperative variables, 
intraoperative variables, or both.

4. Key predictors of perioperative risk are 
dependent on the type of cardiac operation and 
the outcome of interest.

5. The factors used to construct a risk index are 
critical in determining whether it is applicable to 
a given population.

6. Although coronary angiography measures 
anatomy, stress myocardial imaging provides a 
better assessment of cardiac function.

7. New risk models have become available for 
valvular heart surgery or combined coronary and 
valvular cardiac procedures.

BOX 1-1. DETERMINATIONS OF PERIOPERATIVE 
MYOCARDIAL INJURY
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cardiac surgery in which Khuri7 observed a direct relation between 
the lowest mean myocardial pH recorded both during and after the 
period of AXC and long-term patient survival. Patients who expe-
rienced acidosis (pH < 6.5) had decreased survival compared with 
those who did not. Because myocardial acidosis reflects both myo-
cardial ischemia and poor myocardial protection during CPB, this 
study demonstrated the relation of the adequacy of intraoperative 
myocardial protection to long-term outcome (see Chapters 3, 6, 18, 
and 28).

Reperfusion of an Ischemic Myocardium
Surgical interventions requiring interruption of blood flow to the 
heart must, out of necessity, be followed by restoration of perfusion. 
Numerous experimental studies have provided compelling evidence 
that reperfusion, although essential for tissue or organ survival, or 
both, is not without risk because of the extension of cell damage as 
a result of reperfusion itself. Myocardial ischemia of limited duration  
(< 20 minutes), followed by reperfusion, are accompanied by func-
tional recovery without evidence of structural injury or biochemical 
evidence of tissue injury.8,9

Paradoxically, reperfusion of cardiac tissue, which has been sub-
jected to an extended period of ischemia, results in a phenomenon 
known as myocardial reperfusion injury.10–12 Thus, a paradox exists in 
that tissue viability can be maintained only if reperfusion is instituted 
within a reasonable time period, but only at the risk for extending the 
injury beyond that caused by the ischemic insult itself. This is sup-
ported by the observation that ventricular fibrillation was prominent 
when the regionally ischemic canine heart was subjected to reperfu-
sion.13 Jennings et al14 reported adverse structural and electrophysio-
logic changes associated with reperfusion of the ischemic canine heart, 
and Hearse15 introduced the concept of an oxygen paradox in noting 
cardiac muscle enzyme release and alterations in ultrastructure when 
isolated hearts were reoxygenated after a period of hypoxic perfusion.

Myocardial reperfusion injury is defined as the death of myocytes, 
alive at the time of reperfusion, as a direct result of one or more 
events initiated by reperfusion. Myocardial cell damage results from 
the restoration of blood flow to the previously ischemic heart, thereby 
extending the region of irreversible injury beyond that caused by the 
ischemic insult alone. The cellular damage that results from reperfu-
sion can be reversible or irreversible, depending on the length of the 
ischemic insult. If reperfusion is initiated within 20 minutes after the 
onset of ischemia, the resulting myocardial injury is reversible and 
is characterized functionally by depressed myocardial contractility, 
which eventually recovers completely. Myocardial tissue necrosis is 
not detectable in the previously ischemic region, although functional 
impairment of contractility may persist for a variable period, a phe-
nomenon known as myocardial stunning. Initiating reperfusion after 
a duration of ischemia of longer than 20 minutes, however, results 
in irreversible myocardial injury or cellular necrosis. The extent of 
tissue necrosis that develops during reperfusion is directly related 
to the duration of the ischemic event. Tissue necrosis originates in 
the subendocardial regions of the ischemic myocardium and extends 
to the subepicardial regions of the area at risk, often referred to as 
the wavefront phenomenon. The cell death that occurs during rep-
erfusion can be characterized microscopically by explosive swelling, 
which includes disruption of the tissue lattice, contraction bands, 
mitochondrial swelling, and calcium phosphate deposits within 
mitochondria.13

The magnitude of reperfusion injury is directly related to the mag-
nitude of the ischemic injury that precedes it. In its most severe form, it 
manifests in a “no-reflow” phenomenon. In cardiac surgery, prevention 
of myocardial injury after the release of the AXC, including the preven-
tion of no reflow, is directly dependent on the adequacy of myocar-
dial protection during the period of aortic clamping. The combination 
of ischemic and reperfusion injury is probably the most frequent and 
serious type of injury that leads to poor outcomes in cardiac surgery 
today (see Chapters 2, 3, 6, 12 to 14, 18, and 28).

Basic science investigations (in mouse, human, and porcine hearts) 
have implicated acidosis as a primary trigger of apoptosis. Acidosis, 
reoxygenation, and reperfusion, but not hypoxia (or ischemia) alone, 
are strong stimuli for programmed cell death, as well as the demonstra-
tion that cardiac apoptosis can lead to heart failure.16,17 This suggests 
that apoptotic changes might be triggered in the course of a cardiac 
operation, thus effecting an injurious cascade of adverse clinical events 
that manifest late in the postoperative course.

Based on the previous discussion, it is clear that a significant portion 
of perioperative cardiac morbidity is related primarily to intraopera-
tive factors. However, preoperative risk factors may influence ischemia/
reperfusion injury.

Adverse Systemic Effects of Cardiopulmonary Bypass
In addition to the effects of disruption and restoration of myocardial 
blood flow, cardiac morbidity may result from many of the compo-
nents used to perform cardiovascular operations, which lead to sys-
temic insults that result from CPB circuit-induced contact activation. 
Inflammation in cardiac surgical patients is produced by complex 
humoral and cellular interactions, including activation, generation, 
or expression of thrombin, complement, cytokines, neutrophils, 
adhesion molecules, mast cells, and multiple inflammatory media-
tors.18 Because of the redundancy of the inflammatory cascades, 
profound amplification occurs to produce multiorgan system dys-
function that can manifest as coagulopathy, respiratory failure, myo-
cardial dysfunction, renal insufficiency, and neurocognitive defects. 
Coagulation and inflammation also are linked closely through net-
works of both humoral and cellular components, including pro-
teases of the clotting and fibrinolytic cascades, as well as tissue factor. 
Vascular endothelial cells mediate inflammation and the cross-talk 
between coagulation and inflammation. Surgery alone activates spe-
cific hemostatic responses, activation of immune mechanisms, and 
inflammatory responses mediated by the release of various cytokines 
and chemokines (see Chapters 8 and 28 to 31). This complex inflam-
matory reaction can lead to death from nonischemic causes and sug-
gests that preoperative risk factors may not predict morbidity. The 
ability to risk-adjust populations is critical to study interventions 
that may influence these responses to CPB.

 Assessment of Perioperative Myocardial 
Injury in Cardiac Surgery
Unfortunately, the current clinical armamentarium is devoid of a 
means by which perioperative cardiac injury can be reliably monitored 
in real time, leading to the use of indicators of AMI after the event 
occurs. Generally, there is a lack of consensus regarding how to mea-
sure myocardial injury in cardiac surgery because of the continuum 
of cardiac injury. Electrocardiographic (ECG) changes, biomarker ele-
vations, and measures of cardiac function have all been used, but all 
assessment modalities are affected by the direct myocardial trauma 
of surgery. The American College of Cardiology/European Society of 
Cardiology (ACC/ESC) published a definition of AMI in 2000, which 
includes a characteristic rise and fall in blood concentrations of cardiac 
troponins or creatine kinase (CK)-MB, or both, in the context of a cor-
onary intervention, whereas other modalities are less sensitive and spe-
cific (Figure 1-1).19 Subsequently, the Joint ESC/ACCF/American Heart 
Association/World Heart Federation Task Force’s Universal Definition 
of Myocardial Infarction published a new “Universal Definition of 
Myocardial Infarction” in 2007.20 Any of the following criteria meet 
the diagnosis for MI: Detection of rise/fall of cardiac biomarkers (pref-
erably troponin) with at least one value above the 99th percentile of 
the upper reference limit (URL), together with evidence of myocar-
dial ischemia with at least one of the following: symptoms of ischemia, 
ECG changes indicative of new ischemia (new ST-T changes or new left 
bundle branch block), development of pathologic Q waves in the ECG, 
or imaging evidence of new loss of viable myocardium or new regional 
wall motion abnormality (RWMA).
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Traditionally, AMI was determined electrocardiographically (see 
Chapters 15 and 18). Biochemical measures have not been widely 
accepted because exact thresholds for myocardial injury have not been 
clearly defined. Cardiac biomarkers are increased after surgery and can 
be used for postoperative risk stratification, in addition to being used 
to diagnose acute morbidity (Box 1-2).

Assessment of Cardiac Function
Cardiac contractile dysfunction is the most prominent feature of myo-
cardial injury, despite the fact that there are virtually no perfect mea-
sures of postoperative cardiac function.

The need for inotropic support, thermodilution cardiac output 
(CO) measurements, and transesophageal echocardiography (TEE) 
may represent practical intraoperative options for cardiac contractility 
evaluation. The need for inotropic support and CO measurements are 
not reliable measures because they depend on loading conditions and 
practitioner variability. Failure to wean from CPB, in the absence of 
systemic factors such as hyperkalemia and acidosis, is the best evidence 
of intraoperative myocardial injury or cardiac dysfunction; but it also 
may be multifactorial and, therefore, a less robust outcome measure.

RWMAs follow the onset of ischemia in 10 to 15 seconds. 
Echocardiography can, therefore, be a sensitive and rapid monitor for car-
diac ischemia/injury.21 If the RWMA is irreversible, this indicates irrevers-
ible myocardial necrosis (see Chapters 11 through 14). The importance of 

TEE assessment of cardiac function is further enhanced by its value as a 
predictor of long-term survival.22 In patients undergoing CABG, a post-
operative decrease in left ventricular ejection  fraction (LVEF) compared 
with preoperative baseline predicts decreased  long-term survival.23

The use of TEE is complicated because myocardial stunning (post-
ischemic transient ventricular dysfunction) is a common cause 
of new postoperative RWMAs, which are transient. However, the 
appearance of a new ventricular RWMA in the postoperative period, 
whether caused by irreversible AMI or by reversible myocardial stun-
ning, is an indication of some form of inadequate myocardial protec-
tion during the intraoperative period and, therefore, of interest for 
the assessment of new interventions. Echocardiographic and Doppler 
systems also have the limitation of being sensitive to alterations in 
loading conditions, similar to the need for inotropic support and CO 
determinations.24 The interpretation of TEE images is also operator 
dependent.25 In addition, there are nonischemic causes of RWMAs, 
such as conduction abnormalities, ventricular pacing, and myocardi-
tis, which  confound the use of this outcome measure for the assess-
ment of  ischemic morbidity.

Electrocardiography Monitoring
The presence of new persistent Q waves of at least 0.03-second dura-
tion, broadening of preexisting Q waves, or new QS deflections on the 
postoperative ECG have been considered evidence of perioperative 
AMI.26 However, new Q waves also may be caused by unmasking of 
an old MI and therefore not indicative of a new AMI. Crescenzi et al27 
demonstrated that the association of a new Q wave and high levels of 
biomarkers was strongly associated with postoperative cardiac events, 
whereas the isolated appearance of a new Q wave had no impact on the 
postoperative cardiac outcome. In addition, new Q waves may actually 
disappear over time.28 Signs of non–Q-wave MI, such as ST-T wave 
changes, are even less reliable signs of AMI after cardiac surgery in the 
absence of biochemical evidence. ST-segment changes are even less 
specific for perioperative MI because they can be caused by changes in 
body position, hypothermia, transient conduction  abnormalities, and 
electrolyte imbalances (see Chapter 15).

Serum Biochemical Markers to Detect  
Myocardial Injury
Serum biomarkers have become the primary means of assessing the 
presence and extent of AMI after cardiac surgery. Serum biomarkers 
that are indicative of myocardial damage include the following (with 
post-insult peak time given in parentheses): myoglobin (4 hours), total 
CK (16 hours), CK-MB isoenzyme (24 hours), troponins I and T (24 
hours), and lactate dehydrogenase (LDH) (76 hours). The CK-MB 
isoenzyme has been used most widely, but studies have suggested that 
troponin I is the most sensitive and specific in depicting myocardial 
ischemia and infarction.29–34

With respect to CK-MB, the definition of an optimal cutoff has 
been defined best by the correlation of multiples of the upper limit 
of normal (ULN) for the laboratory and medium- and long-term out-
comes. For example, Klatte et al35 reported on the implications of 
CK-MB in 2918 high-risk CABG patients enrolled in a clinical trial of 
an anti-ischemic agent. The unadjusted 6-month mortality rates were 
3.4%, 5.8%, 7.8%, and 20.2% for patients with a postoperative peak 
CK-MB ratio (peak CK-MB value/ULN for laboratory test) of less 
than 5, 5 to <10, 10 to < 20, and 20 ULN, respectively.35 The rela-
tion remained statistically significant after adjustment for ejection 
fraction (EF), congestive heart failure (CHF), cerebrovascular disease, 
peripheral vascular disease, cardiac arrhythmias, and the method of 
cardioplegia delivery. In the Arterial Revascularization Therapies 
Study (ARTS), 496 patients with multivessel CAD undergoing CABG 
were evaluated by CK-MB testing and followed after surgery at 30 
days and 1 year.36 Patients with increased cardiac enzyme levels after 
CABG were at increased risk for both death and repeat AMI within 
the first 30 days. CK-MB increase also was independently related to 
late adverse outcome.
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Figure 1-1 Timing of release of various biomarkers after acute isch-
emic myocardial infarction. Peak A, early release of myoglobin or cre-
atine kinase (CK)-MB isoforms after acute myocardial infarction (AMI); 
peak B, cardiac troponin after AMI; peak C, CK-MB after AMI; peak D, 
cardiac troponin after unstable angina. Data are plotted on a relative 
scale, where 1.0 is set at the AMI cutoff concentration. (From Apple FS, 
Gibler WB: National Academy of Clinical Biochemistry Standards of 
Laboratory Practice: Recommendations for the use of cardiac markers 
in coronary artery disease. Clin Chem 45:1104, 1999.)

BOX 1-2. ASSESSMENT OF PERIOPERATIVE 
MYOCARDIAL INJURY
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Studies suggest that postcardiac surgery monitoring of troponins 
can be used to assess myocardial injury and risk stratification. 
Increased cardiac-specific troponin I or T in patients after CABG has 
been associated with a cardiac cause of death and with major postop-
erative complications within 2 years after CABG.37,38 The ACC/ESC 
definition includes biomarkers but does not include specific criteria 
for diagnosing post-CABG AMI using cardiac biomarkers.19

There are a few new biomarkers of perioperative cardiac injury or 
ischemia under development. Brain natriuretic peptide (BNP) could 
be detected in the early stages of ischemia and decreases shortly after 
ischemic insult, allowing better detection of reinjury.39 BNP concen-
trations after CABG in the patients who had cardiac events within 2 
years were significantly greater than those in the patients free of cardiac 
events.40 Soluble CD40 ligand (sCD40L) is another early biomarker of 
myocardial ischemia,41 and CPB causes an increase in the concentra-
tion of plasma sCD40L. A corresponding decrease in platelet CD40L 
suggests that this prothrombotic and proinflammatory protein was 
derived primarily from platelets and may contribute to the throm-
botic and inflammatory complications associated with CPB.42 Future 
research will be required to determine how these biomarkers will be 
used to assess outcome after cardiac surgery.

Variability in Diagnosis of Perioperative  
Myocardial Infarction
The variability in diagnosing perioperative AMI has been studied by Jain 
and colleagues,43 who evaluated data from 566 patients at 20 clinical sites, 
collected as part of a clinical trial. The occurrence of AMI by Q-wave, 
CK-MB, or autopsy criteria was determined. Of the 25% of patients who 
met the Q-wave, CK-MB, or autopsy criteria for AMI, 19% had increased 
CK-MB concentrations, as well as ECG changes. Q-wave and CK-MB or 
autopsy criteria for AMI were met by 4% of patients. Multicenter data 
collection showed a substantial variation in the incidence of AMI and an 
overall incidence rate of up to 25%. The definition of perioperative AMI 
was highly variable depending on the definitions used.

Clinicians are still in search for a “gold standard” approach to diag-
nose perioperative AMI. Perioperative myocardial necrosis/injury 
ranges from mild to severe and can have ischemic and nonischemic 
origin in patients undergoing cardiac surgery. Perioperative ECG 
changes, including Q-waves, and new RWMAs on ECGs are less reli-
able than in the nonperioperative arena. Currently, troponin I or T is 
the best indicator of myocardial damage after cardiac surgery. The level 
of enzymes correlates with the extension of the injury, but there is no 
universal  cutoff point defining perioperative MI.

 Cardiac Risk Assessment and Cardiac 
Risk Stratification Models
In defining important risk factors and developing risk indices, each of 
the studies has used different primary outcomes. Postoperative mor-
tality remains the most definitive outcome that is reflective of patient 
injury in the perioperative period. It is important to note that death can 
be cardiac and noncardiac, and if cardiac, may be ischemic or nonis-
chemic in origin. Postoperative mortality rate is reported as either 
in-hospital or 30-day rate. The latter represents a more standardized 
definition, although more difficult to capture because of the cost-cut-
ting push to discharge patients early after surgery. The value of develop-
ing risk-adjusted postoperative mortality models is the assessment of 
the comparative efficacy of various techniques in preventing myocardial 
damage, but it does not provide information that is useful in preventing 
the injury in real time.44 The postoperative mortality rate also has been 
used as a comparative measure of quality of cardiac  surgical care.45,46

Postoperative morbidity includes AMI and reversible events such as 
CHF and need for inotropic support. The problems of using AMI as an 
outcome of interest were described earlier. Because resource utilization 
has become such an important financial consideration for hospitals, 
length of intensive care unit (ICU) stay increasingly has been used in 
the development of risk indices (see Chapter 33).

Predictors of Postoperative Morbidity and Mortality
Clinical and angiographic predictors of operative mortality were ini-
tially defined from the Coronary Artery Surgery Study (CASS).47,48 
A total of 6630 patients underwent isolated CABG between 1975 and 
1978. Women had a significantly greater mortality rate than men; mor-
tality increased with advancing age in men, but this was not a signif-
icant factor in women. Increasing severity of angina, manifestations 
of heart failure, and number and extent of coronary artery stenoses 
all correlated with greater mortality, whereas EF was not a predictor. 
Urgency of surgery was a strong predictor of outcome, with those 
patients requiring emergency surgery in the presence of a 90% left 
main coronary artery stenosis sustaining a 40% mortality rate.

A risk-scoring scheme for cardiac surgery (CABG and valve) was 
introduced by Paiement et al3 at the Montreal Heart Institute in 1983. 
Eight risk factors were identified: (1) poor left ventricular (LV) func-
tion, (2) CHF, (3) unstable angina or recent (within 6 weeks) MI, 
(4) age greater than 65 years, (5) severe obesity (body mass index > 30 
kg/m2), (6) reoperation, (7) emergency surgery, and (8) other signifi-
cant or uncontrolled systemic disturbances. Three classifications were 
identified: patients with none of these factors (normal), those present-
ing with one risk factor (increased risk), and those with more than 
one factor (high risk). In a study of 500 consecutive cardiac surgical 
patients, it was found that operative mortality increased with increas-
ing risk  (confirming their scoring system).

One of the most commonly used scoring systems for CABG was 
developed by Parsonnet and colleagues (Table 1-1).49 Fourteen risk 

Risk Factor Assigned Weight

Female sex  1
Morbid obesity ( 1.5 × ideal weight)  3
Diabetes (unspecified type)  3
Hypertension (systolic BP > 140 mm Hg)  3
Ejection fraction (%):

 Good > 50)  0
 Fair (30–49)  2
 Poor (< 30)  4

Age (yr):
 70–74  7
 75–79 12

 80 20
Reoperation

 First  5
 Second 10

Preoperative IABP  2
Left ventricular aneurysm  5
Emergency surgery after PTCA or catheterization 

complications
10

Dialysis dependency (PD or Hemo) 10
Catastrophic states (e.g., acute structural defect, 

cardiogenic shock, acute renal failure)*
10–50†

Other rare circumstances (e.g., paraplegia, pacemaker 
dependency, congenital HD in adult, severe asthma)*

 2–10†

Valve surgery
Mitral  5
 PA pressure  60 mm Hg  8
Aortic  5
 Pressure gradient > 120 mm Hg  7
CABG at the time of valve surgery  2

* On the actual worksheet, these risk factors require justification.
† Values were predictive of increased risk for operative mortality in univariate analysis.
BP, blood pressure; CABG, coronary artery bypass graft; HD, heart disease; Hemo, 

hemodialysis; IABP, intra-aortic balloon pump; PA, pulmonary artery; PD, peritoneal 
dialysis; PTCA, percutaneous transluminal coronary angioplasty.

From Parsonnet V, Dean D, Bernstein A: A method of uniform stratification of risk for 
evaluating the results of surgery in acquired adult heart disease. Circulation 79:I3, 
1989, by permission.

Components of the Additive Model
TABLE 
1-1
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 factors were identified for in-hospital or 30-day mortality after uni-
variate regression analysis of 3500 consecutive operations. An additive 
model was constructed and prospectively evaluated in 1332 cardiac pro-
cedures. Five categories of risk were identified with increasing mortality 
rates, complication rates, and length of stay at the Newark Beth Israel 
Medical Center. The Parsonnet Index frequently is used as a benchmark 
for comparison among institutions. However, the Parsonnet model was 
created earlier than the other models and may not be representative of 
the current practice of CABG. During the period after publication of 
the Parsonnet model, numerous technical advances now in routine use 
have diminished CABG mortality rates.

Bernstein and Parsonnet50 simplified the risk-adjusted scoring 
system in 2000 to provide a handy tool in preoperative discussions 
with patients and their families, and for preoperative risk stratifica-
tion calculation. The authors developed a logistic regression model in 
which 47 potential risk factors were considered, and a method requir-
ing only simple addition and graphic interpretation was designed for 
relatively easily approximating the estimated risk. The final estimates 
provided by the simplified model correlated well with the observed 
mortality (Figure 1-2).

O’Connor et al51 used data collected from 3055 patients undergoing 
isolated CABG at five clinical centers between 1987 and 1989 to develop 
a multivariate numerical score. A regression model was developed in a 
training set and subsequently validated in a test set. Independent pre-
dictors of in-hospital mortality included patient age, body surface area, 
comorbidity score, prior CABG, EF, LV end-diastolic pressure, and pri-
ority of surgery. The validated multivariate prediction rule was robust 
in predicting the in-hospital mortality for an individual patient, and 
the authors proposed that it could be used to contrast observed and 
expected mortality rates for an institution or a particular clinician.

Higgins et al52 developed a Clinical Severity Score for CABG at The 
Cleveland Clinic. A multivariate logistic regression model to predict 
perioperative risk was developed in 5051 patients undergoing CABG 
between 1986 and 1988, and subsequently validated in a cohort of 4069 
patients. Independent predictors of in-hospital and 30-day mortal-
ity were emergency procedure, preoperative serum creatinine level of 
greater than 168 mol/L, severe LV dysfunction, preoperative hemat-
ocrit of less than 34%, increasing age, chronic pulmonary disease, prior 
vascular surgery, reoperation, and mitral valve insufficiency. Predictors 
of morbidity (AMI and use of the intra-aortic balloon pump [IABP], 

RISK FACTOR SCORING (APPROXIMATE SYSTEM 97)  VALUE

Female gender  6 6

Age
 70–75 2.5 

 76–79 7 7
 80+ 11

Congestive failure  2.5

COPD, severe   6

Diabetes  3

Ejection fraction 30–42% 6.5
 <30% 8

Hypertension
 Over 140/90, or history of hypertension, 

3
 

 or currently taking anti-hypertension  3
 medication

Left-main disease Left-main stenosis is 50% 2.5 

Morbid obesity Over 1.5 times ideal weight 1 1

Preoperative IABP IABP present at time of surgery 4

Reoperation First reoperation 10
 Second or subsequent reoperation 20

One valve, aortic Procedure proposed 0

One valve, mitral Procedure proposed 4.5

Valve + ACB Combination valve procedure 6
 and ACB proposed

Special conditions             (see reverse side)

Step 1. Fill in the blanks for existing risk factors, using the scores provided. (Note: Scores shown 
are in arbitrary units, and are not, by themselves, estimates of percent risk.)

Step 2. Add the scores to obtain a total score. (Include common risk factors on this side of the 
page and less common risk factors on the other side.)

Step 3. See reverse side to interpret the total score.

Patient's Name:

Patient Number:

Date:

CARDIAC SURGERY:
PREOPERATIVE RISK-ESTIMATION WORKSHEET
(not intended for retrospective risk stratification)

Newark Beth Isreal Medical Center
Division of Surgical Research

Hepato-renal

Cirrhosis 12.5

Dialysis dependency 13.5

Renal failure, acute or chronic 3.5

Cardiac

Cardiogenic shock (urinary output
<10 cc/hr) 12

Endocarditis, active 5.5

Endocarditis, treated 0

LV aneurysm resected 1.5

One valve, incuspid: procedure 5
proposed

Pacemaker dependency 0

Transmural acute MI within 48 hr 4

Ventricular septal defect, acute 12

Ventricular tachycardia, ventricular  1
fibrillation, aborted sudden death 

Pulmonary

Asthma 1

Endotracheal tube, preoperative 4

Idiopathic thrombocytopenic 12
purpura

Pulmonary hypertension 11
(mean pressure >30) 

Vascular

Abdominal aortic aneurysm, 0.5
asymptomatic

Cartoid disease (bilateral or 2
100% unilateral occlusion)

Peripheral vascular disease, 3.5
severe

Miscellaneous

Blood products refused 11

Severe neurologic disorder 5
(healed CVA, paraplegia, muscular
dystrophy, hemiparesis)

PTCA or cathaterization 5.5
failure

Substance abuse 4.5

RISK VALUES FOR SPECIAL CONDITIONS

TOTAL SCORE:

0
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E
st

im
at

ed
 r

is
k 

(p
er

ce
nt

)

Upper 95% confidence limit

Lower 95% confidence limit

Use the total score to read the estimated preoperative-risk range from this plot,
which shows the estimated risk of mortality together with 95% confidence limits.(See reverse side for risk estimation.)
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Figure 1-2 Preoperative Risk-Estimation Worksheet. (From Bernstein AD, Parsonnet V: Bedside estimation of risk as an aid for decision-making 
in cardiac surgery. Ann Thorac Surg 69:823, 2000, by permission from the Society of Thoracic Surgeons.)
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mechanical ventilation for 3 days, neurologic deficit, oliguric or anu-
ric renal failure, or serious infection) included diabetes mellitus, body 
weight of 65 kg or less, aortic stenosis, and cerebrovascular disease. Each 
independent predictor was assigned a weight or score, with increasing 
mortality and morbidity associated with an increasing total score.

The New York State model of Hannan et al53 collected data over 
the years of 1989 through 1992 with 57,187 patients in a study with 14 
variables. It was validated in 30 institutions. The mortality definition 
was “in-hospital.” The crude mortality rate was 3.1%; the receiver oper-
ating characteristic (ROC) curve was 0.7, with the Hosmer-Lemeshow 
(H-L) statistic less than 0.005. Observed mortality was 3.7%, and the 
expected mortality rate was 2.8%. They included only isolated CABG 
operations.

The Society of Thoracic Surgeons (STS) national database  represents 
the most robust source of data for calculating risk-adjusted scor-
ing  systems. Established in 1989, the database has grown to include 
892 participating hospitals in 2008. This provider-supported database 
allows participants to benchmark their risk-adjusted results against 
regional and national standards. This National Adult Cardiac Surgery 
Database (STS NCD) has become one of the largest in the world. New 
patient data are brought into the STS database on an annual and now 
semiannual basis. These new data have been analyzed, modeled, and 
tested using a variety of statistical algorithms. Since 1990, when more 
complete data collection was achieved, risk stratification models were 
developed for both CABG and valve replacement surgery. Models 
developed in 1995 and 1996 were shown to have good predictive value 
(Table 1-2; Figure 1-3).54,55 In 1999, the STS analyzed the database for 
valve replacement with and without CABG to determine trends in 
risk stratification. Between 1986 and 1995, 86,580 patients were ana-
lyzed. The model evaluated the influence of 51 preoperative variables 
on operative mortality by univariate and multivariate analyses for the 
overall population and for each subset. After the significant risk factors 
were determined by univariate analysis, a standard logistic regression 
analysis was performed using the training-set population to develop 
a formal model. The test-set population then was used to determine 
the validity of the model. The preoperative risk factors associated with 
greatest operative mortality rates were salvage status, renal failure (dial-
ysis dependent and nondialysis dependent), emergent status, multiple 
reoperations, and New York Heart Association class IV. The multivari-
ate logistic regression analysis identified 30 independent  preoperative 
risk factors among the 6 valvular models, isolated or in combina-
tion with CABG. The addition of CABG increased the  mortality rate 
 significantly for all age groups and for all subset models.56

There are currently three general STS risk models: CABG, valve 
(aortic or mitral), and valve plus CABG. These apply to seven spe-
cific, precisely defined procedures: the CABG model refers to an iso-
lated CABG; the valve model includes isolated aortic or mitral valve 
replacement and mitral valve repair; and the valve and CABG model 
includes aortic valve replacement and CABG, mitral valve replace-
ment and CABG, and mitral valve repair and CABG. Besides opera-
tive mortality, these models were developed for eight additional end 
points: reoperation, permanent stroke, renal failure, deep sternal 
wound infection, prolonged (> 24 hours) ventilation, major morbid-
ity, and operative death, and finally short (< 6 days) and long (> 14 
days) postoperative length of stay.57–59 These models are updated peri-
odically, every few years, and calibrated annually to provide an imme-
diate and accurate tool for regional and national benchmarking, and 
have been proposed for public reporting. The calibration of the risk 
factors is based on the observed/expected (O/E) ratio, and calibration 
factors are updated quarterly. The expected mortality (E) is calibrated 
to obtain the national E/O ratio.

Tu et al60 collected data from 13,098 patients undergoing cardiac 
surgery between 1991 and 1993 at all nine adult cardiac surgery insti-
tutions in Ontario, Canada. Six variables (age, sex, LV function, type 
of surgery, urgency of surgery, and repeat operation) predicted in- 
hospital mortality, ICU stay, and postoperative stay in days after cardiac 
surgery. Subsequently, the Working Group Panel on the Collaborative 
CABG Database Project categorized 44 clinical variables into 7 core, 

13 level 1, and 24 level 2 variables, to reflect their relative importance 
in determining short-term mortality after CABG. Using data from 
5517 patients undergoing isolated CABG at 9 institutions in Ontario 
in 1993, a series of models were developed. The incorporation of addi-
tional variables beyond the original six added little to the prediction of 
in-hospital mortality.

Spivack et al61 collected data during 1991 and 1992 and included 
513 patients with 15 variables, validated only in their institution. They 
used only an isolated CABG population, and the outcomes measured 
were mortality and morbidity. The morbidity definition was ventilator 
time and ICU days. Both prolonged mechanical ventilation and death 
were rare events (8.3% and 2.0%, respectively). The combination of 
reduced LVEF and the presence of selected preexisting comorbid con-
ditions (clinical CHF, angina, current smoking, diabetes) served as 
modest risk factors for prolonged mechanical ventilation; their absence 
strongly predicted an uncomplicated postoperative respiratory course.

From Shroyer AL, Plomondon ME, Grover FL, et al: The 1996 coronary artery bypass 
risk model: The Society of Thoracic Surgeons Adult Cardiac National Database. Ann 
Thorac Surg 67:1205, 1999, by permission of Society of Thoracic Surgeons.

Risk Model Results

Variable Odds Ratio

Age (in 10-year increments) 1.640
Female sex 1.157
Non-white 1.249
Ejection fraction 0.988
Diabetes 1.188
Renal failure 1.533
Serum creatinine (if renal failure is 

present)
1.080

Dialysis dependence (if renal failure 
is present)

1.381

Pulmonary hypertension 1.185
Cerebrovascular accident timing 1.198
Chronic obstructive pulmonary 

disease
1.296

Peripheral vascular disease 1.487
Cerebrovascular disease 1.244
Acute evolving, extending myocardial 

infarction
1.282

Myocardial infarction timing 1.117
Cardiogenic shock 2.211
Use of diuretics 1.122
Hemodynamic instability 1.747
Triple-vessel disease 1.155
Left main disease > 50% 1.119
Preoperative intra-aortic balloon 

pump
1.480

Status
 Urgent or emergent 1.189
 Emergent salvage 3.654

First reoperation 2.738
Multiple reoperations 4.282
Arrhythmias 1.099
Body surface area 0.488
Obesity 1.242
New York Heart Association Class IV 1.098
Use of steroids 1.214
Congestive heart failure 1.191
Percutaneous transluminal coronary 

angioplasty within 6 hours of 
surgery

1.332

Angiographic accident with 
hemodynamic instability

1.203

Use of digitalis 1.168
Use of intravenous nitrates 1.088

TABLE 
1-2
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The European System for Cardiac Operative Risk Evaluation 
(EuroSCORE) for cardiac operative risk evaluation was constructed 
from an analysis of 19,030 patients undergoing a diverse group of car-
diac surgical procedures from 128 centers across Europe (Tables 1-3 
and 1-4).62,63 The following risk factors were associated with increased 
mortality: age, female sex, serum creatinine, extracardiac arteriopathy, 
chronic airway disease, severe neurologic dysfunction, previous car-
diac surgery, recent MI, LVEF, chronic CHF, pulmonary hypertension, 
active endocarditis, unstable angina, procedure urgency, critical preop-
erative condition, ventricular septal rupture, noncoronary surgery, and 
thoracic aortic surgery.

EuroSCORE provided a unique opportunity to assess the true risk 
of cardiac surgery in the absence of any identifiable risk factors. For 
the purposes of this analysis, baseline mortality figures were calcu-
lated in patients in whom no preoperative risk factors could be iden-
tified (including risk factors that were not found to have a significant 

impact in this study, such as diabetes and hypertension). When all such 
patients were excluded, it was gratifying to note the extremely low cur-
rent mortality for cardiac surgery in Europe: 0% for atrial septal defect 
repair, 0.4% for CABG, and barely more than 1% for single valve repair 
or replacement.

During the 2000s, this additive EuroSCORE has been used widely 
and validated across different centers in Europe and across the world, 
making it a primary tool for risk stratification in cardiac surgery.64–75 
Although its accuracy has been well established for CABG and iso-
lated valve procedures, its predictive ability in combined CABG and 
valve procedures has been less well studied. Karthik et al66 showed 
that, in patients undergoing combined procedures, the additive 
EuroSCORE significantly underpredicted the risk compared with 
the observed mortality. In this subset, they determined that the 
logistic EuroSCORE is a better and more accurate method of risk 
assessment.
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Figure 1-3 A, Ordered risk deciles with equal number of records per group. After the predicted risk for each patient in the test set was deter-
mined, the patient records were arranged sequentially in order of predicted risk. The population was divided into 10 groups of equal size. The predicted 
mortality rate was compared with the actual mortality for each of the 10 groups. Dashed lines represent range of predicted mortality for a group of 
patients; bars represent actual mortality for a group of patients. B, Ordered risk deciles with equal number of deaths per group. After the predicted risk 
for each patient in the test set was determined, the patient records were arranged sequentially in order of predicted risk. The population was divided 
into 10 groups with equal numbers of deaths in each group. The predicted mortality was compared with the actual mortality for each of the 10 groups. 
Dashed lines represent range of predicted mortality for a group of patients; bars represent actual mortality for a group of patients. C, Ordered risk 
categories in clinically relevant groupings. After the predicted risk for each patient in the test set was determined, the patient records were arranged 
sequentially in order of predicted risk. The population was divided into seven clinically relevant risk categories. The predicted mortality was compared 
with the actual mortality for each of the seven groups. Dashed lines represent range of predicted mortality for a group of patients; bars represent actual 
mortality for a group of patients. (A–C, From Shroyer AL, Plomondon ME, Grover FL, et al: The 1996 coronary artery bypass risk model: The Society of 
Thoracic Surgeons Adult Cardiac National Database. Ann Thorac Surg 67:1205, 1999, by permission of the Society of Thoracic Surgeons.)
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Dupuis et al76 attempted to simplify the approach to risk of car-
diac surgical procedures in a manner similar to the original American 
Society of Anesthesiologists (ASA) physical status classification. They 
developed a score that uses a simple continuous categorization, using 
five classes plus an emergency status (Table 1-5). The Cardiac Anesthesia 
Risk Evaluation (CARE) score model  collected data from 1996 to 1999 
and included 3548 patients to predict both in-hospital mortality and a 
diverse group of major morbidities. It combined clinical judgment and 
the recognition of three risk factors previously identified by multifac-
torial risk indices: comorbid conditions categorized as controlled or 
uncontrolled, the surgical complexity, and the urgency of the procedure. 
The CARE score demonstrated similar or superior predictive character-
istics compared with the more complex indices.

Nowicki et al77 used data on 8943 cardiac valve surgery patients aged 
30 years and older from eight northern New England medical centers 
from 1991 through 2001 to develop a model to predict in-hospital mor-
tality. In the multivariate analysis, 11 variables in the aortic model (older 
age, lower body surface area, prior cardiac operation, increased creati-
nine, prior stroke, NYHA class IV, CHF, atrial fibrillation, acuity, year of 
surgery, and concomitant CABG) and 10 variables in the mitral model 
(female sex, older age, diabetes, CAD, prior cerebrovascular accident, 
increased creatinine, NYHA class IV, CHF, acuity, and valve replacement) 
remained independent predictors of the outcome. They developed a 
look-up table for mortality rate based on a simple scoring system.

EuroSCORE, European System for Cardiac Operative Risk Evaluation.
From Nashef SA, Roques F, Michel P, et al: European system for cardiac operative risk evaluation (EuroSCORE). Eur J Cardiothorac Surg 16:9, 1999, by permission.

Application of EuroSCORE Scoring System

95% Confidence Limits for Mortality

EuroSCORE Patients (n) Died (n) Observed Expected

0–2 (low risk) 4529  36 (0.8%) 0.56–1.10 1.27–1.29
3–5 (medium risk) 5977 182 (3.0%) 2.62–3.51 2.90–2.94
6 plus (high risk) 4293 480 (11.2%) 10.25–12.16 10.93–11.54
Total 14,799 698 (4.7%) 4.37–5.06 4.72–4.95

TABLE 
1-4

*Examples: controlled hypertension, diabetes mellitus, peripheral vascular disease, chronic 
obstructive pulmonary disease, controlled systemic diseases, others as judged by 
clinicians.

†Examples: unstable angina treated with intravenous heparin or nitroglycerin, 
preoperative intra-aortic balloon pump, heart failure with pulmonary or peripheral 
edema, uncontrolled hypertension, renal insufficiency (creatinine level > 140 mol/L, 
debilitating systemic diseases, others as judged by clinicians).

‡Examples: reoperation, combined valve and coronary artery surgery, multiple valve 
surgery, left ventricular aneurysmectomy, repair of ventricular septal defect after 
myocardial infarction, coronary artery bypass of diffuse or heavily calcified vessels, 
others as judged by clinicians.

From Dupuis JY, Wang F, Nathan H, et al: The cardiac anesthesia risk evaluation score: 
A clinically useful predictor of mortality and morbidity after cardiac surgery. 
Anesthesiology 94:194, 2001, by permission.

Cardiac Anesthesia Risk Evaluation Score

1 =  Patient with stable cardiac disease and no other medical problem.  
A noncomplex surgery is undertaken.

2 =  Patient with stable cardiac disease and one or more controlled medical 
problems.* A noncomplex surgery is undertaken.

3 =  Patient with any uncontrolled medical problem† or patient in whom a 
complex surgery is undertaken.‡

4 =  Patient with any uncontrolled medical problem and in whom a complex 
surgery is undertaken.

5 =  Patient with chronic or advanced cardiac disease for whom cardiac surgery 
is undertaken as a last hope to save or improve life.

E =  Emergency: surgery as soon as diagnosis is made and operating room is 
available.

TABLE 
1-5Risk Factors, Definitions, and Weights (Score)

Risk Factors Definition Score

Patient-Related Factors
Age Per 5 years or part thereof over 60 

years
1

Sex Female 1
Chronic pulmonary 

disease
Long-term use of bronchodilators or 

steroids for lung disease
1

Extracardiac arteriopathy Any one or more of the following: 
claudication, carotid occlusion 
or > 50% stenosis, previous or 
planned intervention on the 
abdominal aorta, limb arteries, 
or carotids

2

Neurologic dysfunction Disease severely affecting ambulation 
or day-to-day functioning

2

Previous cardiac surgery Requiring opening of the 
pericardium

3

Serum creatinine > 200 mol/L before surgery 2
Active endocarditis Patient still under antibiotic 

treatment for endocarditis at the 
time of surgery

3

Critical preoperative state Any one or more of the following: 
ventricular tachycardia or 
fibrillation or aborted sudden 
death, preoperative cardiac 
massage, preoperative ventilation 
before arrival in the anesthetic 
room, preoperative inotropic 
support, intra-aortic balloon 
counterpulsation or preoperative 
acute renal failure (anuria or 
oliguria < 10 mL/hr)

3

Cardiac-Related Factors
Unstable angina Rest angina requiring IV nitrates  

until arrival in the anesthetic  
room

2

Left ventricular 
dysfunction

Moderate or LVEF 30–50% 1

Poor or LVEF > 30% 3
Recent myocardial infarct (< 90 days) 2

Pulmonary hypertension Systolic pulmonary artery pressure > 
60 mm Hg

2

Surgery-Related Factors
Emergency Carried out on referral before the 

beginning of the next working day
2

Other than isolated 
CABG

Major cardiac procedure other than 
or in addition to CABG

2

Surgery on thoracic aorta For disorder of ascending aorta, arch 
or descending aorta

3

Postinfarct septal rupture 4

TABLE 
1-3

CABG, coronary artery bypass graft surgery; LVEF, left ventricular ejection fraction.
From Nashef SA, Roques F, Michel P, et al: European system for cardiac operative risk 

evaluation (EuroSCORE). Eur J Cardiothorac Surg 16:9, 1999.
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Hannan and colleagues78 also evaluated predictors of mortality after 
valve surgery but used data from 14,190 patients from New York State. 
A total of 18 independent risk factors were identified in the 6 models of 
differing combinations of valve and CABG. Shock and dialysis-depen-
dent renal failure were among the most significant risk factors in all 
models. The risk factors and odds ratios are shown in Tables 1-6, 1-7, 
and 1-8. They also studied which risk factors are associated with early 
readmission (within 30 days) after CABG. Of 16,325 total patients, 
2111 (12.9%) were readmitted within 30 days for  reasons related to 
CABG. Eleven risk factors were found to be independently associated 
with greater readmission rates: older age, female sex, African American 
race, greater body surface area, previous AMI within 1 week, and six 
comorbidities. After controlling for these preoperative patient-level risk 
factors, two provider characteristics (annual surgeon CABG volume  
< 100 and hospital risk-adjusted mortality rate in the highest decile) 
and two postoperative factors (discharge to nursing home or rehabili-
tation/acute care facility and length of stay during index CABG admis-
sion of 5 days) also were related to greater readmission rates. The 
development of several excellent risk models for cardiac valve surgery 
provides a powerful new tool to improve patient care, select proce-
dures, counsel patients, and compare outcomes (see Chapter 19).79

Consistency Among Risk Indices
Many different variables have been found to be associated with the 
increased risk during cardiac surgery, but only a few variables consis-
tently have been found to be major risk factors across multiple and 

very diverse study settings. Age, female sex, LV function, body habi-
tus, reoperation, type of surgery, and urgency of surgery were some 
variables consistently present in most of the models (Box 1-3).

Although a variety of investigators have found different comorbid 
diseases to be significant risk factors, no diseases have been shown to be 
consistent risk factors, with the possible exception of renal dysfunction 
and diabetes. These two comorbidities have been shown to be impor-
tant risk factors in a majority of the studies (Box 1-4).

Applicability of Risk Indices to a Given Population
It is critical to understand how these indices were created to under-
stand how best to apply a given risk index to a specific patient or popu-
lation. Specifically, the application of these risk models must be done 
with caution and after careful study for any specific population. One 
issue is that the profile of patients undergoing cardiac surgery is con-
stantly changing, and patients who previously would not have been 
considered for surgery (and thus not included in the development 
data set) are now undergoing surgery. Therefore, the models require 
continuous updating and revision. In addition, cardiac surgery itself 
is changing with the increasing use of off-pump and less invasive  
procedures, which may change the nature of the influence of preexist-
ing conditions.

One critical factor in the choice of model to use for a given practice 
is to understand the clinical goals used in the original development 
process. In addition, despite extensive research and widespread use of 

Significant Independent Risk Factors for In-Hospital Mortality for Isolated Aortic Valve Replacement and for Aortic Valvuloplasty 
or Valve Replacement Plus Coronary Artery Bypass Graft Surgery

  Isolated Aortic Valve Replacement 
(C = 0.809)

Aortic Valvuloplasty or Valve Replacement Plus 
CABG (C = 0.727)

Risk Factor OR 95% CI for OR OR 95% CI for OR

Age  55 years 1.06 1.04–1.08 1.04 1.02–1.06
Hemodynamic instability 3.97 1.85–8.51 NS
Shock 8.68 2.76–27.33 9.09 3.82–21.62
CHF in same admission 2.26 1.54–3.30 NS
Extensively calcified ascending aorta 1.96 1.22–3.15 1.56 1.16–2.08
Diabetes 2.52 1.67–3.81 NS
Dialysis-dependent renal failure 5.51 2.58–11.73 3.17 1.70–5.90
Pulmonary artery systolic pressure  50 mm Hg 2.35 1.61–3.41 2.28 1.75–2.96
Body surface area NS 0.28 0.16–0.50
Previous cardiac operation NS 2.13 1.54–2.96
Renal failure, no dialysis NS 2.36 1.32–4.21
Aortoiliac disease NS 1.88 1.26–2.82

TABLE  
1-6

CABG, coronary artery bypass graft; CHF, congestive heart failure; CI, confidence interval; NS, not significant; OR, odds ratio.
From Hannan EL, Racz MJ, Jones RH, et al: Predictors of mortality for patients undergoing cardiac valve replacements in New York State. Ann Thorac Surg 70:1212, 2000, by permission 

of the Society of Thoracic Surgeons.

Significant Independent Risk Factors for In-Hospital Mortality for Isolated Mitral Valve Replacement and for Mitral Valve 
Replacement Plus Coronary Artery Bypass Graft Surgery

  Isolated Mitral Valve Replacement 
(C = 0.823)

Mitral Valve Replacement Plus CABG 
(C = 0.718)

Risk Factor OR 95% CI for OR OR 95% CI for OR

Age  55 years 1.08 1.06–1.11 1.07 1.05–1.09
Carotid disease 2.98 1.65–5.39 1.81 1.21–2.70
Shock 9.17 4.17–20.16 5.29 3.03–9.22
CHF in same admission 3.03 2.01–4.56 NS
Dialysis-dependent renal failure 5.07 1.98–12.97 NS
Endocarditis 4.28 2.49–7.36 NS
Ejection fraction < 30% NS 1.76 1.23–2.51
Hemodynamic instability NS 3.40 2.16–5.36
Extensively calcified ascending aorta NA 1.94 1.27–2.96

TABLE  
1-7

CABG, coronary artery bypass graft; CHF, congestive heart failure; CI, confidence interval; NA, not available; NS, not significant; OR, odds ratio.
From Hannan EL, Racz MJ, Jones RH, et al: Predictors of mortality for patients undergoing cardiac valve replacements in New York State. Ann Thorac Surg 70:1212, 2000, by permission 

of the Society of Thoracic Surgeons.
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risk models in cardiac surgery, there are methodologic problems. The 
extent of the details in the reports varies greatly. Different conclusions 
can be reached depending on the risk model used. Processes critical to 
the development of risk models are shown in Figure 1-4.

The underlying assumption in the development of any risk index is 
that specific factors (disease history, physical findings, laboratory data, 
nature of surgery) cannot be modified with respect to their influence 
on outcome; that is, the perioperative period is essentially a black box. 
If a specific factor is left untreated, it could lead to major morbidity or 
mortality. For example, the urgency of the planned surgical procedure 
and baseline comorbidities cannot be changed. However, the models 
themselves depend on the appropriate selection of baseline variables 
or risk factors to study, and their prevalence in the population of inter-
est is critical for them to affect outcome. For example, referral patterns 
to a given institution may result in an absence of certain patient popu-
lations and, therefore, the risk factor would not appear in the model. 
Also, the use of multivariate logistic regression may eliminate biologi-
cally important risk factors, which are not present in sufficient num-
bers to achieve statistical significance.

In developing a risk index, it is also important to validate the model 
and to benchmark it against other known means of assessing risks. It 
is important to determine whether the index predicts morbidity, mor-
tality, or both. Typically, a model’s performance is first evaluated on 

the developmental data, evaluating its goodness of fit. Alternatively, 
the original data can be split and the model can be built on half of the 
data and validated on the other half. This reduces the total number of 
patients and outcomes available to create the model. This method is best 
suited to situations in which data on tens of thousands of patients are 

Significant Independent Risk Factors for In-Hospital Mortality for Multiple Valvuloplasty or Valve Replacement and for Multiple 
Valvuloplasty or Valve Replacement Plus Coronary Artery Bypass Graft Surgery

  Multiple Valvuloplasty or Valve Replacement 
(C = 0.764)

Multiple Valvuloplasty or Valve Replacement 
Plus CABG (C = 0.750)

Risk Factor OR 95% CI for OR OR 95% CI for OR

Age  55 years 1.05 1.03–1.07 1.05 1.10–1.08
Aortoiliac disease 3.55 1.17–10.72 4.63 2.12–10.10
CHF in same admission 2.18 1.44–3.29 NS
Malignant ventricular arrhythmia 2.62 1.19–5.78 NS
Extensively calcified ascending aorta 2.13 1.13–4.00 NS
Diabetes 1.87 1.13–3.10 2.49 1.46–4.24
Renal failure without dialysis 3.55 1.88–6.72 NS
Dialysis-dependent renal failure 9.37 4.10–21.40 NS
Female sex NS 1.95 1.20–3.18
Hemodynamic instability NS 3.65 1.50–8.86
Shock NS 50.19 6.08–414.44
Hepatic failure NS 8.21 1.84–36.66
Endocarditis NS 4.70 1.59–13.87

TABLE  
1-8

CABG, coronary artery bypass graft; CHF, congestive heart failure; CI, confidence interval; NA, not available; NS, not significant; OR, odds ratio.
From Hannan EL, Racz MJ, Jones RH, et al: Predictors of mortality for patients undergoing cardiac valve replacements in New York State. Ann Thorac Surg 70:1212, 2000, by permission of 

the Society of Thoracic Surgeons.

Model Development

State the clinical aim for the model

Prepare a list of potential risk factors for mortality based on
clinical knowledge, in relation to the stated aim

Select an appropriate statistical modeling technique

Select a suitable patient sample

Adopt a systematic strategy to handle missing
values for risk factors

Adopt a systematic strategy to select
a final set of risk factors

Fit the model and estimate coefficients

Convert coefficients to risk scores
for mortality (optional)

Figure 1-4 Risk model development. (From Omar RZ, Ambler G, 
Royston P, et al: Cardiac surgery risk modeling for mortality: A review 
of current practice and suggestions for improvement. Ann Thorac Surg 
77:2232, 2004, by permission of the Society of Thoracic Surgeons.)

BOX 1-3. COMMON VARIABLES ASSOCIATED 
WITH INCREASED RISK FOR CARDIAC SURGERY

BOX 1-4. MEDICAL CONDITIONS ASSOCIATED 
WITH INCREASED RISK
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available. This internal validation does not provide the practitioner with 
information on the generalizability of the model. External validation on 
a large, completely independent test dataset is the best approach to sat-
isfying this requirement.

In addition to validation, calibration refers to a model’s ability to 
predict mortality accurately. Numerous tests can be applied, the most 
common being the H-L test. If the P value from an H-L test is greater 
than 0.05, the current practice of the developers is to claim that the 
model predicts mortality accurately.

Discrimination is the ability of a model to distinguish patients 
who die from those who survive. The area under the ROC is the 
common method of assessing this facet of the model. In brief, the 
test is determined by evaluating all possible pairs of patients, deter-
mining whether the predicted probability of death should ideally 
be greater for the patient who died than for the one who survived. 
The ROC area is the percentage of pairs for which this is true. The 
current practice in cardiac surgery is to conclude that a model dis-
criminates well if the ROC area is greater than 0.7. If predictions 
are used to identify surgical centers or surgeons with unexpectedly 
high or low rates, achieving a high ROC area alone is not adequate, 
but good calibration is also critical. A poorly calibrated model may 
cause large numbers of institutions or surgeons to reveal excessively 
high or low rates of mortality, when, in fact, the fault lies with the 
model, not the clinical performance. If predictions are used to strat-
ify patients by disease severity to compare treatments or to decide on 
patient management, both calibration and discrimination aspects 
are important.

A key problem in the development of cardiac surgery risk stratifi-
cation models is the evolving practice of surgery. This includes new 
procedures, or variations on older procedures, which may affect peri-
operative risk and not be accounted for in the data used to develop the 
model. Despite these limitations, calibrated and validated risk model 
remains the most objective tool currently available. Clinicians need to 
understand the specific model, its strengths and weaknesses, to appro-
priately apply the model in academic research, patient counseling, 
benchmarking, and management of resources.

 Specific Risk Conditions
Renal Dysfunction
Renal dysfunction has been shown to be an important risk factor for 
surgical mortality in patients undergoing cardiac surgery.80–82 However, 
the spectrum of what constitutes renal dysfunction is broad, with some 
models defining it as increased creatinine levels and others defining it 
as dialysis dependency.

The Northern New England Cardiovascular Study Group reported 
a 12.2% in-hospital mortality rate after CABG in patients on chronic 
dialysis versus a 3.0% mortality rate in patients not on dialysis.83 
However, the incidence of dialysis dependency in the cardiac surgical 
population is sufficiently low (e.g., 0.5% in New York State) so that it 
may not enter into many of the models developed.

Acute kidney injury (AKI) after cardiac surgery carries significant 
morbidity and mortality. Patients who experienced development of 
severe renal dysfunction (defined as glomerular filtration rate [GFR] 
< 30 mL/min) after CABG had an almost 10% mortality rate com-
pared with 1% mortality in those with normal renal function.84 Poor 
outcome associated with perioperative AKI has led to development of 
predictive models of AKI to identify patients at risk. One of the recent 
models predicts need for renal replacement therapy (RRT) after cardiac 
surgery. Wijeysundera et al85 retrospectively studied a cohort of 20,131 
cardiac surgery patients at 2 hospitals in Ontario, Canada. Multivariate 
predictors of RRT were preoperative estimated GFR, diabetes melli-
tus requiring medication, LVEF, previous cardiac surgery, procedure, 
urgency of surgery, and preoperative IABP. An estimated GFR less than 
or equal to 30 mL/min was assigned 2 points; other components were 
assigned 1 point each: estimated GFR of 31 to 60 mL/min, diabetes 
mellitus, EF less than or equal to 40%, previous cardiac surgery, pro-

cedure other than CABG, IABP, and nonelective case. Among the 53% 
of patients with low risk scores ( 1), the risk for RRT was 0.4%; by  
comparison, this risk was 10% among the 6% of patients with high-risk 
scores ( 4). Another group developed a robust prediction rule to assist 
clinicians in identifying patients with normal, or near-normal, preop-
erative renal function who are at high risk for development of severe 
renal insufficiency.86 In a multivariate model, the preoperative patient 
characteristics most strongly associated with postoperative severe renal 
insufficiency included age, sex, white blood cell count > 12,000, prior 
CABG, CHF, peripheral vascular disease, diabetes, hypertension, and 
preoperative IABP.

A major issue with respect to the development of indices to predict 
perioperative renal failure is that the pathophysiology of perioperative 
AKI includes inflammatory, nephrotoxic, and hemodynamic insults. This 
multifactorial nature of AKI might be one of the reasons that a limited 
single-strategy approach has not been successful.87 Contrast agents used 
for angiography before cardiac surgery represent one of the modifiable 
nephrotoxic factors perioperatively. Delaying cardiac surgery beyond 24 
hours after the exposure and minimizing the contrast agent load can 
decrease the incidence of AKI in elective cardiac surgery cases.88

Uniformity of AKI definition (Risk of renal dysfunction, Injury to 
the kidney, Failure of kidney function, Loss of kidney function, and 
End-stage kidney disease; RIFLE) improved risk stratification models 
and utilization of early biomarkers of AKI hopefully will provide tools 
to design clinical trials addressing this important issue.89,90

Diabetes
The association between diabetes and mortality with cardiac surgery 
has been inconsistent, with some studies supporting the association, 
whereas other studies do not.91–98 Several recent trials have evaluated 
outcome between CABG and PCI in patients with diabetes. In the 
CARDia (Coronary Artery Revascularization in Diabetes) trial,99 a total 
of 510 patients with diabetes with multivessel or complex  single-vessel 
CAD from 24 centers were randomized to PCI plus stenting (and rou-
tine abciximab) or CABG. At 1 year of follow-up, the composite rate 
of death, MI, and stroke was 10.5% in the CABG group and 13.0% 
in the PCI group (hazard ratio [HR]: 1.25; 95% CI: 0.75 to 2.09; P = 
0.39), all-cause mortality rates were 3.2% and 3.2%, and the rates of 
death, MI, stroke, or repeat revascularization were 11.3% and 19.3% 
(HR: 1.77; 95% CI: 1.11 to 2.82; P = 0.02), respectively. The Bypass 
Angioplasty Revascularization Investigation 2 Diabetes (BARI 2D) 
trial randomized 2368 patients with both type 2 diabetes and heart dis-
ease to undergo either prompt revascularization with intensive medi-
cal therapy or intensive medical therapy alone, and to undergo either 
insulin-sensitization or insulin-provision therapy.100 In patients with 
more extensive CAD, similar to those enrolled in the CABG stratum, 
prompt CABG, in the absence of contraindications, intensive medical 
therapy, and an insulin sensitization strategy appears to be a preferred 
therapeutic strategy to reduce the incidence of MI.101

Acute Coronary Syndrome
Patients with a recent episode of non–ST-segment elevation acute cor-
onary syndrome before CABG have greater rates of operative morbid-
ity and mortality than do patients with stable coronary syndromes.102 
However, a recent report of the American College of Cardiology 
Foundation, in collaboration with numerous other societies, has pub-
lished appropriateness for coronary revascularization.103 There are 
numerous Class A recommendations for revascularization and, there-
fore, many patients may come to the operating room directly after cor-
onary angiography and potentially after attempted stent placement 
with antiplatelet agents. There is evidence to suggest that delaying 
CABG for 3 to 7 days in patients after ST-elevation myocardial infarc-
tion (STEMI) or non–ST-elevation myocardial infarction (NSTEMI) is 
beneficial in selected stable patients with contraindications to PCI. In 
addition, patients with a hemodynamically significant right ventricular 
MI should be allowed to recover the injured ventricle.104
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 Cardiovascular Testing
Patients who present for cardiac surgery have extensive cardiovascu-
lar imaging before surgery to guide the procedure. Coronary angiogra-
phy provides a static view of the coronary circulation, whereas exercise 
and pharmacologic testing provide a more dynamic view. Because both 
tests may be available, it is useful to review some basics of cardiovascu-
lar imaging (Box 1-5) (see Chapters 2, 3, 6, 11 to 14, and 18).

In patients with a normal baseline ECG without a prior history of 
CAD, the exercise ECG response is abnormal in up to 25% and increases 
up to 50% in those with a prior history of MI or an abnormal resting 
ECG. In the general population, the usefulness of an exercise ECG test 
is somewhat limited. The mean sensitivity and specificity are 68% and 
77%, respectively, for detection of single-vessel disease, 81% and 66% 
for detection of multivessel disease, and 86% and 53% for detection of 
three-vessel or left main CAD.105–108

The level at which ischemia is evident on exercise ECG can be used 
to estimate an “ischemic threshold” for a patient to guide perioperative 
medical management, particularly in the prebypass period.109,110 This 
may support further intensification of perioperative medical therapy 
in high-risk patients, which may have an impact on perioperative car-
diovascular events (see Chapters 2, 3, 6, 10, 12 to 15, and 18).

All patients referred for cardiac surgery should have had a transt-
horacic echocardiogram. In addition to the primary reason for sur-
gery (e.g., CABG), other incidental findings (e.g., valve disease) should 
be considered in the preoperative assessment of the patient. There 
are clinical scenarios in which a TEE should be obtained before sur-
gery. These include endocarditis and anticipated mitral valve repair or 
replacement. A TEE commonly is obtained for assessment of ascending 
aortic dissection and congenital anomalies. However, other imaging 
modalities such as magnetic resonance (MR) and computed tomogra-
phy (CT) imaging are increasingly being used for more detailed assess-
ment of specific congenital problems such as right-sided defects and 
right ventricular function. MR and CT imaging are particularly useful 
for assessment of the pulmonary venous system.

The absolute indications for preoperative carotid duplex ultrasound 
imaging are not clear but should be considered in patients with an 
audible bruit, or other conditions such as severe peripheral arterial dis-
ease, or a previous stroke or transient ischemic attack. The presence of 
an underlying critical carotid or vertebral artery lesion would herald 
more caution regarding mean arterial pressure during and after CPB.

Nonexercise (Pharmacologic) Stress Testing
Pharmacologic stress testing has been advocated for patients in whom 
exercise tolerance is limited, both by comorbid diseases and by symp-
tomatic peripheral vascular disease. Often, these patients may not stress 
themselves sufficiently during daily life to provoke symptoms of myo-
cardial ischemia or CHF. Pharmacologic stress testing techniques either 
increase myocardial oxygen demand (dobutamine)111 or produce cor-
onary vasodilatation leading to coronary flow redistribution (dipyri-
damole/adenosine).112 Echocardiographic or nuclear scintigraphic 
imaging (SPECT) are used in conjunction with the pharmacologic 
therapy to perform myocardial perfusion imaging for risk stratifica-
tion and myocardial viability assessment (Box 1-6) (see Chapters 2, 3, 
6, 11 to 15, and 18).

Dipyridamole-Thallium Scintigraphy
Dipyridamole works by blocking adenosine reuptake and increasing 
adenosine concentration in the coronary vessels. Adenosine is a direct 
coronary vasodilator. After infusion of the vasodilator, flow is prefer-
entially distributed to areas distal to normal coronary arteries, with 
minimal flow to areas distal to a coronary stenosis.113,114 A radioisotope, 
such as thallium or 99-technetium sestamibi, then is injected. Normal 
myocardium will show up on initial imaging, whereas areas of either 
myocardial necrosis or ischemia distal to a significant coronary stenosis 
will demonstrate a defect. After a delay of several hours, or after infu-
sion of a second dose of 99-technetium sestamibi, the myocardium is 
again imaged. Those initial defects that remain as defects are consistent 
with old scar, whereas those defects that demonstrate normal activity 
on subsequent imaging are consistent with areas at risk for myocardial 
ischemia. Several strategies have been suggested to increase the predic-
tive value of the test. The redistribution defect can be quantitated, with 
larger areas of defect being associated with increased risk.114 In addition, 
both increased lung uptake and LV cavity dilation have been shown to 
be markers of ventricular dysfunction with ischemia (Box 1-7).

Dobutamine Stress Echocardiography
Dobutamine stress echocardiography (DSE) involves the identification 
of new or worsening RWMAs using two-dimensional echocardiogra-
phy during infusion of intravenous dobutamine. It has been shown to 
have the same accuracy as dipyridamole thallium scintigraphy for the 
detection of CAD.115,116 There are several advantages to DSE compared 
with dipyridamole thallium scintigraphy: the DSE study also can assess 
LV function and valvular abnormalities, the cost of the procedure is 
significantly lower, there is no radiation exposure, the duration of the 
study is significantly shorter, and results are immediately available.

Conclusions
Preoperative cardiac risk assessment and stratification in patients 
undergoing cardiac surgery are distinct from those in patients under-
going noncardiac surgery. In the noncardiac surgery patients, the main 
goal is to identify a high-risk group of patients who would benefit from 
either noninvasive or invasive cardiac evaluation and appropriate peri-
operative medical management or interventional therapy. In patients 
undergoing cardiac surgery, extensive cardiac evaluation is part of the 
routine preoperative workup for the procedure, and the patient is hav-
ing corrective therapy for the underlying disease.

The main goal of cardiac risk assessment in this group of patients, 
from the anesthesiologist’s perspective, is to provide risk-adjusted 

BOX 1-5. PREOPERATIVE CARDIOVASCULAR 
TESTING

BOX 1-6. INDICATIONS FOR MYOCARDIAL 
PERFUSION IMAGING

BOX 1-7. SCINTIGRAPHIC FINDINGS OF HIGH 
RISK WITH CORONARY ARTERY DISEASE
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mortality rates for the preoperative patient and family counseling and 
identification of the high-risk group for a perioperative cardiac event. 
Various complex or simplified risk-adjusted morbidity and mortal-
ity models can serve as a tool for the preoperative discussion with the 
patient, but even a well-calibrated model with good discrimination has 
to be used with caution when applied to individual counseling. First, it 
is difficult for any model to predict morbidity/mortality, which occurs 
at a low incidence. Second, it has to be clear that the scoring system 
provides only the probability of death or major complication, but the 
individual patient experiences only one of the outcomes.

Clinicians are unable to reliably monitor cardiac injury intraopera-
tively or in real time. There is also a lack of consensus regarding the 
definition and quantification of AMI in the perioperative and early 
postoperative periods. In contrast, postoperative mortality is easy to 
define. Therefore, deviation of expected mortality from observed mor-
tality has been used as a “gold standard.” However, it is important 

to recognize that late outcome and survival may also be reflective of 
intraoperative events. Preoperative cardiac risk assessment of patients 
undergoing cardiac surgery would ideally lead to identification of a 
group of patients at risk for increased morbidity and mortality because 
of perioperative myocardial injury. Based on individual risk factors, 
perioperative care would then be modified to improve the patient’s 
outcome. To achieve this goal, a clear definition and quantification of 
myocardial injury in cardiac surgery patients are required. Clinicians 
need to be able to monitor intraoperative ischemia and intervene to 
prevent loss of myocardium. Anesthesiologists also need to follow both 
short- and long-term outcomes of cardiac surgical patients, as well as 
the impact of different preoperative and intraoperative strategies, on 
short- and long-term outcomes. Evidence-based medicine has led to an 
unprecedented growth in the scientific approach to decision making in 
the belief that it will translate into benefits for patients to decrease their 
risk and improve outcomes.117
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Cardiovascular Imaging

Preoperative cardiac diagnostic evaluation for cardiac surgery tradi-
tionally has been performed by echocardiography and invasive cath-
eterization. Similarly, preoperative risk-assessment before noncardiac 
surgery has been supported by resting and stress echocardiography and 
single-photon emission computed tomography (SPECT). Since the early 
1990s, there has been an explosion in new imaging technology that has 
seen the introduction of cardiac computed tomography (CCT), cardiac 
magnetic resonance (CMR), and positron emission tomography (PET) 
in the clinical setting. In the field of preoperative evaluation, these new 
imaging modalities have complemented more than supplemented tradi-
tional imaging. Echocardiography remains the most widely used non-
invasive cardiac imaging test and so far the only one currently available 
in the intraoperative setting. The role of echocardiography is discussed 
at length in many chapters of this book. This chapter focuses on the use 
of advanced imaging modalities for perioperative evaluation of patients 
undergoing cardiac surgery, as well as those with suspected or known 
coronary artery disease (CAD) planning to undergo noncardiac surgery.

BASIC PRINCIPLES AND INSTRUMENTATION

Myocardial Nuclear Scintigraphy
SPECT uses the principles of radioactive decay to evaluate the myo-
cardium and its blood supply. It is able to detect the presence of 
 flow-limiting coronary artery stenosis, as well as myocardial  infarction. 

The stability of the nucleus for emitting radiation depends on the ratio 
of neutrons to protons and on the nuclide’s atomic number (Z). The 
sources used for this are known as radionuclides, which are nuclides 
with neutron-proton ratios that are not on the stable nuclei curve 
and are unstable and, therefore, radioactive. There are several types 
of radioactive decay. The least penetrating radiation is called an alpha 
particle ( ), which corresponds to the heaviest radiation. An alpha 
particle is composed of the nuclei of a helium atom (2 protons + 2 
neutrons) with positive charge. A second type of radioactive decay is 
known as beta ( ) particle emission, which is moderate penetrating 
radiation. Beta particles are lighter than alpha particles and are actu-
ally electrons emitted from the nucleus. Positron ( +) particles, which 
are positive electrons, have similar penetration to beta particles but 
are made of antimatter and emitted from positron tracers. Lastly, the  
highest energy emission particles are known as gamma ( ) rays and are 
the same as particles emitted from an X-ray tube.

The radionuclides that are used in SPECT are technetium-99m 
(Tc99m) and thallium-201 (Tl201). Tc99m is a large radionuclide that 
emits a single photon or -ray per radioactive decay, with a half-life 
of 6 hours. The energy of the emitted photon is 140,000 electron volts, 
or keV. Thallium-201 is less commonly used and decays by electron 
capture. It has a much longer half-life than Tc99m of 73 hours, and the 
energy emitted is between 69 and 83 keV. To obtain images, the gamma 
rays that are released by decay from the body must be captured and 
modified by a detector or gamma camera. The standard camera is com-
posed of a collimator, scintillating crystals, and photomultiplier tubes. 
When a radionuclide emits gamma rays, it does so in all directions.  
A collimator made of lead with small, elongated holes is used as a filter 
to accept only those gamma rays traveling from the target organ toward 
the camera. Once the selected gamma rays have reached the scintillat-
ing crystals, they are converted to visible light and then into electrical 
signals by the photomultiplier tubes. These electrical signals are then 
processed by a computer to form images. Myocardial regions that are 
infarcted or ischemic after stress will have relatively decreased tracer 
uptake and, therefore, decreased signal or counts in the  processed 
images.

PET is similar to SPECT in that it uses radioisotopes and the prop-
erties of radioactive decay to produce and acquire images. The most 
common radioisotopes used for cardiac evaluation are rubidium-82, 
N-ammonia-13, and fluorine-18 (F18). F18 is a much smaller radionu-
clide than Tc99m. It emits a positron ( +) antiparticle. This ionized anti-
particle travels until it interacts with an electron. The electron and the 
positron are antiparticles of each other, meaning they have the same 
mass but are opposite in charge. When this occurs, both particles disin-
tegrate and are converted into energy in the form of two photons trav-
eling in opposite directions. Both photons have the same energy, 511 
keV. This phenomenon is known as pair annihilation, which is used to 
create the images in PET. PET cameras also differ from SPECT cam-
eras in that they capture only incoming photons that travel in oppo-
site directions and arrive at a circular detector around the body at 
precisely the same time. PET detectors have much higher sensitivity 
than SPECT cameras because they do not require a collimator. Like 
in SPECT, PET cameras also use scintillating crystals and photomulti-
plier tubes. Recently, PET systems have been combined with computed 
tomography (CT) and magnetic resonance imaging (MRI) systems to 
simultaneously display PET metabolic images with their correspond-
ing anatomic information.
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KEY POINTS

1. Echocardiography and invasive angiography 
remain the most widely used modalities for 
evaluation of left ventricular function, valvular 
and ischemic heart disease.

2. Computed tomography coronary angiography 
and cardiac magnetic resonance (CMR) are 
increasingly utilized when there are conflicting 
results or when further information is required in 
the patient evaluated before surgery.

3. CMR is able to evaluate ventricular and 
valvular function, atherosclerosis, and plaque 
composition.

4. CMR is the gold standard for quantitative 
assessment of ventricular volumes, ejection 
fraction (EF), and mass.

5. CMR is the most accurate method for assessment 
of RVEF and volumes.

6. Myocardial perfusion imaging can be performed 
using both SPECT and PET.

7. CT angiography is most commonly used for the 
diagnosis of aortic aneurysms and dissections.

8. Cardiac CT can clearly depict mechanical valvular 
prosthesis when echocardiography cannot clearly 
show abnormalities.

2
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Cardiac Computed Tomography
CCT has grown significantly in clinical use since the early 2000s with 
the advent of multidetector CT scanners with submillimeter resolution 
allowing evaluation of the coronary anatomy. The X-ray tube produces 
beams that traverse the patient and are received by a detector array on 
the opposite side of the scanner. The X-ray tube and detector array are 
coupled to each other and rotate around the patient at a velocity of 250 
to 500 msec/rotation. Initially, in 1999, the first multidetector CT scan 
used for coronary imaging had four rows of detectors and had a scan-
ning coverage of 2 cm per slice rotation. Breath-holds on the order of 
10 to 20 seconds were required to cover the entire heart. Artifacts pro-
duced by the patient’s respiration and heart rate variability rendered 
many studies nondiagnostic for the assessment of coronary stenosis. 
Technology has advanced at a rapid pace to the point that 64-slice 
 systems are standard, and 320-slice systems with 16 cm of coverage are 
able to capture the entire heart in one heartbeat and rotation.

CCT utilizes ionizing radiation for the production of images. 
Concern over excessive medical radiation exposure has been raised in 
recent years. Although several techniques, such as prospective electro-
cardiogram (ECG)-gated acquisition, may be implemented1–3 to reduce 
radiation dose, a risk-benefit assessment must be done for the selection 
of patients who have appropriate indications for CCT. The patient’s 
heart rate must be lowered to less than 65 beats/min to achieve ade-
quate results imaging the coronaries with CCT. This usually requires 
the administration of oral or intravenous -blockers. After the scan has 
been completed, images are reconstructed at different intervals of the 
cardiac cycles and analyzed in a computer workstation.

Cardiovascular Magnetic Resonance 
Imaging
Cardiovascular magnetic resonance is a robust and versatile imaging 
modality. It is able to evaluate multiple elements of cardiac status: func-
tion, morphology, flow, tissue characterization, perfusion, angiography, 
and/or metabolism. CMR is able to do this using its unique ability to 
distinguish morphology by taking advantage of the different molecu-
lar properties of tissues. This is achieved without the use of any radia-
tion, by using the influence of magnetic fields on the abundance of 
hydrogen atoms in the human body. This is one of the main advantages 
of CMR over other imaging modalities. Multicontrast CMR uses the 
intrinsic properties of organs and takes advantage of the three imaging 
contrasts: T1, T2, and proton density without the need for gadolinium 
contrast. T1-weighted imaging is utilized for the imaging of lipid con-
tent and fat deposition appears bright or hyperintense. T2-weighted 
imaging is used for the evaluation of edema4 and fibrous tissue,5 which 
also appears hyperintense. Dynamic contrast-enhanced CMR uses the 
paramagnetic contrast agent gadolinium, which enhances the magne-
tization (T1) of protons of nearby water and creates a stronger signal. 
In addition, gadolinium contrast permeates through the intercellular 
space in necrotic or fibrotic myocardium, which is the basis for myo-
cardial scar detection seen on late gadolinium enhancement.

CMR is able to evaluate both ventricular and valvular function.  
It also can evaluate atherosclerosis6 in large vessels and is capable of 
imaging morphology and distinguishing between different elements 
of atherosclerotic plaque composition including fibrous tissue, lipid 
core, calcification, and hemorrhage.7 In addition to vascular plaque 
assessment, CMR may be used for the evaluation of ischemia after the 
administration of gadolinium contrast agents. First-pass perfusion is 
evaluated at rest and after the administration of a pharmacologic stres-
sor such as adenosine or dobutamine for the evaluation of myocardial 
infarction and ischemia.

Vascular Ultrasound
Vascular ultrasound has been in existence clinically since the 1950s. 
It is versatile and relatively inexpensive when compared with other 
imaging modalities. It is one of the few imaging techniques that may 

be  performed at the patient’s bedside. In addition, there is no use of 
 ionizing radiation, as opposed to CT or nuclear cardiology. For these 
 reasons, vascular ultrasound can never be replaced in the clinical setting.

Vascular ultrasound is composed of several techniques or modes, 
which include grayscale imaging (also known as B-mode), pulsed- 
and continuous-wave Doppler imaging, and color Doppler imaging. 
Each of these provides different information. Duplex ultrasound uses 
both B-mode and pulsed-wave Doppler to acquire vessel anatomy, as 
well as hemodynamic data. This includes peak and mean velocities of 
blood flow in addition to pressure gradients caused by stenosis. Duplex 
is also used for the evaluation of aneurysms and dissections. Color-
flow Doppler allows for the visualization and direction of blood flow 
through vessels. Typically, the color scale is from red (flow toward trans-
ducer) to blue (flow away from transducer; see Chapter 12). Many times 
it aids in the localization and identification of vessels when duplex is 
inadequate. Vascular ultrasound is used for the evaluation of the aorta; 
carotid, renal, celiac, and mesenteric arteries; the lower extremity arte-
rial system; and the peripheral venous system. More recently, it also has 
come into clinical use for the evaluation of atherosclerosis by measur-
ing carotid intima-media thickness.

EVALUATION OF CARDIAC FUNCTION
Left Ventricular Systolic Function

Perhaps the most important factor that contributes to surgical out-
come is cardiac function, specifically left ventricular (LV) systolic func-
tion. Systolic dysfunction is directly related to patient outcome after 
surgery. Preoperative knowledge of LV systolic dysfunction is crucial 
for the anesthesiologist to prepare and anticipate perioperative and 
postoperative complications. Patients with systolic dysfunction who 
undergo coronary artery bypass graft (CABG) surgery require more 
inotropic support after cardiopulmonary bypass (CPB).8,9 In addition, 
systolic dysfunction is a good prognosticator for postsurgical mortal-
ity.10–12 In patients who are known to have CAD and are scheduled to 
have CABG surgery, the cause of systolic dysfunction is, most often 
than not, ischemic heart disease. In patients who are scheduled to have 
elective noncardiac surgery and are found to have newly diagnosed sys-
tolic dysfunction, it is important to do further testing to find the cause 
and exclude critical coronary stenosis and ischemia.

Transthoracic echocardiography (TTE) is the most widely used 
modality for this evaluation because it is inexpensive, portable, and 
readily available. However, limited acoustic windows may limit the 
accuracy of echocardiographic assessment of global and regional LV 
function in a significant number of patients.13

Nuclear scintigraphic methods, including both SPECT and PET 
myocardial perfusion imaging, can be used to evaluate global and seg-
mental LV systolic function. This is achieved by implementing ECG 
gating during data acquisition. Most often, eight frames or phases are 
acquired per cardiac cycle. The left ventricular ejection fraction (LVEF) 
is measured using absolute end-diastolic (EDV) and end-systolic vol-
umes (ESV), where LVEF = LVEDV − LVESV/LVEDV.

Gated images can be acquired at both rest and after stress; how-
ever, rest images typically have less radiation dose and the images may 
be noisy. In most institutions, gated imaging is done using poststress 
images because of the higher radioisotope dose and, thus, less noise. 
This does have its limitation for accurate LV systolic analysis in the 
circumstance of stress-induced ischemia, in which myocardial stun-
ning can transiently reduce the LVEF. Another limitation of ECG-gated 
SPECT or PET is arrhythmias, specifically frequent premature ventric-
ular contractions (PVCs) or atrial fibrillation.14 In patients who have 
extensive myocardial infarction, assessment of LV function also may 
be inaccurate because there is absence of isotope in the scar regions; 
thus, the endocardial border cannot be defined. Gated-blood pool 
scans (multiple gated acquisition; MUGA) image the cardiac “blood 
pool” with high resolution during the cardiac cycle. Ventricular func-
tion, as well as various temporal parameters, can be measured using 
this technique.15 There is good correlation between echocardiography 
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and MUGA for the evaluation of LVEF. However, MUGA has dem-
onstrated better intraobserver and interobserver reproducibility than 
echocardiography.16

CCT, with its excellent spatial and temporal resolution, allows for 
an accurate assessment of LV function when compared with echocar-
diography, invasive ventriculography, and cardiac MRI.17–19 CCT also 
uses real three-dimensional volumes to calculate the LV systolic func-
tion. Functional analysis can be evaluated only when retrospective 
scanning is used because the entire cardiac cycle (both systole and 
diastole) is necessary. The raw dataset must be reconstructed in inter-
vals or cardiac phases of 10%, from 0% (early systole) to 90% (late 
diastole). Advanced computer workstations allow cine images to be 
reconstructed and displayed in multiple planes (Figure 2-1). Segmental 
wall motion analysis may be performed using the 17-segment model  
recommended by the American Heart Association/American College 
of Cardiology (AHA/ACC)20 (Figure 2-2).

The main limitation to using CCT for LV systolic function assess-
ment is the required radiation exposure. Because retrospective ECG 
gating is required to image the entire cardiac cycle, radiation exposure 
is relatively high. In comparison, CCT studies performed with prospec-
tive ECG gating expose the patient to radiation during only 10% to 
15% of the cardiac cycle. Thus, in most clinical scenarios, LV functional 
information usually is not acquired to reduce radiation exposure.

CMR is considered the gold standard for the quantitative assessment 
of biventricular volumes, EF, and mass, whereas also offering excellent 
reproducibility.21 CMR also has excellent spatial and temporal resolu-
tion allowing for cine imaging. Typically, a stack of 10 to 14 contigu-
ous two-dimensional slices are acquired and used for LV functional 
analysis.22 The acquisition of each of these images generally requires 
a breath-hold of at least 10 to 20 seconds. In a computer workstation, 
the endocardial and epicardial contours of the LV can be traced in 
each short-axis slice at the phases of maximal and minimal ventricu-
lar dimensions. The software then calculates the volume of ventricular 
cavity per slice as the product of the area enclosed within the endocar-
dial contour multiplied by the slice thickness. The data are then com-
bined to calculate EDV and ESV and EF. In addition, cine images may 
be acquired in the four-, three-, and two-chamber views for LV seg-
mental wall analysis (Figure 2-3).

Figure 2-1 Computed tomography angiography: left ventricular (LV) 
functional analysis in three orthogonal planes using specialized work-
station. It allows for the evaluation of LV end-diastolic and end-systolic 
volumes, mass, and ejection fraction.
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Figure 2-2 American Heart Association/American College of Cardiology 
(AHA/ACC)–recommended 17-segment model for left ventricular segmen-
tal wall motion analysis. (From Cerqueira MD, Weissman NJ, Dilsizian V,  
et al: Standardized myocardial segmentation and nomenclature for  
tomographic imaging of the heart: A statement for healthcare professionals 
from the Cardiac Imaging Committee of the Council on Clinical Cardiology 
of the American Heart Association. Circulation 105:539–542, 2002.)
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Figure 2-3 Cardiac magnetic resonance demonstrating (A) short-axis, 
(B) two-chamber, (C) four-chamber, and (D) three-chamber views.
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Left Ventricular Diastolic Function
Diastolic dysfunction is the most common abnormality found in 
patients with cardiovascular disease.23,24 Patients with diastolic dysfunc-
tion may be asymptomatic25 or may have exercise-induced dyspnea or 
overt heart failure.26 Until recently, the profound impact of diastolic 
dysfunction on perioperative management and postoperative out-
come has been underestimated. In fact, the prevalence of diastolic dys-
function in patients undergoing surgery is significant. A recent study 
demonstrated that in more than 61% of patients with normal LV sys-
tolic function undergoing surgery, diastolic filling abnormalities were 
present.27 This is critical information for the anesthesiologist because 
patients with diastolic dysfunction who undergo CABG require more 
time on CPB, as well as more inotropic support up to 12 hours after 
surgery.28 This may be because of deterioration of diastolic dysfunction 
after CABG, which may persist for several hours.29–31 Taking all this into 
account, diastolic dysfunction increases the risk for perioperative mor-
bidity and mortality.32

In 85% of patients with diastolic dysfunction, hypertension is the 
primary cause. Diastolic function requires a complex balance among 
several hemodynamic parameters that interact with each other to 
maintain LV filling with low atrial pressure, including LV relaxation, LV 
stiffness, aortic elasticity, atrioventricular and intraventricular electri-
cal conduction, left atrial contractility, pericardial constraint, and neu-
rohormonal activation. Changes in preload, afterload, stroke volume, 
and heart rate can upset this delicate balance.33–35

LV diastolic function is most easily and commonly assessed with 
echocardiography; however, different aspects of diastolic func-
tion also can be evaluated by SPECT and CMR. At least 16 phases 
of the cardiac cycle need to be acquired to evaluate diastolic dys-
function using SPECT. This is because diastolic functional analysis, 
as opposed to systolic function, is dependent on heart rate changes 
during acquisition and processing. The two main parameters that 
can be measured by SPECT are LV peak filling rate and time to peak 
filling rate. It is measured in EDV/sec, and is normally more than 
2.5. The normal time to peak filling rate is less than 180 millisec-
onds. Heart rate, cardiovascular medications, and adrenergic state 
may alter these parameters.36

Velocity-encoded (phase-contrast) cine-CMR is capable of mea-
suring intraventricular blood flow accurately and is able to quantify 
mitral valve (MV) and pulmonary vein flow, which are hemody-
namic parameters of diastolic function. It has been shown that in 
patients with amyloidosis, echocardiography and velocity-encoded 
cine  imaging correlate significantly in estimating pulmonary vein 
 systole/ diastole ratios, LV filling E/A ratio, and E deceleration times, 
which are all diastolic functional indices.37 In addition to measuring 
blood flow and velocity through the MV and pulmonary vein, CMR-
tagging is able to measure myocardial velocities of the walls and MV 
similar to strain rate and tissue Doppler in echocardiography. CMR-
delayed enhancement imaging also is used for the diagnosis of dia-
stolic dysfunction. The presence and severity of fibrosis seen on 
delayed-enhancement imaging correlate significantly with severity of 
 diastolic dysfunction.38

Right Ventricular Function
In preoperative evaluation, knowledge of right ventricular (RV) dysfunc-
tion is critical for intraoperative management of the patient. RV dys-
function is an independent risk factor for clinical outcomes in patients 
with cardiovascular disease.39–41 Patients with RV dysfunction in the 
presence of LV ischemic cardiomyopathy who undergo CABG surgery 
have increased risk for postoperative and long-term morbidity and mor-
tality.42 Patients with RV dysfunction often require postoperative inotro-
pic and mechanical support, resulting in longer surgical intensive care 
unit and hospital stays.42 In patients who undergo mitral and mitral/aor-
tic valve surgery, RV dysfunction is a strong predictor of perioperative 
mortality.43 In addition, RV dysfunction is associated with  postoperative 

circulatory failure.44 If RV dysfunction is detected before or after surgery, 
further evaluation is necessary. In the case of preoperative RV dysfunc-
tion, pulmonary hypertension (PH) is a common cause that negatively 
impacts perioperative and postoperative outcome. PH significantly 
increases morbidity and mortality in patients undergoing both car-
diac45,46 and noncardiac surgery.47,48 Patients with acute onset of RV dys-
function without an explained cause must be evaluated for pulmonary 
emboli. Recent studies have demonstrated that the incidence rate of pul-
monary emboli after CABG surgery can be as high as 3.9%.49–51

The RV is designed to sustain circulation to the pulmonary sys-
tem while preserving a low central venous pressure. Patients with 
RV dysfunction can maintain relatively normal functional capacity 
unless pulmonary vascular resistance is increased, at which point RV 
 function is critical for pulmonary circulation. RV failure is character-
ized by venous congestion (i.e., hepatomegaly, ascites, edema), as well 
as decreasing LV preload and cardiac output. There is also an interde-
pendence between the RV and LV imposed by the pericardium that can 
negatively affect LV filling. There are several mechanisms for RV dys-
function including primary causes like RV infarction and RV dysplasia, 
as well as secondary causes because of LF dysfunction. The severity of 
RV dysfunction may be difficult to evaluate by TTE at times because 
of suboptimal acoustic windows. Furthermore, the ability to derive 
accurate and reproducible estimations of RVEF by echocardiography 
is limited by the complex changes in RV geometry that occur as the 
right ventricle dilates.

CMR is the most accurate method for the assessment of RVEF and 
volumes.52,53 The RV is evaluated in a similar manner to the LV by CMR, 
where short-axis cine slices from ventricular base to apex are obtained 
and measured in a computer workstation. CMR is the gold standard 
for the diagnosis of RV dysplasia, providing assessment of global and 
regional function, as well as detecting the presence of myocardial fat 
infiltration and scarring.54,55

Global and segmental RV function also may be evaluated using first-
pass radionuclide angiography (FPRNA). RVEF obtained by FPRNA 
has been shown to have good correlation with CMR.56

CCT also is very accurate for RV functional assessment when com-
pared with CMR.57,58 The protocol used to acquire RV data is differ-
ent from that used for coronary artery evaluation. A biphasic contrast 
injection is used to opacify the RV. In addition, retrospective ECG gat-
ing must be utilized to acquire the entire cardiac cycle for functional 
evaluation. CCT is, therefore, not frequently used primarily for RV 
functional assessment because the radiation dose is generally higher 
than for FPRNA and CMR.

RV dysfunction is a common cause of post- and perioperative 
hypotension and is associated with poor outcomes, regardless of its 
cause. New onset of RV dysfunction may be caused by RV  infarction, 
pulmonary embolism, or acute respiratory failure (cor  pulmonale). 
Echocardiography is more suitable than other imaging modalities 
in these cases because it is a portable imaging technique. Moreover, 
 echocardiography allows estimation of RV systolic pressure, which is 
usually elevated in pulmonary embolism and respiratory failure, and 
low or normal in RV infarction.

EVALUATION OF MYOCARDIAL 
PERFUSION

Exercise versus Pharmacologic Testing
Preoperative assessment for ischemic burden in patients with CAD 
or those at risk for CAD who are to have elective noncardiac sur-
gery is important. Figure 2-4 indicates the ACC/AHA algorithm for 
preoperative cardiac evaluation and care before noncardiac surgery. 
Nuclear myocardial perfusion imaging is the most common test 
used in the United States for preoperative evaluation. Patients can 
be stressed using exercise or pharmacologic agents. The preferred 
modality is exercise, which is most often done on a treadmill and 
less commonly on a stationary bike.59 For an exercise stress test to be 
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 adequate, a patient must exercise for at least 6 minutes and reach at 
least 85% of their maximum predicted heart rate (MPHR) adjusted 
for their age (MPHR= 220 − age). Uniform treadmill protocols are 
used to compare with peers and serial testing. The most common 
protocols used are Bruce and modified Bruce. In addition, exercise 
stress tests are symptom limited. Exercise as a stressor has robust 
prognostic data for the risk for future cardiac events. There are sev-
eral types of scores that predict a patient’s risk for cardiovascular dis-
ease. The most commonly used score is known as the Duke treadmill 
score, which uses exercise time in minutes, maximum ST-segment 
deviation on the ECG, and anginal symptoms during exercise. Heart 
rate recovery to baseline after exercise is also a strong predictor for 
cardiovascular disease. In general, exercise stress testing is safe as 
long as testing guidelines are followed carefully. The risk for a major 
complication is 1 in 10,000.

For myocardial perfusion imaging, a radioisotope must be injected 
during exercise. When using Tc99m, it must be injected once the patient 
has reached peak heart rate and the patient must exercise for at least 1 
minute afterward to allow sufficient time for the radioisotope to circu-
late through the myocardium.

Pharmacologic stress testing is a negative prognosticator in itself 
because patients who, for one reason or another, are not able to do 
sufficient physical activity to attempt an exercise stress test have 
greater incidences of cardiovascular disease and other comorbidi-
ties. Pharmacologic stress testing is also preferred in patients with 
a left bundle branch block, Wolf-Parkinson-White (WPW) pattern, 
and ventricular pacing on ECG. There are two types of pharmaco-
logic agents available on the market today: vasodilators that include 
dipyridamole, adenosine, and regadenoson; and the chronotropic 
agent, dobutamine. They each have their advantages and disadvan-
tages. Dipyridamole was the original stressor used for myocardial per-
fusion imaging. It is an indirect coronary vasodilator that prevents 
the breakdown and increases intravascular concentration of adenos-
ine. It is contraindicated in those patients with asthma and those 
with chronic obstructive pulmonary disease (COPD) who have active 
wheezing. Adenosine is used more widely now because it produces 
fewer side effects compared with dipyridamole. It induces coronary 
vasodilation directly by binding to the A2A receptor. Adenosine has 
similar contraindications to dipyridamole. Known side effects include 
 bronchospasm, as well as high-degree AV block; however, because the 
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half-life is seconds, it is usually enough just to discontinue the ade-
nosine infusion and symptoms resolve without further treatment. If 
the patient is able to walk slowly on the treadmill, adenosine is given 
while the patient walks at a constant slow pace to alleviate the severity 
of potential side effects. In addition, image quality is improved with 
low-level exercise because there is less tracer uptake in the gastrointes-
tinal system. Regadenoson is a relatively new agent to the market. It 
is a selective adenosine analog. It is given as a single intravenous (IV) 
bolus and has less incidence of significant AV block. However, it also 
may cause bronchospasm in patients with asthma or active COPD.60

Dobutamine is a chronotropic agent that is more often used during 
stress echocardiography. Dobutamine may be used as a stressor during 
myocardial perfusion imaging if the patient is not able to exercise or if 
the patient cannot use a vasodilator secondary to asthma or COPD exac-
erbation. It also should not be used in patients with left bundle branch 
block or WPW. Dobutamine causes the heart rate and blood pressure 
to increase. After the radioisotope is injected, when the patient reaches 
at least 85% of MPHR, dobutamine infusion must be continued for an 
additional 2 minutes. In case of ischemia or severe side effects, short-
acting -blockers (esmolol) should be given to counteract the effects.

Single-Photon Emission Computed 
Tomography versus Positron Emission 
Tomography Myocardial Perfusion  
Imaging
Myocardial perfusion imaging can be performed using both SPECT 
and PET. They are based on LV myocardial uptake of the radioisotope 
at rest and after stress. Myocardial uptake will be reduced after stress 

in corresponding myocardial regions where significant coronary artery 
stenosis is present. The images are displayed in three different orienta-
tions for proper LV wall-segment analysis. The three LV orientations 
are short-axis, horizontal long-axis, and vertical long-axis, with the 
stress images to the corresponding rest images directly above. Resting 
images are acquired to differentiate between normal myocardium and 
infarcted myocardium (Figure 2-5). PET scanners have inherently 
less attenuation and higher resolution, making them more desirable 
than SPECT.61 PET myocardial perfusion tests usually use pharmaco-
logic stressors because of the very short half-life of PET radioisotopes.  
The sensitivity and specificity of SPECT for the detection of  obstructive 
CAD is 91% and 72%, respectively. The use of PET improves the speci-
ficity of diagnosing obstructive CAD to 90%.61 Patients with normal 
SPECT and Rb PET have less than 1% and 0.4% probability of annual 
cardiac events, respectively. The use of myocardial perfusion tests is 
recommended in those patients with an intermediate risk based on 
CAD risk factors.

Once the patient has completed the examination, a decision 
must be made about what to do with the results. If the stress test 
is  normal, then the risk for cardiovascular events is low and the 
patient is considered ready for surgery. If the stress test demon-
strates ischemia, but the patient requires nonelective surgery, data 
support better outcomes with medical management. Several tri-
als have examined the benefit of revascularization compared with 
medical management in patients with CAD who require noncar-
diac surgery. The Coronary Artery Revascularization Prophylaxis 
(CARP) trial evaluated more than 500 patients with significant 
but stable CAD who were undergoing major elective vascular dis-
ease. Percutaneous intervention was performed in 59% and CABG 
in 41% of the revascularization group. At 30 days after surgery,  
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Figure 2-5 Tc99m sestamibi stress myocardial perfusion demon-
strating (A) normal left ventricular size and perfusion, (B) apical and 
anteroapical infarct, and (C) moderate-to severe ischemia involving 
the apical, septal, anterior, and anteroseptal walls.
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there were no  differences in postoperative myocardial infarction, 
death, or length of hospital stay between the revascularization group 
and the medical management group. At 2.7 years, there was still no 
difference in mortality between both groups.62 The DECREASE-V 
study showed similar results. In this study, 430 high-risk patients 
were enrolled to undergo revascularization versus medical man-
agement before high-risk vascular surgery. Among the high-risk 
patients, 23% had extensive myocardial ischemia on stress testing. 
Again at 30 days and at 1 year, there were no differences in postop-
erative myocardial infarction or mortality between the revascular-
ization and medical management groups.63

With respect to the use of perioperative -blockers, they should 
be continued in those patients who are already taking them. In those 
patients who are at high risk because of known CAD or have isch-
emia on preoperative testing, -blockers may be started and titrated 
to blood pressure and heart rate, while avoiding bradycardia and 
hypotension.64,65

Magnetic Resonance Perfusion Imaging
CMR perfusion imaging is evaluated by the first pass of IV gadolinium 
contrast through the myocardium. ECG-gated images are acquired 
generally using three LV short-axis slices (base, mid, and apical) and, 
possibly, a four-chamber image depending on the heart rate. As the 
contrast is being injected, it is being tracked through the right side of 
the heart and, subsequently, the LV cavity and the LV myocardium. The 
assessment of perfusion requires imaging during several  consecutive 

heartbeats during which the contrast bolus completes its first pass 
through the myocardium. This is done during a breath-hold. First-pass 
perfusion images are acquired at rest, then repeated during adenosine 
infusion. The same slice positions (between 3 or 4) are used for both 
rest and stress for comparison (Figure 2-6). Perfusion defects appear as 
areas of delayed and/or decreased myocardial enhancement and are 
interpreted visually.

The accuracy of stress MRI perfusion has been validated in several 
trials. In one trial, which evaluated 147 consecutive women with chest 
pain or other symptoms suggestive of CAD, MRI perfusion was com-
pared with invasive angiography. The CMR perfusion stress test had 
a sensitivity, specificity, and accuracy of 84%, 88%, and 87%, respec-
tively.66 Another study comparing stress perfusion MRI to invasive 
angiography examined 102 subjects. CMR demonstrated a sensitivity 
of 88% and specificity of 82% for the diagnosis of significant flow- 
limiting stenosis.67 A negative MRI perfusion stress test also confers 
significant prognostic information. Patients with a normal stress MRI 
have a 3-year event-free survival rate of 99.2%.68

EVALUATION OF MYOCARDIAL 
METABOLISM

Stunned and Hibernating Myocardium
Myocardial stunning occurs during acute ischemic injury in which the 
cardiac myocytes that are on the border of the myocardial infarction 
are underperfused and sustain temporary loss of function. In  theory, 
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Figure 2-6 Adenosine cardiac magnetic resonance perfusion stress test of a 45-year-old woman with chest pain who had a normal nuclear perfusion 
stress test and was found to have triple-vessel disease on catheterization. Figure demonstrates short-axis views of the (A) left ventricular (LV) base, (B) 
LV midcavity, and (C) LV apex at stress with corresponding segments below (D–F) at rest. Stress images show diffuse circumferential subendocardial 
decreased myocardial enhancement in the LV midcavity and apex and partial subendocardial decreased myocardial enhancement in the LV base, 
which are not present at rest. This corresponds to balanced ischemia caused by three-vessel disease.
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function to these myocytes returns once the acute phase of injury 
resolves; however, this depends on duration of ischemic injury and 
time to recovery of blood flow to the artery. On rest perfusion imag-
ing, this area would be normal.69 If blood flow is not returned to nor-
mal levels or if repetitive stunning occurs, the myocardium enters a 
chronic state of hibernation. About 24% to 82% of hibernating myo-
cardial segments can recover function after target-vessel revasculariza-
tion; in different series, anywhere between 38% and 88% of patients 
with hibernating myocardium experience improvement in LVEF.69,70 
Several studies indicate meaningful improvement of LV systolic func-
tion occurs; at least 20% to 30% of the myocardium should be hiber-
nating or ischemic.

Thallium-201 is used frequently for viability assessment with SPECT 
imaging, taking advantage of this isotope’s long half-life (73 hours). 
Thallium uptake is dependent on several physiologic factors, includ-
ing blood flow and sarcolemmal intercellular integrity. Thallium is 
taken up in a short time in normal myocardium, but may take up to 
24 hours in hibernating myocardium that still has metabolic activity. 
Patients are injected with thallium radioisotope and imaged the same 
day for baseline images. They are brought back after 24 hours with-
out any further injection and reimaged. Baseline images are compared 
with the 24-hour images. Defects that are present at baseline and fill 
in at 24 hours represent viability (Figure 2-7). Technetium radioiso-
topes also can be used for the evaluation of viable myocardium using 
different protocols.

PET imaging is more sensitive than SPECT and is considered by 
many experts as the gold standard for assessment of viability. PET 
has the ability to identify the presence of preserved metabolic activity 
in areas of decreased perfusion using 18-fluorodeoxyglucose (FDG). 
PET imaging uses both FDG and either rubidium or ammonia radio-
isotopes for quantification of energy utilization by the myocardium, 
as well as for evaluating patterns of blood flow. Areas with reduced 
blood flow and reduced FDG uptake are considered scar and infarcted.  

Areas with reduced blood flow (> 50%) and normal FDG uptake are 
considered viable.69 A recent meta-analysis analyzing more than 750 
patients demonstrated a sensitivity of 92% and specificity of 63% for 
regional functional recovery with positive and negative predictive val-
ues of 74% and 87%.71 When viable myocardium is detected by PET, 
it is important to revascularize as soon as possible because recovery of 
function decreases as revascularization is delayed.72,73

Myocardial Scar Imaging
Myocardial viability is unlikely to occur in the presence of extensive 
scarring because scar is necrotic tissue that cannot regain function. 
The importance of identifying scar in hypokinetic areas will determine 
whether revascularization will benefit the patient.

CMR has taken over as the gold standard for evaluation of myo-
cardial scarring. Delayed-enhancement (DE) imaging is achieved by 
administering gadolinium contrast intravenously and imaging 5 to 
10 minutes later. Gadolinium contrast accumulates extracellularly; 
however, in normal myocardium, there is not sufficient space for 
gadolinium deposition. In the setting of chronic scar, the volume of  
gadolinium distribution increases because of an enlarged  interstitium 
in the presence of extensive fibrosis.74 Hence, normal or viable myo-
cardium appears as nulled or dark, whereas scar appears bright  
(Figure 2-8). The advantage of delayed enhancement imaging is that it 
allows for the assessment of transmural extent of the scar. The per-
centage of scar-to-wall thickness is the basis for prognosis of viability 
and segmental functional recovery. Generally, identical LV short-axis 
images used for function are acquired for DE imaging. This allows for 
side-by-side comparison of function and DE evaluation. DE imaging is 
analyzed visually, and the thickness of scarring is quantified as percent-
ages (none, 1–25%, 26–50%, 51–75%, 75–100%). A wall segment is 
considered to be viable and has a high probability of functional recov-
ery if the scar thickness is  50% of the wall.75

Figure 2-7 Thallium rest-redistribution scan demonstrating hibernating myocardium involving apical-basal anteroseptum, midbasal inferior, mid-
basal inferoseptum, and midbasal inferolateral wall segments. There is infarction of the apex, inferoapical, and apical-lateral wall segments.
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Autonomic Innervation
Myocardial infarction causes denervation of the scar and subsequent 
interruption of sympathetic nerves induces denervation of adjacent 
viable myocardium.76,77 Sympathetic nerves are very sensitive to isch-
emia and usually become dysfunctional after repeated episodes of isch-
emia that do not result in irreversible myocyte injury.78,79 Matsunari 
et al.80 demonstrated that the area of denervation is larger than the 
area of scar and corresponds to the area at risk for ischemia. In addi-
tion, Bulow et al.81 showed that denervation of myocytes occurs in the 
absence of previous infarction. Myocyte sympathetic innervation is 
measured by PET using the radioisotope 11C-hydroxyephedrine (HED). 
This is compared with PET resting perfusion to determine the area of 
the scar. Areas of normal resting perfusion and reduced HED retention 
indicate viable myocardium. In addition, SPECT imaging of myocar-
dial uptake of 123I-mIBG, which is an analog of the sympathetic neu-
rotransmitter norepinephrine, provides an assessment of -receptor 
density. Reduced 123I-mIBG uptake is associated with adverse outcomes 
in patients with heart failure and has been proposed as a marker of 
response to treatment.82

VALVULAR HEART DISEASE

Aortic Valve Disease
Transthoracic and transesophageal echocardiography (TEE) are the 
principal imaging modalities for valvular heart disease; however, on 
several occasions, additional imaging adds important information. 
Aortic stenosis (AS) is a common cause for valve replacement. There 
are several different mechanisms for AS. For patients younger than 
75, congenital bicuspid aortic valve (BAV) is the most common cause. 
They have a high incidence of calcification and stenosis. In patients 
older than 75, senile degenerative calcification of the aortic valve is 
the  leading cause, which is most frequently seen in men.83 Patients 
with degenerative aortic valve disease typically have concurrent CAD 

because they both have common risk factors including hypertension, 
active tobacco smoking, increased low-density lipoprotein (LDL), and 
lipoprotein (a) levels. In addition, patients with metabolic syndrome 
have increased incidence of aortic calcification.84 Aortic calcification 
is directly related to the development of AS. CCT is an excellent tool 
for the evaluation of aortic valve calcification (Figure 2-9). This can 
be achieved by noncontrast CCT using the same protocol as calcium 
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Figure 2-9 Noncontrast computed tomography (CT) demonstrating a 
severely calcified aortic valve (AoV). LA, left atrium; LV, left ventricle; RA, 
right atrium; RV, right ventricle.
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Figure 2-8 Cardiac magnetic resonance (CMR) demonstrating delayed enhancement imaging of (A) four-chamber view with transmural scars (arrows) 
appearing bright in the septum and apex; (B) short-axis view shows partial scar with viability (arrowheads) of the anterior wall. LV, left ventricle.
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 scoring of the  coronary  arteries. Coronary artery calcium is measured 
using the Agatston method. An aortic valve calcium score of  1100 
has a 93% sensitivity and 82% specificity for severe AS.85 Contrast-
enhanced CCT allows for excellent visualization of the aortic valve 
and accurately differentiates between bicuspid and tricuspid aor-
tic valves86 (Figure 2-10). Aortic valve area (AVA) also can be evalu-
ated by CCT using planimetry. AVAs measured by CCT have a strong 
correlation with valve areas and transvalvular gradients obtained by 
echocardiography.87–91

CCT also can be used for the evaluation of aortic regurgitation 
(AR). CCT can elucidate the potential mechanism for the AR, includ-
ing inadequate leaflet coaptation during diastole, leaflet prolapse, cusp 
perforation, or interposition of an intimal flap in cases of type A aortic 
dissection.

Regurgitant orifice areas measured by CCT have an excellent corre-
lation to AR severity parameters, including vena contracta width and 
regurgitant/left ventricular outflow tract (LVOT) height ratio obtained 
by TTE.92,93

CMR, like CCT, allows for excellent evaluation of valvular morphol-
ogy, but it also has advantages over CCT including blood-flow analy-
sis, as well as no radiation exposure. CMR allows for differentiation 
between BAV and TAV using cine imaging. AS severity can be quan-
tified using phase-encoding imaging. Similarly to echocardiography, 
phase-encoding imaging allows for the measurement of velocities 
through the AV, which, in turn, can be used to derive mean and peak 
AV gradients by implementing the modified Bernoulli equation ( P = 
4V2). The effective AVA also can be obtained by measuring the LVOT 
area and using the continuity equation: Area

valve
 = Area

LVOT
 [VTI

LVOT
/

VTI
valve

].94 Another approach to calculation of the AVA is by direct pla-
nimetry of the AV using cine images95 (Figure 2-11).

CMR also uses phase-encoded imaging for the evaluation of AR. 
Phase-encoded imaging is acquired just above the AV, and the velocity 
and the volume of blood per heartbeat are measured in the forward and 
reverse directions. This allows for measurement of the exact amount of 
blood that exits the AV, as well as the amount of blood that regurgitates 
back through the valve. From this the regurgitant amount and regurgi-
tant fraction are obtained (Table 2-1).

Mitral Valve Disease
The most common cause of mitral stenosis (MS) worldwide continues 
to be rheumatic heart disease. In the United States, it rarely is seen except 
for in the immigrant population. Visualization of the valvular appara-
tus in rheumatic valvular disease demonstrates retraction, thickening, 
and calcification of the mitral leaflets, chordae, and, occasionally, papil-
lary muscles. Accurate assessment of MV morphology is performed by 
examining cine imaging using ECG-gated, contrast-enhanced CCT.96,97 
Calcium scoring of the MV also is possible, but it has lower reproduc-
ibility than for the AV.98 The degree of MV calcification correlates signif-
icantly with the severity of stenosis seen on TTE.99 MV areas obtained 
by planimetry also correlate significantly with TTE data of MS.100

Mitral regurgitation is the most common cause for valve surgery. MV 
prolapse is a frequent cause of mitral regurgitation. It can be diagnosed 
by evaluating cine loops of the MV, and visualization of which scallops 
of the leaflets prolapsed can aid in the planning before surgery.

Severity of the mitral regurgitation using CCT can be assessed by 
planimetry of the regurgitant orifice, which in a recent study has been 
shown to correlate with TEE.101 In addition, the presence of calcifica-
tion of the MV annulus and leaflets will determine whether the valve 
can be repaired or needs to be replaced.

CMR also allows for excellent morphologic evaluation of rheumatic 
MVs. Planimetry of the MV using cine images is also feasible. MV 
insufficiency can be quantified using phase-encoded imaging and the 
LV stroke volume calculated by functional analysis. Mitral regurgitant  
volume is measured by subtracting the volume of forward flow through 
the AV acquired by phase contrast (PC) imaging from the LV stroke 
volume. Once the regurgitant volume is calculated, the regurgitant 
fraction is easily obtained by dividing the regurgitant volume by the 
total stroke volume.

Figure 2-10 Computed tomographic (CT) angiography. Bicuspid 
aortic valve (BAV) and ascending aortic aneurysm in orthogonal views 
displaying the BAV in short-axis for the evaluation of the valve area by 
planimetry.
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Figure 2-11 Cardiac magnetic resonance demonstrating a short-axis 
view of a stenotic bicuspid aortic valve. LA, left atrium; RA, right atrium; 
RV, right ventricle.

Aortic and Mitral Valve Regurgitant Fractions 
and Corresponding Severity

Regurgitant Fraction (%) Severity of Regurgitation

 15 Mild
16–25 Moderate
26–48 Moderate-to-severe
> 48 Severe

TABLE 
2-1
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Tricuspid Valve Disease
The tricuspid valve (TV) is the atrioventricular valve on the right side 
of the heart. In general, pathology of the TV is not of clinical signifi-
cance, unless it is congenital or involves endocarditis. TV pathology is 
best imaged using TTE and TEE, but on occasion a patient may have 
poor TTE windows and the TEE also may be insufficient. Tricuspid 
stenosis (TS) occurs in less than 1% of the population in the United 
States. In patients with rheumatic heart disease, TS becomes clini-
cally significant only 5% of the time. In cases of congenital TS, either 
CCT or CMR should be done to evaluate for additional congenital 
abnormalities.

Mild tricuspid regurgitation (TR) is present in approximately 
70% of the normal population. Mild TR is clinically insignificant, 
and clinically significant TR occurs in only 0.9% of the population. 
Functional TR is most often a result of PH, mitral disease, or severe 
LV dysfunction. The degree of TR severity can be quantified by using 
CMR. Similar to mitral regurgitation evaluation, by using PC imag-
ing of the pulmonary artery (PA) just above the PV, RV outflow vol-
ume is measured. This can be subtracted from the RV systolic volume 
acquired by cine imaging, to give TR regurgitant volume and fraction. 
CMR also is important for morphologic valve evaluation in patients 
with Ebstein’s anomaly. In the instance in which CMR cannot be per-
formed, CCT is also excellent for morphologic evaluation of the TV 
in Ebstein's anomaly.

Pulmonic Valve Disease
The pulmonic valve is generally not well visualized on either TTE or 
TEE. Pulmonic stenosis (PS) usually occurs as isolated valvular, sub-
valvular, or supravalvular stenosis. It also may be associated with 
more complex congenital disorders. Significant PS in congenital heart  
disease presents in infancy or early childhood. Acquired PS affects 

morbidity and mortality only when it becomes severe. Both CMR and 
CCT are appropriate for anatomic evaluation of the PV apparatus. 
CMR has the advantage of measuring velocities and gradients across 
the stenosis using PC imaging.

Trivial or mild pulmonary regurgitation is physiologic and normal. 
Severe PR is rare and is typically secondary to PH or repair of congenital 
PS. PR can be calculated using CMR by PC imaging of the PA just above 
the PV and measuring forward and reverse flow through the PV.

Prosthetic Valves
The visualization of mechanical prosthetic valves is difficult with 
TTE and TEE because of metal-related artifacts. CCT has the ability 
to clearly depict the mechanical prosthesis and detect any abnormal-
ity including valve thrombosis. This is done by using retrospective 
scanning and acquiring the entire cardiac cycle to play the cine movie 
and visualize the leaflets through systole and diastole. The mechanical 
valves that are used today consist of two disks that open symmetrically 
(Figure 2-12). The valve function of the two-disk prosthesis, as well as 
opening and closing angles, was evaluated by CCT and then compared 
with fluoroscopy and echocardiography. CCT correlated significantly 
with both imaging modalities for two-disk mechanical valves.102 The 
role of CT in the assessment of bioprosthetic valves is similar because 
the metallic ring causes artifact on echo and often is difficult to assess.

In general, echocardiography is the gold standard for imaging valvu-
lar disease; however, when TTE or TEE is technically difficult or there 
are discrepancies between tests, advanced imaging is recommended. 
CMR offers more functional data than CCT; however, CCT may be 
used when further anatomic information about a valve is required. For 
evaluating prosthetic valves, CCT is usually superior to CMR because 
of metallic artifact from the valve, which is seen on CMR (see Chapters 
12, 13, and 19).
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Figure 2-12 Computed tomography angiography of an aortic mechanical valve in (A) short-axis view and (B) three-chamber view. LA, left atrium; 
LV, left ventricle; RA, right atrium.
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Infective Endocarditis
Bacterial endocarditis is a cause for valve replacement of native and 
prosthetic valves and is a life-threatening disease. Valvular endocardi-
tis is associated with a mortality of up to 40%.103 Diagnosis is usually 
made by visualization of vegetations by TEE, which is the gold standard 
for diagnosis. In severe cases of endocarditis, perivalvular abscesses 
are present and are an indication for valve replacement. CCT is excel-
lent for the diagnosis of abscesses. They appear as perivalvular fluid-
filled collections on CCT and are imaged by acquiring a delayed scan 
approximately 1 minute after contrast is given. Contrast is retained 
within the abscess after the contrast washes out of the circulation104  
(Figure 2-13). A recent study comparing multidetector computed 
tomography (MDCT) with intraoperative TEE for the detection of 
suspected infective endocarditis and abscesses demonstrated excel-
lent correlation. CCT correctly identified 96% of patients with valvular 
vegetations and 100% of patients with abscesses. In addition, CCT per-
formed better than TEE in the characterization of abscesses.105

Preoperative Coronary Evaluation  
before Valve Surgery
Coronary computed tomography angiography (CCTA) has been used 
in many centers for the evaluation of CAD in patients with low-to-
intermediate CAD risk before valve surgery to avoid invasive testing. 
CCTA has been well-studied in the diagnosis of CAD in patients with-
out known ischemic heart disease, demonstrating a sensitivity of 94% 
and a negative predictive value of 99%106 (Figure 2-14). Several studies 
have examined the use of CCTA for preoperative evaluation before 
valve surgery. One such study used 64-slice MDCT in 50 patients, who 
had a mean age of 54 years, undergoing valve replacement for AR. 
CCTA demonstrated a sensitivity of 100%, specificity of 95%, and a 
negative predictive value of 100%, respectively, when compared with 
invasive catheterization. In addition, it was determined that 70% of 
the patients could have avoided invasive catheterization.107 Two  further 
studies used preoperative 16- and 64-slice CCTA in patients with AS. 
The mean ages of the patients were 68 and 70 years, respectively.  
Both the sensitivity and negative predictive value for each study were 

100% for the detection of significant stenosis.108,109 These studies show 
that preoperative coronary evaluation with CCTA is safe and accurate. 
It is important that only patients with no known CAD or those with 
low-to-intermediate risk are referred for CCTA. In general, patients 
with degenerative AS are older and have greater risk for CAD.110 
Patients who undergo valve surgery for mitral regurgitation because 
of MV prolapse are usually younger and are excellent candidates for 
CCTA (Table 2-2).

VASCULAR DISEASE

Carotid Artery Stenosis
Stroke is a severely debilitating disease, and extracranial atheroscle-
rotic disease, specifically carotid artery stenosis, is the major cause. 
Atherosclerotic plaques most often form in the proximal internal 
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Figure 2-13 Computed tomography angiography of a bioprosthetic aortic valve (arrowhead) with a perivalvular abscess (arrow) in the (A) short-axis 
view and (B) three-chamber view. LA, left atrium; LV, left ventricle; RA, right atrium.

Ao

Figure 2-14 Computed tomography angiography demonstrating a 
long, nonobstructive, mixed eccentric plaque (arrows) in the proximal 
LAD artery. Ao, aorta; LAD, left anterior descending.
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carotid artery; however, the common carotid artery is also the cul-
prit at times. In patients who have had a carotid endarterectomy, the  
distal common carotid artery is a frequent location for plaque formation. 
Generally, stroke occurs as the first symptom of the disease, and often a 
carotid bruit is the only sign that can be seen on physical examination. 
The two main predictors for stroke are previous symptoms (transient 
ischemic attack and recent stroke) and severity of stenotic lesions.111 
For this reason, diagnosis is critical for the prevention of stroke. Several 
imaging modalities can be used for diagnosis. CTA has excellent spatial 
and contrast resolution for plaque detection, as well as morphology.  
It is able to detect plaque at the bifurcation of the internal and external 
carotid arteries, and is used to define vascular anatomy proximal and 
distal to a stenotic plaque.

CT, however, is not used as the initial screening test. Vascular ultra-
sound is easily accessible and can be brought to the patient’s bedside. It is 
inexpensive, risk-free, and excellent for the evaluation of carotid anatomy 
and flow dynamics. B-mode ultrasound is used for the anatomic defini-
tion of the arteries, whereas severity of plaques are evaluated by Doppler, 
which measures the velocity and pressure gradients across a lesion. There 
are limitations of Doppler imaging, which can give false measurements. 
Anything that decreases the velocity of the blood from the heart to the 
carotid arteries can interfere with accurate estimation of carotid stenosis. 
Most commonly, severe LV dysfunction, valvular heart disease, and aor-
tic disease are the culprits. Highly calcified plaques also may cause arti-
fact on ultrasound that may interfere with accurate assessment.

Magnetic resonance angiography (MRA) is another tool for 
carotid artery assessment. It is more expensive than the previous two 
modalities, but it is relatively safe and provides anatomy, as well as 
plaque morphology. “Black-blood” imaging is a magnetic resonance 
sequence in which blood is black and vessel walls are enhanced to 
highlight and define plaque morphology (Figure 2-15). Angiography 
can be performed without gadolinium contrast by using “time-of-
flight” sequence, which provides high-intensity signals for flowing 
blood. In addition, PC imaging also can give blood flow velocity pres-
sure information across stenotic lesions. In general, CT and MRI are 

used only in the cases in which vascular ultrasound is limited or when 
a patient requires carotid endarterectomy for carotid artery stenosis.

Aortic Aneurysm and Dissection
The aorta is composed of three different layers: the intima, which is a 
thin delicate inner layer; the media, which is a thick middle layer; and 
the adventitia, which is a thin outer layer. Aortic aneurysm is a dilata-
tion of a segment or various segments of the aorta. Aneurysm refers to 
a dilatation of more than 1.5 times the normal size. Ascending aortic 
aneurysms usually occur because of cystic medial degeneration. These 
aneurysms frequently involve the aortic root and cause AR. There are 
also several connective tissue diseases that predispose a patient to aor-
tic aneurysms, including Marfan and Ehler–Danlos syndromes; in 
addition, patients with Turner syndrome or congenital BAV are also at 
greater risk (see Chapter 21).112

Descending aortic aneurysms are mostly caused by atherosclerosis. 
They are associated with the same risk factors as CAD. In addition, 
patients with a history of tobacco smoking are recommended to have 
prophylactic screening for abdominal aortic aneurysms. Abdominal 
aneurysms are more common than thoracic aortic aneurysms. Aortic 
aneurysms are generally diagnosed as accidental findings on examina-
tions performed for other reasons.

Aortic dissection is one of the true emergencies and needs to be 
diagnosed and treated surgically when it involves the ascending or 
aortic arch. In aortic dissections there is a tear in the intima that forms 
a communication with the aortic true lumen. The media is exposed 
to blood flow and a false lumen typically forms, and the dissection 
extends antegradely or retrogradely.113,114

On occasion, the blood in the false lumen coagulates and thromboses 
if there is not a reentry site or other communication at the distal portion 
of the dissection. Aortic dissections most commonly originate in one of 
two locations that experience greatest stress: in the ascending aorta just 
above the sinuses of Valsalva and in the descending aorta just distal to the 
subclavian artery. Aortic dissections take place most often in the ascend-
ing aorta, where they occur 65% of the time. Twenty percent occur in the 
descending aorta, 10% in the aortic arch, and 5% in the abdominal arch.

Computed tomography angiography (CTA) is most commonly used 
for the diagnosis of aortic aneurysms and dissections. Similar proto-
cols used for CCTAs also can be used for the evaluation of the aorta. 
It is important to have the scan gated to the patient’s ECG because 
the ascending aorta has significant motion during the cardiac cycle. 
Nongated CTAs have inherent motion artifact that can be confused 
with a dissection. On some occasions, ascending aortic dissections can 
include the ostia of the coronary arteries, so visualization of the root 
and arteries is crucial. In addition, ECG-gated scans using prospective 
ECG-gating may be performed with low radiation exposure.

Once the images are on the specialized CT workstation, the aorta is eval-
uated and measured. The aorta is lined up in multiple orthogonal views to 
get a true short-axis at any point along the aorta to get correct measure-
ments. The excellent spatial and contrast resolution is useful for the evalua-
tion of dissection. Entry points of dissection, as well as intimal flap location, 
false lumen, and abdominal aortic circulation, are easily visualized.

CMR is also an excellent tool for the evaluation of aortic aneurysms 
and dissections. It has no radiation and is ideal for serial evaluation 
of the aorta. Black-blood imaging provides great morphologic infor-
mation of the aortic wall. CMR is also ECG gated to compensate for 
the cardiac movement. Bright blood cine sequences provide alternative 
anatomic assessment. Delayed enhancement imaging also aids in the 
diagnosis of false lumen thrombosis. Three-dimensional images also 
can be acquired and transferred to a workstation for evaluation, and 
measurements, similar to CTA analysis.

Renal Artery Stenosis
Renal artery stenosis (RAS) is the most common cause of secondary 
hypertension. It can be caused by atherosclerosis, fibromuscular dyspla-
sia, or systemic disease, which affects the renal arteries. Atherosclerosis is 

Figure 2-15 Cardiac magnetic resonance demonstrating “black-
blood” imaging of a left common carotid artery with significant 
atherosclerosis (arrow) and right common carotid artery with mild ath-
erosclerosis (arrowhead).

Appropriate Indications for the Use of Computed 
Tomography Angiography141

 1.  Evaluation of chest pain syndrome in patients with an intermediate pretest 
probability of CAD

 2. Evaluation of coronary anomalies
 3.  Evaluation of acute chest pain in patients with an intermediate pretest 

probability of CAD
 4.  Evaluation of chest pain syndrome in patients with an equivocal or 

uninterpretable stress test
 5. Evaluation of cause of new-onset heart failure
 6. Evaluation of complex congenital heart disease
 7. Evaluation of cardiac masses
 8. Evaluation of pericardial disease
 9. Evaluation of pulmonary vein anatomy before atrial fibrillation ablation
10.  Evaluation of cardiac structures, coronary arteries, and bypass grafts before 

coronary artery bypass graft redo
11. Evaluation of possible aortic dissection
12. Evaluation for pulmonary embolus

TABLE 
2-2

CAD, coronary artery disease.
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responsible for approximately 90% of all RAS cases.115,116 Fibromuscular 
dysplasia is the most common cause in young and middle-aged women 
and is responsible for 10% of all cases. Atherosclerotic RAS is  associated 
with similar CAD risk factors including diabetes, hypertension, and 
dyslipidemia. The clinical presentation can appear as renal  involvement 
or extrarenal involvement. RAS can cause renovascular hypertension in 
addition to systemic hypertension and causes renal damage, renal atro-
phy, and the creatinine level to increase. Extrarenal effects range from 
angina, myocardial infarction, to hypertension-induced stroke and 
flash pulmonary edema.

The initial diagnostic tool used is vascular ultrasound because of its 
advantages mentioned previously. Using B-mode and Doppler ultra-
sound, renal artery anatomy and flow velocities can be accurately analyzed. 
Ultrasound is a good tool to monitor the renal artery after percutaneous 
or surgical intervention. Common limitations to ultrasound for the visu-
alization of renal arteries are patient obesity and gas in the gastrointestinal 
system. This affects 15% to 20% of all studies. In addition, mild stenosis 
and accessory renal arteries may be completely missed.

CTA of the renal arteries has the same advantages as seen for coro-
nary evaluation. Data can be reconstructed and visualized on work-
stations that allow two-dimensional analysis of the renal arteries 
in any desired plane. One of the main disadvantages is that patients 
with RAS often have abnormal renal function and iodine contrast is 
contraindicated.

MRA is an excellent tool for the diagnosis of RAS. Using multi-
contrast and contrast-enhanced magnetic resonance, the sensitivity 
and specificity for the diagnosis of RAS are 100% and 99%, respec-
tively.117–124 In addition, the renal artery assessment, anatomic, and 
perfusion evaluation of the kidneys are also performed.

Peripheral Arterial Disease
Peripheral arterial disease (PAD) refers to noncoronary atheroscle-
rosis but is considered a CAD equivalent. Cerebrovascular and reno-
vascular disease are generally considered separate entities, and PAD 
usually refers to lower extremity disease. Because atherosclerosis is 
a systemic disease, patients with coronary atherosclerosis should be 
assumed to have PAD as well and vice versa. However, a history of 
cigarette smoking confers two to three times more risk for PAD than 
CAD.125 Eighty percent of all patients with PAD are active smokers 
or have smoked cigarettes in the past.126,127 In the PARTNERS study, 
almost 7000 patients were evaluated for the prevalence of PAD. 
Ankle–brachial indices (ABIs) were used for PAD diagnosis. The 
study included subjects older than 70 years of age or subjects between 
the age of 50 and 69 with either history of tobacco smoking or diabe-
tes. PAD was found in 29% of this population.128 PAD most often is 
asymptomatic, with a relatively small percentage of patients experi-
encing intermittent claudication.129–131

Vascular ultrasound is generally the first modality used once PAD 
has been diagnosed or suspected clinically. It has very high sensitivity 
and specificity (90% and 95%) for the detection of a  50% stenosis 
from the iliac artery to the popliteal artery.

CTA and MRA may be the preferred modalities in the cases in which 
percutaneous or surgical intervention is planned. CTA because of its 
excellent spatial resolution has a sensitivity and specificity of greater 
than 92.9% and greater than 96.2%, respectively, for the detection of 
obstructions greater than 50%.132,133

MRA also is accurate for the detection of PAD (Figure 2-16). It has a 
sensitivity and specificity between 90% and 100% for the detection of 
greater than 50% stenosis when compared with conventional angiogra-
phy.134 When MRA is compared with CTA, MRA demonstrates greater 
interobserver agreement.135,136

Pulmonary Arterial Disease
Pulmonary arterial disease is important for preoperative evaluation 
and postoperative care. The two principal entities are PH and pul-
monary embolus (PE). PH is a very complex disease and increases 

the risk for perioperative morbidity and mortality. It is defined as 
a chronic elevation of mean pulmonary arterial pressure to greater 
than 25 mm Hg at rest or greater than 30 mm Hg with exercise. 
Patients who require CABG are increasingly sicker people who often 
have several comorbidities including significant PH. It commonly is 
diagnosed by echocardiography or by invasive right-heart catheter-
ization. CTA also can evaluate signs of PH by analyzing RV function, 
RV and RA volumes, RV hypertrophy, enlarged proximal pulmonary 
vessels, and pruning of distal ones. ECG-gated CTA is required to 
assess RV function and volumes. CMR is the gold standard for RV 
functional analysis; however, 64-MDCT was recently compared with 
CMR for RV function and RV volumes and was found to have excel-
lent correlation.137 CMR, in addition to its analysis of the RV, PC 
imaging of the PA can be used to evaluate severity of PH. This is per-
formed by measuring the velocity of blood in the PA, as well as the 
elasticity of the PA.

PE is usually caused by migration of a deep venous thrombosis 
(DVT) to the pulmonary arterial system. DVTs occur more  frequently 
after surgery, and 80% of the time PEs are caused from lower extremity 
DVTs. In the United States, 2.5 million cases of DVT occur annually. 
Approximately 25% of all untreated DVTs will embolize and cause a 
PE. Vascular ultrasound is the imaging modality of choice for the diag-
nosis of DVT. The sensitivity and specificity for the detection of lower 
extremity DVTs are 90.6% and 94.6%, respectively.138

The test of choice for the diagnosis of PE is MDCT angiography 
(Figure 2-17). It has a sensitivity and specificity of 83% and 96%, 
respectively, for the detection of acute PE. Including a lower extremity 
CT venogram increased the sensitivity and specificity for PE diagnosis 
to 90% and 95%, respectively. However, this is accompanied by a much 
higher level of ionizing radiation exposure139 (see Chapter 24).

CTA has largely replaced nuclear ventilation/perfusion imaging 
(also known as lung scintigraphy or V/Q scan) because the latter has 
limited use in patients with chronic lung disease and a high num-
ber of V/Q scans ( > 72%) are found to have intermediate proba-
bility, with a 20% to 80% likelihood of PE. When CTA cannot be 
performed because of an increased creatinine level, a V/Q scan may 
be used alternatively.

Figure 2-16 Magnetic resonance angiography demonstrating abdom-
inal aorta (arrowhead) and common iliac arteries (arrows) with severe 
atherosclerosis.
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Peripheral Venous Insufficiency
Chronic venous insufficiency includes a large array of symptoms. It 
occurs more often with increased age and also has a greater incidence in 
women than men. Common clinical symptoms include limb pain, swell-
ing, stasis skin changes, itching, restless legs, nocturnal leg cramps, and 
ulceration. In general, most cases of deep venous disease have either a 
nonthrombotic or post-thrombotic cause. Both types can involve reflux, 
obstruction, or a combination. Vascular inflammation, most notably by 
way of several cytokine mechanisms, causes tissue damage and, thus, 
chronic venous insufficiency.140 Vascular ultrasound is commonly used 
for diagnosis of venous disease. In addition to previously mentioned 
DVT diagnosis, it also is accurate for the detection of venous post-
thrombotic changes, patterns of obstructive flow, and reflux.

SUMMARY
Echocardiography and invasive angiography remain the most widely 
used modalities for evaluation of LV function, valvular and ischemic 
heart disease. CCTA and CMR are increasingly utilized when there 
are conflicting results or when further information is required in the 
patient evaluated before surgery.142–144 It is important for the anes-
thesiologist to understand the advantages and limitations of all these 
imaging modalities and to use them to complement each other for the 
overall benefit of the patient; taking into account accuracy, cost, time, 
and potential radiation exposure, whose long-term effects are still not 
clearly understood.

A

PA
PA

B

Figure 2-17 Computed tomography angiography showing large pulmonary emboli (arrows). PA, pulmonary artery.
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Cardiac Catheterization Laboratory: 
Diagnostic and Therapeutic Procedures 
in the Adult Patient

The cardiac catheterization laboratory began as a diagnostic unit. In the 
1980s, percutaneous transluminal coronary angioplasty (PTCA) started 
the gradual shift to therapeutic procedures. Concomitantly, noninvasive 
modalities of echocardiography, computed tomography (CT), and mag-
netic resonance imaging (MRI) improved and, in some cases, obviated 
the need for diagnostic catheterization studies. Some experts predict 
the imminent demise of diagnostic cardiac catheterization studies.1,2 Of 
course, the promise of PTCA led to various atherectomy and aspiration 
devices and stents, with or without drug elution. The evolution of the 
cardiac catheterization laboratory has continued, with many laborato-
ries commonly performing procedures for the diagnosis and treatment 
of peripheral and cerebral vascular disease.3 There also has been an 
expansion of the treatment of noncoronary forms of cardiac disease in 
the catheterization laboratory. Closure devices for patent foramen ovale 
(PFO)/atrial septal defect (ASD)/ventricular septal defect (VSD) are 
emerging as alternatives to cardiac surgery. Balloon valvuloplasty is well 
established, and percutaneous valve replacement/repair is in develop-
ment. A variety of devices for circulatory support are now available for 
implantation by percutaneous methods. Finally, the era of “hybrid lab-
oratories” has begun. Hybrid procedures include implantation of aor-
tic stent grafts and performance of combined coronary artery bypass/
stenting procedures (see Chapter 26). Such procedures require “routine” 
involvement of anesthesiologists in the catheterization laboratory.

Where and how did this entity called cardiac catheterization begin? 
In 1929, Dr. Werner Forssmann was a resident in the Auguste Viktoria 
Hospital at Eberswald near Berlin. At that time, cardiac arrests dur-
ing anesthesia and surgery were not uncommon. Treatment included 
heroic measures such as intracardiac injection of epinephrine, which 
often resulted in fatal intrapericardial hemorrhage. In an effort to 
identify a safer route for delivery of medicine directly into the heart, 
Dr. Forssmann asked a colleague to place a catheter in his arm. The cath-
eter was successfully passed to his axilla, at which time Dr. Forssmann, 
under radioscopic guidance and using a mirror, advanced the cathe-
ter into his own right atrium (RA). His mentor, Professor Ferdinand 
Sauerbruch, a leading surgeon in Berlin at the time, was quoted as say-
ing, “I run a clinic, not a circus!” Dr. Forssmann subsequently practiced 
in a small town in the Rhine Valley, but eventually shared the Nobel 
Prize in 1956 for this procedure.4

Fortunately, the remainder of the world quickly acknowledged 
Forssmann’s accomplishments5 with right-heart catheterization; in 1930, 
Dewey measured cardiac output (CO) using the Fick method. In 1941, 
André Cournand published his work on right-sided heart  catheterization 

KEY POINTS

1. The cardiac catheterization laboratory has 
evolved from a diagnostic facility to a therapeutic 
one. Despite improvements in equipment, 
the quality of the procedure depends on well-
trained and experienced physicians with proper 
certification, adequate procedural volume, and 
personnel committed to the continuous quality 
improvement process.

2. Guidelines for diagnostic cardiac catheterization 
have established indications and contraindications, 
as well as criteria to identify high-risk patients. 
Careful evaluation of the patient before the 
procedure is necessary to minimize risks.

3. Interventional cardiology began in the late 1970s 
as balloon angioplasty, with a success rate of 
80% and emergent coronary artery bypass graft 
surgery (CABG) rates of 3% to 5%. Although 
current success rates exceed 95%, with CABG 
rates less than 1%, the failed percutaneous 
coronary intervention (PCI) presents a challenge 
for the anesthesiologist because of hemodynamic 
problems, concomitant medications, and the 
underlying cardiac disease of the patient.

4. Thrombosis is a major cause of complications 
during PCI, and platelets are primary in this 
process. Thrombotic complications have declined 
with combination pharmacotherapy. This 
antithrombotic therapy can complicate surgical 
procedures.

5. In the stent era, acute closure from coronary 
dissection has diminished significantly. Restenosis 
rates have fallen precipitously since the 
introduction of the drug-eluting stents (DESs).

6. For patients with acute myocardial infarction, PCI 
is preferable if it is readily available.

7. In multivessel disease, the advantage of CABG 
over PCI is narrowing, and DESs may reverse this 
advantage.

8. Extensive thrombus, heavy calcification, 
degenerated saphenous vein grafts (SVGs), and 
chronic total occlusions (CTOs) present specific 
challenges in PCI. Various specialty devices have 
been developed to address these problems, with 
varying degrees of success.

9. The reach of the interventional cardiologist is 
extending beyond the coronary vessels, and 
now includes closure of congenital defects and 
percutaneous treatment of aortic and valvular 
disease. These long and complex procedures are 
more likely to require general anesthesia.
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in the Proceedings of the Society of Experimental Biology and Medicine. 
Dexter and his colleagues first reported cardiac catheterization in the 
pediatric population in 1947, and first documented correlation between 
the pulmonary capillary wedge pressure (PCWP) and the left atrial pres-
sure (LAP). Zimmerman and Mason first performed arterial retrograde 
heart catheterization in 1950, and Seldinger developed his percutaneous 
approach in 1953. Ross6 and Cope developed transseptal catheterization 
in 1959. The first coronary angiogram was performed inadvertently by 
Mason Sones in October 1958. While performing angiography of the 
aorta, the catheter moved during x-ray equipment placement, and Dr. 
Sones injected 50 mL of contrast into the right coronary artery (RCA). 
Expecting cardiac arrest from this amount of contrast and with no 
external defibrillator available in 1958, Dr. Sones jumped to his feet and 
grabbed a scalpel to perform a thoracotomy. Fortunately, asystole lasted 
only 5 seconds, the patient awoke perplexed by the commotion, and the 
birth of selective coronary angiography happened.7

Diagnostic catheterization led to interventional therapy in 1977 when 
Andreas Gruentzig performed his first PTCA. Refinements in both diag-
nostic and interventional equipment occurred over the next 15 to 20 
years, but the focus remained on coronary artery disease (CAD). Over 
the past decade or so, cardiologists have expanded into the diagnosis 
and treatment of peripheral vascular disease and treatment of structural 
heart disease. In the near future, clinicians expect to see advances in all 
of these interventional areas, as well as the emergence of percutaneous 
valve replacement or repair. Endovascular treatment of aortic disease 
is expanding as the relative merits of this approach are clarified. Such 
treatment requires the services of a multidisciplinary team that includes 
an anesthesiologist. The percutaneous treatment of valvular heart dis-
ease will require a similar multidisciplinary approach. Hybrid bypass 
procedures are performed in some institutions with internal mammary 
artery grafting to the left anterior descending (LAD) artery via a lim-
ited incision and percutaneous treatment of other vessels.8 Many newer 
catheterization laboratories are designed for these multidisciplinary 
procedures with the necessary access, ventilation, and lighting. Because 
anesthesiologists will work in these suites, it seems intuitive that they 
should participate in their design.

This brief historical background serves as an introduction to the dis-
cussion of diagnostic and therapeutic procedures in the adult cathe-
terization laboratory.9 The reader must realize the dynamic nature of 
this field. Although failed percutaneous coronary interventions (PCIs) 
once occurred in up to 5% of coronary interventions, most centers 
now report procedural failure rates of less than 1%. Simultaneously, 
the impact on the anesthesiologist has changed. The high complication 
rates of years past required holding an operating room (OR) open for 
all PCIs, and many almost expected to see the patient in the OR. Current 
low complication rates lead to complacency, together with amazement 
and perhaps confusion when a PCI patient comes emergently to the 
OR. In addition, the anesthesiologist may find the information in this 
chapter useful in planning the preoperative management of a patient 
undergoing a cardiac or noncardiac surgical procedure based on diag-
nostic information obtained in the catheterization laboratory. Finally, 
it is the goal of these authors to provide a current overview of this field 
so that the collaboration between the anesthesiologist and the inter-
ventional cardiologist will be mutually gratifying.

CATHETERIZATION LABORATORY 
FACILITIES: RADIATION SAFETY, 
IMAGE ACQUISITION, AND PHYSICIAN 
CREDENTIALING

 Room Setup/Design/Equipment
The setup and design for the hybrid cardiac catheterization OR is covered 
separately in Chapter 26. This section reviews the importance of radia-
tion safety and physician credentialing. For the individual laboratory, the 
monitoring suite is separated from the x-ray imaging equipment by lead-
lined glass, as well as lead-lined walls. Voice commu nication from the 

central area is maintained with each catheterization laboratory to coor-
dinate tasks performed in the  central area (e.g., monitoring and record-
ing data, activated coagulation time [ACT] determination), thereby 
minimizing staff radiation exposure.10 A picture of a representative cath-
eterization laboratory is shown in Figure 3-1.

 Radiation Safety
Radiation safety must be considered at all times in the catheterization 
laboratory, from room design to everyday practice.11 Lead-lined walls, 
lead-glass partitions, and mobile lead shielding are useful in limiting 
the daily exposure of personnel.

A thermoluminescent film badge must be worn at all times by any 
personnel exposed to the X-ray equipment, with levels monitored reg-
ularly. In the past, anesthesiologists responding to emergencies in the 
catheterization laboratory were exposed to radiation briefly and infre-
quently (if at all). With the requirement for anesthesiologists in many 
of the newer multidisciplinary procedures, the inclusion of anesthesi-
ologists in formal monitoring programs may be appropriate. Radiation 
levels should not exceed 5 rem per calendar year, and 1.25 rem per cal-
endar quarter, or approximately 100 mrem per week.12 Operator and 
staff radiation have been assessed for years. However, only recently has 
the issue of radiation toxicity to the patient gained attention. With long 
PCI and electrophysiology procedures, radiation injury to the patient 
has been identified, and the need for monitoring dose delivery to the 
patient is now appreciated.13 Contemporary equipment estimates radi-
ation doses to the patient, and recordings of theses doses are made. 
Lead aprons are mandatory for all personnel in the procedure suite. 
For those who need shielding for extended periods, lead apron and vest 
combinations may be more comfortable. Often cumbersome, these 
shields protect the gonads and about 80% of the active bone marrow.11 
Thyroid and eye shielding also should be considered, particularly for 
those working in close proximity to the x-ray source.14

It is not in the scope of this chapter to cover all aspects of radia-
tion. For a more complete review of this topic, a consensus docu-
ment was published by the American College of Cardiology/American 
Heart Association/Heart Rhythym Society/Society of Cardiovascular 
Angiography and Interventions.15

Several aspects of radiation safety require a brief review. The dura-
tion of the procedure will increase exposure. Cine imaging (i.e., making 
a permanent recording) requires about 10 times the radiation of fluoros-
copy. Although newer equipment may narrow this ratio and permanently 
record fluoroscopic images, limiting cine imaging will decrease exposure. 

Figure 3-1 A representative cardiac catheterization laboratory. 
The x-ray tube is located below the table, and the flat-panel detector is 
located above the table, both mounted on a “C” arm. Shielding, image 
monitors, and emergency equipment can also be seen.
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Proximity to the x-ray tube, usually situated below the patient, is directly 
related to exposure. The bulk of the radiation exposure to medical per-
sonnel is the result of scattered x-rays coming from the patient. When 
working in an environment where x-rays are in use, clinicians should 
always remember the simple rule of radiation dose: The amount of radi-
ation exposure is related to the square of the distance from the source. No 
body part should ever be placed in the imaging field when fluoroscopy/
cine is being performed. Finally, the cardiologist can decrease x-ray scat-
ter by placing the imaging equipment as close to the patient as  possible, 
thereby decreasing personnel exposure.16

The anesthesiologist should recognize x-ray use in the catheteriza-
tion laboratory and take appropriate precautions. For multidisciplinary 
procedures, this requires some attention to the location of equipment 
and the use of portable shields. It also is worth noting that most lead 
aprons have openings in the back, and protect best when the wearer is 
facing the source of the x-rays. Emergent situations, when the anes-
thesiologist is asked to resuscitate a critically ill patient during a pro-
cedure, may require the cardiologist to use fluoroscopic imaging while 
the anesthesiologist is within feet of, and often even straddling, the 
x-ray tube. With 96% of the x-ray beam scatter stopped with 0.5 mm 
of lead, aprons and thyroid shields clearly are neccessary to protect the 
anesthesiologist while at the head of the patient.11 The use of x-rays can 
almost always be interrupted to protect personnel; patient care may 
require the interruptions to be brief. A collaborative effort between 
the cardiologist and the anesthesiologist is necessary, and communica-
tion is essential. The goal of the anesthesiologist should be to treat the 
patient while protecting himself or herself from excess radiation.15

 Filmless Imaging/Flat-Panel Technology
Essentially all modern laboratories use filmless or digital recording. 
Radiation is required to generate an image and recordings are made 
at various frequencies (frames/sec). The best image quality for film 
is produced at x-ray frame rates of more than 30 frames/sec. Digital 
imaging decreases radiation exposure in the laboratory by allowing for 
image acquisition at lower frame rates, 15 frames/sec (half the radia-
tion dose), while still maintaining excellent image quality. Cost savings 
have been achieved by the elimination of the purchasing, processing, 
and storage of film. Film imaging was an analog technique, and a sin-
gle recording was made. Copies rarely were made because of cost and 
degradation of image quality. If films were loaned, lost, or misplaced, 
the study could not be reviewed. With the current digital technology, 
images are archived on a central server and can be viewed on remote 
workstations.17 An infinite number of copies can be made at low cost 
and with no loss of image quality.

Data compression for storage is required to be 2:1 (“lossless”) com-
pression. Although “lossless” compression on a CD-ROM is the stan-
dard for the transfer of images between institutions, similar standards 
do not exist for long-term archival (no media standard) and data trans-
fer options within a single institution (no compression standard).18 
Large amounts of memory and bandwidth are required for storage and 
transfer of the images in “lossless” compression. At remote viewing sta-
tions, such as those in the OR, it is essential that the viewer be aware 
of the type of image compression used to transfer data. If significant 
image compression is used, image quality will decrease. It is essential 
that improper decisions not be made because of inferior image quality.

The evolution of angiographic recording has extended beyond 
recording formats. Charged-couple device cameras and flat-panel 
detectors (FPDs) are ubiquitous in modern laboratories.19 x-rays are 
generated from below the patient by the x-ray tube, pass through the 
patient, and are captured by the FPD. In this system, the x-rays are both 
acquired and digitally processed by the flat panel.15 The flat panel is 
above the patient (analogous to the image intensifier), and the x-rays 
are generated below the patient, as before. This current generation of 
imaging in the catheterization laboratory delivers an improved image 
quality because the dynamic range of the image (number of shades of 
gray) is improved. It has the potential to decrease radiation exposure by 
providing immediate feedback to the x-ray generator. In laboratories 

designed for peripheral vascular work, including many of the hybrid 
ones, the sizes of the FPD above the patient can be quite large and may 
limit access to the patient’s face.

 Facility Caseload
All catheterization facilities must maintain appropriate patient volume 
to assure competence. ACC/AHA guidelines recommend that a mini-
mum of 300 adult diagnostic cases and 75 pediatric cases per facil-
ity per year be performed to provide adequate care.12 A caseload of at 
least 200 PCIs per year, with an ideal volume of 400 cases annually, is 
recommended.20–22

Facilities performing PCIs without in-house surgical backup are 
becoming more prevalent.23,24 Despite this, national guidelines still rec-
ommend that both elective and emergent PCIs be performed in cen-
ters with surgical capabilities.22,25 Although emergent coronary artery 
bypass graft surgery (CABG) is infrequent in the stent era, when emer-
gent CABG is required, the delays inherent in the transfer of patients 
to another hospital would compromise the outcomes of these compro-
mised patients.22 Primary PCI for acute myocardial infarction (AMI) 
is the accepted standard treatment for the following patients: (1) those 
in cardiogenic shock, (2) those who have contraindications to throm-
bolytic therapy, and (3) those who do not respond to thrombolytic 
therapy. It is preferred therapy for those who present late in the course 
of an infarction, and is probably the optimal treatment for all myocar-
dial infarctions (MIs), provided that it can be performed in a timely 
manner.26–28 When a patient presents with an AMI to a facility without 
cardiac surgical capabilities, management is controversial. Although 
national guidelines do not endorse the performance of PCI in this set-
ting, they state that the operator should be qualified. In practice, this 
means that he or she performs elective and emergent PCIs at another 
facility and the total laboratory case volume should be at least 36 AMI 
procedures per year.26

Although minimal volumes are recommended, no regulatory con-
trol currently exists. In a study of volume-outcome relationships pub-
lished for New York State, a clear inverse relation between laboratory 
case volume and procedural mortality and CABG rates was identified.29 
In a nationwide study of Medicare patients, low-volume centers had a 
4.2% 30-day mortality rate, whereas the high-volume centers’ mortal-
ity rate was 2.7%.30 The ACC clinical competence statement for PCI 
summarizes these studies.21 Centers of excellence, based on physician 
and facility volume, as well as overall services provided, may well be the 
model for cardiovascular care in the future.31

 Physician Credentialing
The more experience an operator has with a particular procedure, the 
more likely this procedure will have a good outcome. The American 
College of Cardiology (ACC) Task Force has established guide-
lines for the volume of individual operators in addition to the facil-
ity volumes mentioned earlier.12 The current recommendations for 
competence in diagnostic cardiac catheterization require a fellow to 
perform a  minimum of 300 angiographic procedures, with at least 200 
 catheterizations as the primary operator, during his or her training.

Prior guidelines have recommended a cardiologist perform a mini-
mum of 150 diagnostic cases per year to maintain clinical expertise after 
fellowship training.12,32 Of note, when physicians have performed more 
than 1000 cases independently, the individual case volume may decline 
for a limited period with the operator still maintaining a high level of 
expertise. The ideal case volume should not exceed 500 to 600 proce-
dures per year for physicians committed to cardiac catheterization. For 
the physician performing pediatric procedures, annual volumes should 
equal or exceed 50 cases.12 Ultimately, each hospital’s quality assurance/
peer review program is responsible for setting its own standards and 
maintaining them through performance improvement reviews.33,34

In 1999, the American Board of Internal Medicine established board 
certification for interventional cardiology. To be eligible, a physician has 
to complete 3 years of a cardiology fellowship, complete a  (minimum) 
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of a 1-year fellowship in interventional cardiology, and obtain board 
certification in general cardiology. In addition to the diagnostic cath-
eterization experience discussed earlier, a trainee must perform at least 
250 coronary interventional procedures. Board certification requires 
renewal every 10 years, and initially was offered to practicing inter-
ventionalists with or without formal training in intervention. In 2004, 
the “grandfather” pathway ended, and a formal interventional fellow-
ship is required for board certification in interventional cardiology. 
After board certification, the physician should perform at least 75 PCIs 
as a primary operator annually. Operators who perform fewer than 
75 cases per year should operate only in facilities that perform more 
than 600 PCIs annually. In addition to caseload, the physician should 
attend at least 30 hours every 2 years in interventional cardiology con-
tinuing education.22 With the establishment of board certification for 
PCI and the correlation of outcomes to PCI volumes, it is likely that 
high-volume, board-certified interventional cardiologists will displace 
 low-volume PCI operators, and improved outcomes will result.23,24

The performance of peripheral interventions in the cardiac cath-
eterization laboratory is increasing. Vascular surgeons, interventional 
radiologists, and interventional cardiologists all compete in this area. 
The claim of each subspecialty to this group of patients has merits and 
limitations. Renal artery interventions are the most common periph-
eral intervention performed by interventional cardiologists, but distal 
peripheral vascular interventions are performed in many laboratories. 
Stenting of the carotid arteries looks favorable when compared with 
carotid endarterectomy.35 Guidelines are being developed with input 
from all subspecialties. These guidelines and oversight by individual 
hospitals will be necessary to ensure that the promise of clinical trials is 
translated into quality patient care.

With this in mind, internal peer review is essential for the cathe-
terization laboratory. Although separate from credentialing, the peer 
review process is designed to identify quality issues for the purpose 
of improving patient care. This involves education, clinical practice 
standardization, feedback and benchmarking, professional interac-
tions, incentives, decision-support systems, and administrative inter-
ventions.12,34 An internal peer review process allows the physicians 
to establish and maintain in-hospital practice standards essential for 
quality patient care.

PATIENT SELECTION FOR 
CATHETERIZATION

 Indications for Cardiac Catheterization 
in the Adult Patient
Table 3-1 lists generally agreed-on indications for cardiac catheteriza-
tion. With respect to CAD, approximately 15% of the adult population 
studied will have normal coronary arteries.12 This reflects limitations of 
the specificity of the clinical criteria and noninvasive tests used to select 
patients for catheterization. However, as the sensitivity and specificity 
of the noninvasive studies have improved, this percentage of normal 
studies has progressively declined.36 Despite this, coronary angiogra-
phy is, for the moment, still considered the gold standard for defin-
ing CAD. With advances in MRI and multislice CT scanning, the next 
decade may well see a further evolution of the catheterization labora-
tory to an interventional suite with fewer diagnostic responsibilities.1

 Patient Evaluation before Cardiac 
Catheterization
Diagnostic cardiac catheterization in the 21st century universally is 
considered an outpatient procedure except for the patient at high risk. 
Therefore, the precatheterization evaluation is essential for quality 
patient care. Evaluation before cardiac catheterization includes diag-
nostic tests that are necessary to identify the high-risk patient. An elec-
trocardiogram (ECG) must be performed on all patients shortly before 
catheterization. Necessary laboratory studies before catheterization 

include a coagulation profile (prothrombin time [PT], partial throm-
boplastin time [PTT], and platelet count), hemoglobin, and hematocrit. 
Electrolytes are obtained together with a baseline blood urea nitrogen 
(BUN) and creatinine (Cr) to assess renal function. Recent guidelines 
express a preference for estimation of glomerular filtration rate (GFR) 
using accepted formulae. Many clinical laboratories now report this 
value routinely. Urinalysis and chest radiograph may provide useful 
information but are no longer routinely obtained by all operators. Prior 
catheterization reports should be available. If the patient had prior PCI 
or CABG surgery, this information also must be available.

The precatheterization history is important to delineate the specif-
ics that may place the patient at increased risk. Proper identification 
of prior contrast exposure with or without contrast allergic reaction 
must be recorded. If a true contrast reaction (rash, breathing difficul-
ties, angioedema, and so forth) occurred with prior contrast exposure, 
premedication with glucocorticoids is required. Diabetes, preexisting 
renal insufficiency, and heart failure are widely accepted risk factors for 

Indications for Diagnostic Catheterization 
in the Adult Patient

Coronary Artery Disease
Symptoms
Unstable angina
Postinfarction angina
Angina refractory to medications
Typical chest pain with negative diagnostic testing
History of sudden death
Diagnostic Testing
Strongly positive exercise tolerance test
Early positive, ischemia in  5 leads, hypotension, ischemia present for  6 

minutes of recovery
Positive exercise testing after myocardial infarction
Strongly positive nuclear myocardial perfusion test
Increased lung uptake or ventricular dilation after stress
Large single or multiple areas of ischemic myocardium
Strongly positive stress echocardiographic study
Decrease in overall ejection fraction or ventricular dilation with stress
Large single area or multiple or large areas of new wall motion abnormalities
Valvular Disease
Symptoms
Aortic stenosis with syncope, chest pain, or congestive heart failure
Aortic insufficiency with progressive heart failure
Mitral insufficiency or stenosis with progressive congestive heart failure 

symptoms
Acute orthopnea/pulmonary edema after infarction with suspected acute mitral 

insufficiency
Diagnostic Testing
Progressive resting left ventricular dysfunction with regurgitant lesion
Decreasing left ventricular function and/or chamber dilation with exercise
Adult Congenital Heart Disease
Atrial Septal Defect
Age > 50 with evidence of coronary artery disease
Septum primum or sinus venosus defects
Ventricular Septal Defect
Catheterization for definition of coronary anatomy
Coarctation of the aorta
Detection of collaterals
Coronary arteriography if increased age and/or risk factors are present
Other
Acute myocardial infarction therapy—consider primary percutaneous coronary 

intervention
Mechanical complication after infarction
Malignant cardiac arrhythmias
Cardiac transplantation
Pretransplant donor evaluation
Post-transplant annual coronary artery graft rejection evaluation
Unexplained congestive heart failure
Research studies with institutional review board review and patient consent

TABLE 
3-1
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contrast-induced nephropathy (CIN). A Cr level greater than 1.5 mg/dL,  
particularly in a patient with diabetes, or a GFR less than 60 mL/min 
should prompt special precautions.37 The study can be canceled or 
delayed. If the indication for catheterization is strong, prehydration, 
avoidance of certain medication (e.g., nonsteroidal anti-inflammatory 
drugs), and limiting the volume of contrast (i.e., assessing ventricu-
lar function by echocardiography and omitting ventriculography) will 
reduce the risk for worsening renal function.12

A review of the noninvasive cardiac evaluation before cardiac cathe-
terization allows the cardiologist to formulate objectives for the proce-
dure. In patients with hypotension on the exercise stress test, left main 
coronary lesions should be suspected. Knowing the location of either 
perfusion or wall-motion abnormalities in a particular coronary dis-
tribution, the cardiologist must specifically identify or exclude coro-
nary lesions in these areas during the procedure. Finally, in patients 
with echocardiographic evidence of left ventricular (LV) thrombus, left 
 ventriculography may not be performed.

Patient medications must be addressed. On the morning of the cath-
eterization, antianginal and antihypertensive medications are routinely 
continued, whereas diuretic therapy is withheld. Diabetic patients are 
scheduled early, if possible. As breakfast is withheld, no short-acting 
insulin is given. Patients on oral anticoagulation should stop warfa-
rin sodium (Coumadin) therapy 48 to 72 hours before catheterization 
(international normalized ratio  1.8) if femoral arterial access is used. 
Radial arterial access is considered an option without discontinuation 
of Coumadin.38 This, however, may present its own challenges and lab-
oratory protocols should be established to address this. In patients who 
are anticoagulated for mechanical prosthetic valves, the patient may be 
managed best with intravenous heparin before and after the procedure, 
when the warfarin effect is not therapeutic. Low-molecular-weight 
heparins (LMWHs) are used in this setting, but this is controversial. 
LMWHs vary in their duration of action, and their effect cannot be 
monitored by routine tests. This effect needs to be considered, particu-
larly with regard to hemostasis at the vascular access site. Intravenous 
heparin is routinely discontinued 2 to 4 hours before catheterization, 
except in the patient with unstable angina (UA). Aspirin therapy for 
patients with angina or in patients with prior CABG is often continued, 
particularly in patients with UA.39

 Contraindications, High-Risk Patients, 
and Postcatheterization Care
Despite advances in facilities, equipment, technique, and personnel, the 
precatheterization evaluation must identify those patients at increased 
risk for complications. In a modern facility with an experienced staff, 
the only absolute contraindication would be the refusal by a competent 
patient or an incompetent patient unable to provide informed consent. 
Relative contraindications are listed in Box 3-1; the primary operator is 
responsible for this assessment.12

Box 3-2 lists criteria for identifying the high-risk patient before 
catheterization. Procedural alterations based on this assessment may 
include avoidance of crossing an aortic valve or performing ventricu-
lography.40 Regardless of the risk, determination as to whether a patient 
is a candidate for catheterization must be based on the risk versus ben-
efit for each individual.

With the increased emphasis on outpatient procedures in medicine 
today, outpatient diagnostic catheterization is the standard of care for 
stable patients. Unstable and postinfarction patients are already hos-
pitalized, and catheterization usually is performed before discharge. 
Planned PCI usually requires admission. Even when outpatient cath-
eterization is planned, assessment of the patient after catheterization 
is required. Some patients, particularly those with left main CAD, 
critical aortic stenosis, uncontrolled hypertension, significant LV dys-
function with congestive heart failure, or significant postprocedural 
complications such as a large groin hematoma will require hospital 
admission.12

In addition to the high-risk cardiac patient, patients with renal 
 insufficiency may require overnight hydration before and after 

catheterization. Patients on chronic anticoagulation with warfarin 
(Coumadin) require measurement of the coagulation status and may 
require heparinization before and/or after the procedure. Day-of-
procedure ambulation and discharge are planned for patients under-
going outpatient catheterization.37 Radial catheterization is increasing 
in popularity and is associated with a reduction of vascular compli-
cations.38,41 For a variety of reasons, the sheaths used for radial access 
are not suitable for long-term monitoring purposes and should be 
removed at the conclusion of the procedure. For patients undergo-
ing catheterization via the percutaneous femoral approach, the use 
of smaller catheters (4 French) for the arterial puncture may hasten 
ambulation.42 Alternatively, a variety of vascular closure devices are 
approved for use.43 Vascular closure devices differ in the material that 
is used (and left in the patient). Some devices (i.e., Angio-Seal, St. Jude 
Medical) use an intraluminal anchor made of bioabsorbable mate-
rial. However, it is recommended that the treated vessel not be used 
for repeat arterial access for up to 3 months, to permit absorption 
of the anchor and limit the risk for embolization. Protocols for early 
 ambulation may permit the patient to be out of bed 2 to 4 hours after 
hemostasis, or even earlier if a closure device is used.42

BOX 3-1 RELATIVE CONTRAINDICATIONS TO 
DIAGNOSTIC CARDIAC CATHETERIZATION

1. Uncontrolled ventricular irritability: the risk for ventricular 
tachycardia/fibrillation during catheterization is increased if 
ventricular irritability is uncontrolled

2. Uncorrected hypokalemia or digitalis toxicity
3. Uncorrected hypertension: predisposes to myocardial ischemia 

and/or heart failure during angiography
4. Intercurrent febrile illness
5. Decompensated heart failure; especially acute pulmonary edema
6. Anticoagulation state; international normalized ratio > 1.8, 

femoral approach
7. Severe allergy to radiographic contrast agent
8. Severe renal insufficiency and/or anuria; unless dialysis is 

planned to remove fluid and radiographic contrast load

Modified from Baim DS, Grossman W: Cardiac Catheterization, Angiography, 
and Intervention, 6th ed. Philadelphia: Lippincott Williams & Wilkins, 2000.

BOX 3-2 HIDENTIFICATION OF THE HIGH-RISK 
PATIENT FOR CATHETERIZATION

 10-fold for class IV patients compared with I and II

 10-fold for left main disease compared with one- or 
two-vessel disease

Modified from Baim DS, Grossman W: Cardiac Catheterization, Angiography, 
and Intervention, 6th ed. Philadelphia: Lippincott Williams & Wilkins, 2000; 

cardiac catheterization. Cathet Cardiovasc Diagn 13:304, 1987.
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CARDIAC CATHETERIZATION PROCEDURE
Whether the procedure is elective or emergent, diagnostic or interven-
tional, coronary or peripheral, certain basic components are relatively 
constant in all circumstances. Variations are dependent on the specific 
situation and are discussed separately in this chapter.

 Patient Preparation
All patients receive a thorough explanation of the procedure, often 
including pamphlets and videotapes. A full explanation of technique 
and potential risks minimizes patient anxiety, and is similar to the pre-
operative anesthesia visit. It is important for the cardiologist to meet 
the patient before the study. This relaxes the patient while allowing the 
physician to be better acquainted with the patient, aiding in the deci-
sion process. Although some laboratories do allow the patient to have 
a clear liquid breakfast up to 2 to 3 hours before the procedure, outpa-
tients are routinely asked to have no oral intake for 8 hours before the 
procedure, except for oral medications.

Patients with previous allergic reactions to iodinated contrast agents 
require adequate prophylaxis.44 Greenberger et al.45 studied 857 patients 
with a prior history of an allergic reaction to contrast media. In this 
study, 50 mg of prednisone was administered 13, 7, and 1 hour before 
the procedure. Diphenhydramine (50 mg intramuscularly) also was 
administered 1 hour before the procedure. Although no severe anaphy-
lactic reactions occurred, the overall incidence of urticarial reactions in 
known high-risk patients was 10%. The use of nonionic contrast agents 
may further decrease reactions in patients with known contrast aller-
gies.44 The administration of H

2
 blockers (300 mg cimetidine) is less 

well-studied.44 For patients undergoing emergent cardiac catheteriza-
tion with known contrast allergies, 200 mg of hydrocortisone is admin-
istered intravenously immediately and repeated every 4 hours until the 
procedure is completed. Diphenhydramine (50 mg  intravenously) is 
recommended 1 hour before the procedure.44

CIN is defined as an increase in serum Cr concentration of more 
than 0.5 mg/dL or 25% above baseline level within 48 hours.37 Although 
infrequent, occurring in less than 5% of PCIs, when it does occur, its 
impact on patient morbidity and mortality is significant.46 Total con-
trast doses less than 4 mL/kg are recommended in patients with nor-
mal renal function, and lower doses are recommended for those with 
preexisting renal dysfunction, particularly in diabetic patients (Cr > 
1.5).37 A study in more than 8000 PCI patients identified 8 risk factors 
for CIN: hypotension, intra-aortic balloon pump, congestive heart fail-
ure, chronic kidney disease, diabetes, age older than 75, anemia, and 
contrast volume.47 It is, therefore, essential that the patient at high risk 
be identified and properly treated. In addition, renal function should 
be monitored for at least 48 hours in patients at high risk for CIN, 
 particularly if surgery or other interventions are planned.

Several methods have been used to decrease renal toxicity from con-
trast agents. The two most important measures are minimizing contrast 
dose and adequate hydration with 0.9% saline at a rate of 1 mL/kg/hr 
for 12 hours before and after the procedure, if tolerated.37 Low osmo-
lar contrast agents are recommended.48 Iso-osmolar contrast agents, 
treatment with N-acetylcysteine (Mucomyst) and sodium bicarbonate 
infusions, have yielded mixed results.37,49,50 Fenoldopam, a dopamine 
agonist, has been studied and has shown no benefit.51 Ultrafiltration 
dialysis has been beneficial in small studies.37

 Patient Monitoring/Sedation
Standard limb leads with one chest lead are used for ECG monitoring 
during cardiac catheterization. One inferior and one anterior ECG lead 
are monitored during diagnostic catheterization. During an interven-
tional procedure, two ECG leads are monitored in the same coronary 
artery distribution as the vessel undergoing PCI. Radiolucent ECG 
leads permit monitoring without interfering with angiographic data.

Cardiac catheterization laboratories routinely monitor arterial 
 oxygen saturation by pulse oximetry (Spo

2
) in all patients. Utilizing 

pulse oximetry, Dodson et al.52 demonstrated that 38% of 26 patients 
undergoing catheterization had episodes of hypoxemia (Spo

2
 < 90%), 

with a mean duration of 53 seconds. Variable amounts of premedica-
tion were administered to the patients.

Sedation in the catheterization laboratory, either from preproce-
dural administration or intravenous administration during the proce-
dure, may lead to hypoventilation and hypoxemia. The administration 
of midazolam, 1 to 5 mg intravenously, with fentanyl, 25 to 100 g, is 
common practice. Institutional guidelines for conscious sedation typi-
cally govern these practices. Light-to-moderate sedation is beneficial 
to the patient, particularly for angiographic imaging and interven-
tional procedures. Deep sedation, in addition to its widely recognized 
potential to cause respiratory problems, poses distinct problems in the 
catheterization laboratory. Deep sedation often requires supplemental 
oxygen, and this complicates the interpretation of oximetry data and 
may alter hemodynamics. Furthermore, deep sedation may exacerbate 
respiratory variation altering hemodynamic measurements.

Sparse data exist regarding the effect of sedation on hemodynamic 
variables and respiratory parameters in the cardiac catheterization 
laboratory. One study examined the cardiorespiratory effects of diaz-
epam sedation and flumazenil reversal of sedation in patients in the 
cardiac catheterization laboratory.53 A sleep-inducing dose of diaze-
pam was administered intravenously in the catheterization laboratory; 
this produced only slight decreases in mean arterial pressure, PCWP, 
and LV end-diastolic pressure (LVEDP), with no significant changes 
in intermittently sampled arterial blood gases. Flumazenil awakened 
the patient without significant alterations in either hemodynamic or 
respiratory variables.

More complex interventions have resulted in longer procedures. 
Although hospitals require conscious sedation policies, individual 
variation in the type and degree of sedation is common. Although gen-
eral anesthesia rarely is required for coronary procedures, it is neces-
sary more frequently for percutaneous valve procedures, ASD closure, 
and aortic endografts. Advancements in intracardiac echocardiography 
have decreased the need for intubation and transesophageal echocar-
diography (TEE) in certain patients and procedures.54 Pediatric proce-
dures require general anesthesia more frequently than those in adults. 
As the frequency of noncoronary procedures increases, the presence of 
an anesthesiologist in the catheterization laboratory will be required 
more frequently.

 Left-Sided Heart Catheterization
Catheterization Site and Anticoagulation
Left-sided heart catheterization traditionally has been performed by 
either the brachial or femoral artery approach. In the 1950s, the bra-
chial approach was first introduced utilizing a cutdown with brachial 
arteriotomy. The brachial arteriotomy is often time-consuming, can 
seldom be performed more than three times in the same patient, and 
has greater complication rates. This led operators to adopt the femo-
ral approach, which became nearly universal. The percutaneous radial 
artery approach has been used for more than 15 years. Only a small 
fraction of procedures are performed via the radial approach, but that 
fraction is increasing slowly.41,55 The percutaneous radial approach is 
also more time-consuming than the femoral approach but is associated 
with fewer complications.55 This approach may be preferred in patients 
with significant peripheral vascular disease, recent (<6 months) fem-
oral/abdominal aortic surgeries, significant hypertension, taking oral 
anticoagulants with international normalized ratio greater than 1.8, or 
who are morbidly obese. With increasing utilization of the radial artery 
as a conduit for CABG, care must be taken if this vessel has been used 
for radial access during catheterization.56

It is beyond the scope of this chapter to provide a detailed descrip-
tion of the brachial arteriotomy, which rarely is utilized in the cath-
eterization laboratory with the advancement of the radial approach. 
The percutaneous radial approach is similar to the insertion of a radial 
arterial cannula for the measurement of blood pressure. The Allen test, 
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though not performed by all, is considered an important part of the 
precatheterization evaluation by most experts. Standard access kits 
with needles, wires, and sheaths are available to further simplify this 
approach. Once the sheath is in place, intravenous calcium channel-
blocker therapy is given to prevent spasm. Although standard catheters 
may be used from the radial/brachial approach, specific catheters also 
are available.

The percutaneous femoral artery approach is performed using 
 catheters that allow for operator ease and speed of performance. The 
landmarks for the percutaneous femoral approach are illustrated in 
Figure 3-2. The percutaneous approach uses the Seldinger technique 
or modifications thereof with a Cook needle, which does not have an 
internal obturator. Once the wire is successfully inserted into the ves-
sel, standard sheaths (4 to 8 French) are placed in the femoral artery. 
Through these sheaths, separate coronary artery catheters are inserted 
to perform left and then right coronary cineangiography, and left ven-
triculography is performed using a pigtail catheter. These standard 
catheters and a sheath are illustrated in Figure 3-3.

In patients with synthetic grafts in the femoral area, arterial access is 
possible after the grafts are a few months old, and complication rates 
are similar to those seen with native vessels. An additional problem can 
be encountered with aortofemoral grafts. If the native iliac system or 
distal aorta is occluded, it can be a challenge to advance the catheters 
through the bypass conduit.

At the completion of the catheterization from the femoral approach, 
a closure device may be inserted in the catheterization laboratory. If so, 
femoral arteriography typically is performed via the sheath to assess 
the adequacy for the use of the device. If hemostasis will be obtained 
with manual compression, the patient is returned to the preprocedural/
postprocedural area for sheath removal. If a right-heart catheterization 
is performed, arterial and venous sheaths should be removed separately 
to avoid the formation of an atrioventricular (AV) fistula.57 Pressure is 
applied manually or by a compression device. The duration of bed rest 
depends on the size of the sheath.58 Closure devices provide for more 

rapid hemostasis after the procedure, allowing for earlier ambulation 
and discharge. However, complication rates have not decreased with 
these devices.12 Closure devices include collagen plugs placed within 
the artery that require avoidance of the site for repeat puncture for 
3 months, external arterial/subcutaneous plugs that do not hinder 
repeat access, topical patches that elute coagulants to the puncture site, 
and suture devices that perform percutaneous arteriotomy closure.43 
For radial closure, wristbands are utilized to hold compression until 
 hemostasis is achieved.38

Once hemostasis has been achieved, pulse and bleeding checks should 
be performed on a regular basis. Sandbag placement is seldom used. In 
most instances, for outpatient diagnostic studies, patients are ambula-
tory and ready to be discharged 2 to 4 hours after the procedure.42,58

Systemic heparinization with 5000 units was the standard of care in 
the early days of left-sided heart catheterization.59 Heparin was used 
because of the theoretic risk for thrombus formation on catheters. 
Eventually, heparin doses were reduced to facilitate sheath removal. 
When various doses of heparin were compared, a doubling of the 
PTT was achieved with a dose of 3000 units, with no embolic events 
reported.59 In contemporary practice, routine anticoagulation for diag-
nostic procedures from the femoral approach often is omitted because 
of the limited arterial access times, unproven need for anticoagulation, 
and risks for reversing anticoagulation and/or potential delay in sheath 
removal. If a sheath is to be left in place for more than 30 to 60 minutes 
(i.e., to confer about management or to transfer a patient), then anti-
coagulation is recommended. Heparinization is used routinely during 
brachial or radial catheterization to prevent thrombosis of the smaller 
arm arteries that may be obstructed by the sheath. Dosing is typically 
with a bolus of about 50 to 60 units/kg. Hemostasis is not compromised 
because the brachial arteriotomy is repaired with a suture, and radial 
compression devices can be left in place until hemostasis is achieved.

Contrast Agents
Adverse reactions have been the major disadvantage of the ionic con-
trast agents since their introduction for urinary tract visualization in 
1923.44 The two major classifications of contrast agents used today 
for cardiovascular imaging are based on their ability to either dis-
sociate into ionic particles in solution (ionic media) or not dissoci-
ate (nonionic). The ionic agents were the first group developed, with 
sodium diatrizoate and iothalamate anions as the iodine carriers. 
Commercially available agents using meglumine and sodium salts of 
diatrizoic acid include Renografin, Hypaque, and Angiovist. In 1975, 
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Figure 3-2 Relevant anatomy for percutaneous catheterization of 
femoral artery and vein. The right femoral artery and vein run under-
neath the inguinal ligament, which connects the anterior-superior iliac 
spine and pubic tubercle. The arterial puncture (indicated by X) should 
be made approximately 1.5 to 2 fingerbreadths (3 cm) below the ingui-
nal ligament and directly over the femoral artery pulsation. The venous 
puncture should be made at the same level, but approximately 1 finger-
breadth medial. (From Baim DS, Grossman W: Percutaneous approach. 
In Grossman W [ed]: Cardiac Catheterization and Angiography, 3rd ed. 
Philadelphia: Lea & Febiger, 1986, p 60.)

Figure 3-3 Femoral arterial catheters and sheath. Left, Standard left 
coronary artery catheters. Middle, Standard right coronary artery cath-
eters. Right, Standard ventricular pigtail catheters. Bottom, Femoral 
artery sheath.
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Shehadi60 reported on a prospective survey of 30 university hospitals 
in the United States, Canada, Europe, and Australia, involving 112,003 
patients, using ionic contrast for cardiovascular diagnosis. The overall 
rate of adverse reactions was 5.65%, with 0.02% having severe reac-
tions and eight patients dying.

The next generation of contrast agents began to impact clinical prac-
tice in the 1980s. These agents, listed in Table 3-2, are predominantly 
monomeric, nonionic agents with the exception of the two dimers: iox-
aglate (ionic) and iodixanol (nonionic). These agents, particularly the 
nonionic dimer iodixanol, have lower osmolarity and potentially lower 
systemic toxicity.48

Several areas must be discussed when comparing ionic and non-
ionic contrast agents. First, the ECG effects (transient heart block, QT 
and QRS prolongation), depression of LV contractility, and systemic 
hypotension from peripheral vasodilation are more pronounced with 
the ionic agents, but only marginally statistically different from that of 
the nonionic compounds.61 The hemodynamic effects of the nonionic 
dimer, iodixanol, were compared with the nonionic monomer, iohexol, 
in 48 patients. Although both agents caused an increase in LVEDP, this 
was significantly less in the iodixanol group.62 In addition, the iodine 
content may vary among agents, resulting in variations in opacifica-
tion. Also, for patients who have had previous anaphylactoid reactions 
to iodinated contrast, nonionic contrast decreases the incidence of an 
anaphylactoid reaction with repeat contrast exposure.44,48 Finally, the 
nonionic agents and dimers are more expensive than the ionic agents. 
When first introduced, this difference was large and slowed the adop-
tion of the newer agents. Current price differences are less dramatic, 
and nonionic agents are used in most laboratories.48

Both ionic and nonionic agents have anticoagulant and antiplate-
let effects, these being pronounced with ionic agents. A comparison of 
the nonionic agents iohexol (monomer) and iodixanol with the ionic 
dimer, ioxaglate, demonstrated a clear distinction, with the in vivo 
antiplatelet effect of the ionic agent, ioxaglate, 65% greater than the 
nonionic agent.63 Regardless of the agent used, these differences are 
unlikely to be important for diagnostic procedures. Although min-
ute thrombi may form when blood and nonionic contrast remain in a 
syringe, clinical sequelae have not been noted.64

Patients with impaired renal function (Cr > 1.5 mg/dL; GFR < 60 
mL/min), particularly if diabetic, most likely would be at risk for renal 
impairment after contrast administration.37 The effects of contrast 
agents on the kidneys are more pronounced when larger volumes are 
delivered near the renal arteries. Thus, arteriography of the renal arter-
ies or abdominal aorta would be the procedures in which the choice of 
contrast is most important. In fact, abdominal arteriography can be 

done with digital subtraction techniques and the intra-arterial injec-
tion of gaseous carbon dioxide, thus avoiding the use of any iodinated 
contrast.

Two large, multicenter trials have compared ionic and nonionic 
agents in patients undergoing cardiovascular diagnostic imaging.65,66 
One performed in 109,546 patients in Australia and another in 337,647 
patients in Japan demonstrated severe adverse reactions in the ionic 
group of 0.9% and 0.25%, respectively, whereas severe adverse reactions 
occurred in the nonionic group at rates of 0.02% and 0.04%, respec-
tively. For the patient undergoing intervention, a recent trial compared 
the iso-osmolar nonionic dimer, iodixanol, with the ionic dimer, iox-
aglate, in 856 PCI patients at high risk and noted a 45% reduction in 
major adverse cardiac events (MACEs) in the iodixanol group.67 The 
iso-osmolar contrast agent, iodixanol (Visipaque), has been compared 
with low-osmolar contrast agents in attempts to limit nephrotoxicity, 
with mixed results.

Minimizing the use of contrast is the surest way to limit nephrotox-
icity. For patients at greatest risk, this might require that procedures 
be staged; for instance, performing a diagnostic study on one day and 
an interventional procedure at a later date. An additional concern is 
that iodinated contrast is administered frequently for other purposes, 
such as CT. If staging of procedures or repeat contrast administration is 
required, delaying these additional studies 72 hours and/or until renal 
dysfunctional has recovered is recommended.37

 Right-Heart Catheterization
Indications
The Cournand catheter initially was used to measure right-sided 
heart pressures but required fluoroscopic guidance for placement. 
The Cournand catheter permitted the measurement of CO by the Fick 
method. Clinical applications of right-sided heart hemodynamic mon-
itoring changed greatly in 1970 with the flow-directed, balloon-tipped, 
pulmonary artery catheter (PAC) developed by Swan and Ganz. This 
balloon flotation catheter allowed the clinician to measure pulmonary 
artery (PA) and wedge pressures without fluoroscopic guidance. It also 
incorporated a thermistor, making the repeated measurement of CO 
feasible. With this development, the PAC left the cardiac catheteriza-
tion laboratory and entered both the OR and intensive care unit.68

In the cardiac catheterization laboratory, right-sided heart cath-
eterization is performed for diagnostic purposes. The routine use of 
right-sided heart catheterization during standard left-sided heart cath-
eterization was studied by Hill et al.69 Two hundred patients referred for 
only left-sided heart catheterization for suspected CAD also underwent 
right-sided heart catheterization. This resulted in an additional 6 min-
utes of procedure time and 90 seconds of fluoroscopy. Abnormalities 
were detected in 35% of the patients. However, management was 
altered in only 1.5% of the patients. With this in mind, routine right-
sided heart catheterization cannot be recommended. Table 3-3 outlines 
acceptable indications for right-sided heart catheterization during 
 left-sided heart catheterization.

Contrast Agents (Nonionic and/or Dimeric)

 
Product

Type of Contrast 
Agent

Concentration 
(mg/mL)

Osmolality 
(mOsm/kg water)

Monomers
Iohexol 

(Omnipaque)
Nonionic LOCM 350 844

Iopamidol 
(Isovue)

Nonionic LOCM 370 796

Ioxilan (Oxilan) Nonionic LOCM 350 695
Iopromide 

(Ultravist)
Nonionic LOCM 370 774

Ioversol 
(Optiray)

Nonionic LOCM 350 792

Dimers
Iodixanol 

(Visipaque)
Nonionic IOCM 320 290

Ioxaglate 
(Hexabrix)

Ionic LOCM 320 600

TABLE  
3-2

Omnipaque and Visipaque are registered trademarks of Nycomed Inc. Isovue is a 
registered trademark of Bracco Diagnostics. Ultravist is a registered trademark of 
Berlex Laboratories. Optiray is a registered trademark of Mallinckrodt Medical, Inc. 
Hexabrix is a registered trademark of Guerbet, S.A.

IOCM, iso-osmolar contrast media; LOCM, low-osmolality contrast media.

Indications for Diagnostic Right-Heart  
Catheterization during Left-Heart Catheterization

Significant valvular pathology
Suspected intracardiac shunting
Acute infarct—differentiation of free wall versus septal rupture
Evaluation of right- and/or left-heart failure
Evaluation of pulmonary hypertension
Severe pulmonary disease
Evaluation of pericardial disease
Constrictive pericarditis
Restrictive cardiomyopathy
Pericardial effusion
Pretransplant assessment of pulmonary vascular resistance and response to 

vasodilators

TABLE  
3-3
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CO measurements during right-sided heart catheterization using 
the thermodilution technique allow for a further assessment of ven-
tricular function.70 This obviously is helpful in the setting of an AMI to 
delineate high-risk groups and to measure the effect of cardiac medi-
cations.71,72 Measurement of CO can differentiate high-output failure 
states (hyperthyroidism, Paget disease, beriberi, anemia, AV malforma-
tions, or AV fistulas) from those secondary to a low CO. In patients 
with congenital heart disease, right-sided heart catheterization allows 
for measurement of oxygen saturation in various cardiac chambers 
and calculation of intracardiac shunting. In patients with ASDs, the 
right-sided heart catheter passes through the defect into the left atrium 
(LA), allowing for complete saturation and pressure measurements. 
The thermodilution technique cannot be used to measure CO in the 
setting of intracardiac shunting; in such cases, the Fick method must 
be used. With significant tricuspid regurgitation or very low COs, the 
Fick method provides a more accurate measurement of CO and is pre-
ferred. As the pharmacologic therapy for pulmonary hypertension has 
become more effective, right-heart catheterization is used to confirm 
the diagnosis of pulmonary arterial hypertension and differentiate it 
from pulmonary venous hypertension. A response to vasodilators pre-
dicts the response to some therapies, so vasodilators (including inhaled 
nitric oxide) are sometimes given during right-heart catheterization.73

Procedure
The brachial, femoral, and internal jugular venous approaches are used 
most commonly for right-sided heart catheterization in the catheteriza-
tion laboratory. The brachial approach for right-sided heart catheter-
ization may be done percutaneously or via venotomy. One pitfall in the 
brachial approach is identification of the proper vein for insertion. The 
basilic and brachial veins are preferable, whereas the cephalic vein on the 
radial aspect of the arm is tortuous in the axilla and should be avoided 
for catheter insertion. When the left brachial (or left internal jugular) 
approach is considered, the operator must be aware of the possibility 
of an anomalous left-sided superior vena cava (SVC). This empties into 
the coronary sinus, hindering catheter passage into the right ventricle 
(RV). Whenever the peripheral arm veins are entered, the catheter or 
sheath must be moist and inserted quickly to decrease venous spasm.

The femoral approach for PAC insertion is performed under fluo-
roscopic guidance using one of two approaches: The catheter can be 
advanced against the lateral wall of the atrium creating a loop in the 
RA, and the balloon is then inflated and advanced across the tricuspid 
and pulmonic valves to the PCWP position; or the catheter is passed 
from the RA into the RV; with clockwise rotation and balloon inflation, 
the catheter enters the pulmonary outflow tract and is advanced into 
the PA and PCWP positions.

Shunt Calculations
Although it is common to obtain oxygen saturation from the PA dur-
ing right-sided heart catheterization, a complete oxygen saturation 
assessment is required in patients with suspected left-to-right shunts. 
In the adult population, ASDs and postinfarction VSDs are the most 
common left-to-right shunts requiring identification. In these patients, 
0.5 to 1.0 mL blood is obtained in the following locations: high and low 
SVC; high and low inferior vena cava (IVC); high, mid, and low RA; RV 
apex and outflow tract; and main PA (rarely, right and left PA). These 
saturations are obtained on entry with the PAC, with repeat sampling 
during pullback if the data are ambiguous. These samples must be 
obtained in close temporal proximity to avoid systemic factors affect-
ing oxygen saturation (e.g., hypoventilation). A step-up in saturation 
identifies the level at which the shunt is occurring. Right-to-left shunts 
are suspected when the arterial blood is not fully saturated, even with 
maximal oxygen supplementation; obviously, this must be differenti-
ated from intrapulmonary shunting.

Pulmonic and systemic flows are calculated as modifications of the 
Fick equation for CO determination.74 It is important that measure-
ments be made during steady state. The Q

p
/Q

s
 ratio is calculated for 

patients with left-to-right shunting by the following equation:

where Q
p
 is pulmonary flow, Q

s
 is systemic flow, Pvo

2
 is pulmonary 

venous oxygen saturation, SAo
2
 is systemic arterial oxygen satura-

tion, PAo
2
 is PA oxygen saturation, and Mvo

2
 is mixed venous oxygen 

saturation.
In the presence of an RA step-up, an estimated resting Mvo

2
 sample 

is obtained by the following weighted average:

Saturation values are measured in high and low regions of both the 
SVC and IVC and are normally the same. If anomalous pulmonary 
venous drainage is present, regional differences in saturation in either 
the SVC or IVC may occur. Calculation of the Q

p
/Q

s
 ratio does not 

require the measurement of oxygen consumption and can be calcu-
lated with any stable level of oxygen supplementation. Calculation of 
the absolute values of pulmonary and systemic flow does require this 
measurement, and it can be complicated to measure if supplemental 
oxygen is required.

Correction of the defect is required when the Q
p
/Q

s
 ratio is greater 

than 2 and is unnecessary when the Q
p
/Q

s
 ratio is less than 1.5. Ratios of 

1.5 to 2.0 require additional confirmatory evidence and clinical assess-
ment before a decision to intervene can be made.

The following example demonstrates a sample calculation of left-
 to-right shunting in a patient with an ASD:

Significant bidirectional and/or right-to-left shunting are unusual 
in adult patients. These occur in the setting of congenital heart dis-
ease, typically after the development of pulmonary arterial disease. 
As more children with corrected or partially corrected congenital 
heart disease reach adulthood, the likelihood of encountering an 
adult with a complicated shunt will increase. These encounters may 
be complicated by the development of adult cardiology problems, 
mainly CAD. However, about 25% of the population has a PFO, 
and right-to-left shunting through the PFO with systemic oxygen 
desaturation can occur if the RA pressures become increased. This 
may occur after pulmonary emboli or after an RV infarction, among 
other causes.

Calculation of bidirectional shunting involves determination of the 
effective blood flow. Effective blood flow (Q

eff
) represents the flow if 

no right-to-left or left-to-right shunting exists.74 With Q
eff

, right-to-left 
shunting is equal to Q

s
 − Q

eff
, and left-to-right shunting is equal to 

Q
p
 − Q

eff
, using the following formulas derived from the Fick equa-

tion for CO:

Right-sided heart pressure may be obtained either on entry or 
on pullback (Figure 3-4). Catheter placement using the  femoral 
approach may be time-consuming, with expedited passage nec-
essary to prevent catheter softening. Therefore, pressure mea-
surements often are obtained during catheter pullback to assure 
temporal proximity. As with all invasive procedures, complications 
can occur with right-heart catheterization, requiring that risks and 
benefits be assessed before undertaking this and any procedure75 
(see Chapter 14).

p s 2 2 2 2Q / Q = (SAo Mvo )/(Pvo PAo )

[3 × (SVC saturation) +1 × (IVC saturation)]/ 4

2 2

Oxygen saturations : IVC = 68%; SVC = 60%; mid-RA = 77%;

mid-RV = 77%;  PAo = 77%; and  SAo = 92%

p s p sQ /Q = (92 62) / (92 77) = 30 /15 = 2/1 : Q /Q = 2/1

2 2

2

Q (L / min) = O consumption(mL / min)/ SAos
(mL / L) Mvo (mL/ L)

p 2 2

2

Q (L / min) = O consumption(mL/min)/Pvo

(mL / L) PAo (mL/L)

eff 2 2

2

Q (L / min) = O consumption(mL/min)/ Pvo

(mL / L) MVo (mL/L)
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Endomyocardial Biopsy
Endomyocardial biopsy is the most (only) reliable method to detect 
rejection in the transplanted heart. However, its role in the manage-
ment of other cardiovascular diseases in the adult and pediatric patient 
remains controversial. In 2007, the ACC/AHA/European Society of 
Cardiology published recommendations on endomyocardial biopsy.76 
Either internal jugular (most common in the United States) or femo-
ral (more common in Europe) veins are the preferred approaches with 
subclavian and even brachial approaches utilized. Complications are 
infrequent and are related to the access site in 2%, arrhythmia/conduc-
tion abnormalities in 1% to 2%, and perforation in 0.5%. Death, a rare 
event, is related to perforation. Histologic evaluation of the tissue is the 
purpose of the procedure and must be done by experienced patholo-
gists to justify the risks.

Indications are controversial, but most groups agree that important 
information can be obtained in the setting of new-onset heart fail-
ure for both the less than 2-week group and the 2- to 3-month group 
unresponsive to therapy.76 Other potential indications include unex-
plained restrictive cardiomyopathy, anthracycline cardiomyopathy, 
suspected cardiac tumor, unexplained arrhythmias, and heart failure 
associated with hypertrophic cardiomyopathy, but these are less clear. 
A complete review of potential scenarios is found in the 2007 scientific 
statement.76

 Diagnostic Catheterization Complications
Although adult diagnostic catheterization with selective coronary 
cineangiography had been performed since the late 1950s, complica-
tion rates were not followed until 1979 when the Society for Cardiac 
Angiography and Interventions established the first registry to prospec-
tively monitor the performance of participating laboratories. In 1982, 
the first publication from this registry reported complication rates from 
a study population of more than 50,000 patients.77 This was updated in 
1989 with a report on 222,553 patients who underwent selective coro-
nary arteriography between 1984 and 1987.78 When compared with the 
earlier report, similar complication rates were noted. Complications 
are related to multiple factors, but severity of disease is important. 
Mortality rates are shown in Table 3-4. Complications are specific for 
both right- and left-heart catheterization (Table 3-5). The registry 
reported incidences of major complications as follows: death 0.1%, MI 
0.06%, cerebrovascular accident 0.07%, arrhythmia 0.47%, contrast 
reaction 0.23%, and vascular complications 0.46%.78 Infectious compli-
cations are infrequent; this may reflect underreporting. Guidelines for 
infection control are based more on extrapolation from ORs than ran-
domized control data from the catheterization  laboratory.79 Although 
advances in technology continue, similar  complication rates still are 
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Figure 3-4 A pullback tracing obtained using a pulmonary artery cath-
eter (PAC) from the pulmonary capillary wedge (PCW) position, to the 
pulmonary artery (PA), right ventricle (RV), and right atrium (RA). ECG, 
electrocardiogram.

*Other reported high-risk characteristics include unstable angina, acute myocardial 
infarction, renal insufficiency, ventricular arrhythmias, cyanotic congenital heart 
disease (including arterial desaturation and pulmonary hypertension). Detailed data 
from large-scale studies on these characteristics are unavailable.

From Pepine CJ, Allen HD, Bashore TM, et al: ACC/AHA guidelines for cardiac 
catheterization and cardiac catheterization laboratories. J Am Coll Cardiol 18:1149, 
1991.

Cardiac Catheterization Mortality Data

Patient Characteristics* Mortality Rate (%)

Overall mortality from cardiac 
catheterization

0.14

Age-related mortality
< 1 yr 1.75
> 60 yr 0.25
Coronary artery disease
One-vessel disease 0.03
Three-vessel disease 0.16
Left main disease 0.86
Congestive heart failure
  NYHA functional class I or II 0.02
  NYHA functional class III 0.12
  NYHA functional class IV 0.67
Valvular heart disease
  All valvular disease patients 0.28
  Mitral valve disease 0.34
  Aortic valve disease 0.19

TABLE  
3-4

AV, arteriovenous; LBBB, left` bundle branch block; RBBB, right bundle branch block.

Complications from Diagnostic Catheterization

Left Heart

Cardiac
Death
Myocardial infarction
Ventricular fibrillation
Ventricular tachycardia
Cardiac perforation
Noncardiac
Stroke
Peripheral embolization
Air
Thrombus
Cholesterol
Vascular surgical repair
Pseudoaneurysm
AV fistula
Embolectomy
Repair of brachial arteriotomy
Evacuation of hematomas
Contrast related
Renal insufficiency
Anaphylaxis
Right Heart
Cardiac
Conduction abnormality
RBBB
Complete heart block (RBBB superimposed on LBBB)
Arrhythmias
Valvular damage
Perforation
Noncardiac
Pulmonary artery rupture
Pulmonary infarction
Balloon rupture
Paradoxic (systemic) air embolus

TABLE  
3-5
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present today, most likely because of the higher-risk patient undergo-
ing catheterization.12 The current registries for identifying complica-
tions are primarily focused on percutaneous interventions. In addition 
to institutional and regional databases, such as those of the Cleveland 
Clinic and Northern New England, the ACC maintains the National 
Cardiovascular Data Registry (NDCR).

Vascular complications from the percutaneous femoral approach 
occur in less than 1% of diagnostic procedures, with the most com-
mon being pseudoaneurysms.43 This risk is greater for the obese 
patient in whom compression is more difficult. Therapy for pseudo-
aneurysms includes either ultrasound-directed thrombin injection or 
surgical repair. In patients with aortic regurgitation (AR), an increased 
incidence of femoral arteriovenous fistulas is seen due to the widened 
pulse pressure.57 Many small arteriovenous fistulas will close spontane-
ously. If large or if the fistula is associated with high output (rare) or 
edema of the affected leg, surgical correction is indicated. Thrombosis 
of the femoral artery occurs rarely, and underlying atherosclerotic dis-
ease usually is severe. Emergent restoration of flow is essential, with a 
surgical approach used at some hospitals and a percutaneous one at 
others.

Arrhythmic complications during left-sided heart catheterization 
are more frequent with ionic contrast than with nonionic contrast, and 
they occur during coronary injection. Surprisingly, the presence of the 
catheter in the LV rarely causes a sustained arrhythmia. Early contrast 
media containing potassium produced ventricular fibrillation during 
coronary arteriography. However, current contrast materials are potas-
sium-free and contain added calcium, resulting in an incidence rate of 
significant ventricular arrhythmias of 0.47%.78

Anaphylactoid reactions occurred in approximately 5% to 8% of 
cases when nonionic contrast was used. The definition of reaction 
severity, as well as the differential diagnosis for severe reactions is listed 
in Table 3-6. If a severe anaphylactoid reaction to contrast media occurs 
with hypotension refractory to rapid fluid resuscitation, and/or signifi-
cant bronchospasm, immediate therapy with intravenous epinephrine, 
0.1 mL of 1:10,000 solution (10 g) every minute, is recommended. 
Subcutaneous doses of 0.3 mL of 1:1000 solutions can be administered 
for moderate reactions, whereas diphenhydramine is effective for mild 
reactions.44

Cholesterol embolization can occur after catheter manipulation, and 
has been described after cardiac catheterization.80 Although the femo-
ral approach can be used in patients with unrepaired abdominal aor-
tic aneurysms, an increased incidence of cholesterol emboli syndrome 
may occur in this population.81 Cholesterol embolization produces 
small-vessel arterial occlusion by cholesterol crystals, resulting in a 
serious clinical presentation including livedo reticularis, acrocyanosis 

of the lower extremities, renal insufficiency, and accelerated hyperten-
sion. The clinical course is variable, does not respond to anticoagula-
tion, and has the potential for an insidious development of progressive 
renal failure, accelerating hypertension, and a fatal outcome.

VALVULAR PATHOLOGY
In 2006, the ACC/AHA published updated practice guidelines for the 
management of patients with valvular heart disease.82 These guidelines 
cover the invasive and noninvasive evaluation of valvular problems, as 
well as therapeutic approaches. Each type of valvular pathology has 
its own particular hemodynamic “fingerprint,” the character of which 
depends on the severity of the pathology, as well as its duration (see 
Chapters 12, 13, and 19).

Stenotic Lesions
The transvalvular gradient, as well as the transvalvular flow, must be 
quantified to assess the severity of stenotic lesions. For a given amount 
of stenosis, hydraulic principles state that as flow increases, so also 
will the pressure decline across the orifice. Both the CO and the HR 
determine flow; it is during the systolic ejection period (SEP) that flow 
occurs through the semilunar valves and during the diastolic filling 
period (DFP) for the AV valves.

Gorlin and Gorlin83 derived a formula from fluid physics to relate 
valve area with blood flow and blood velocity:

In general, as a valve orifice becomes increasingly stenotic, the veloc-
ity of flow must progressively increase if total flow across the valve is 
to be maintained. Flow velocity can be measured by the Doppler prin-
ciple to estimate valve area; however, in the catheterization laboratory, 
this is not as practical as measuring blood pressures on either side of 
the valve.

As described by Gorlin and Gorlin,83 the velocity of blood flow is 
related to the square root of the pressure drop across the valve:

Stated another way, for any given orifice size, the transvalvular pres-
sure gradient is a function of the square of the transvalvular flow rate. 
For example, with mitral stenosis (MS), as the valve area progressively 
decreases, a modest increase in the rate of flow across the valve causes 
progressively larger increases in the pressure gradient across the valve 
(Figure 3-5).

The actual time of the cardiac cycle in which flow occurs must be 
known to complete the calculation. For semilunar valves (aortic and 
pulmonic), flow occurs during the SEP; for AV valves (mitral and tri-
cuspid), flow occurs during the DFP. The SEP occurs during ventricu-
lar contraction when the aortic valve is open, and the DFP occurs while 
the mitral valve is open (Figure 3-6). The HR determines the duration of 
the SEP or DFP over an entire minute. Also present in the Gorlin for-
mula is a coefficient that quantifies the conversion of potential energy 
(pressure energy) to kinetic energy (velocity). This term also con-
tains an empirically derived factor, which accounts for the difference 
between calculated and measured valve areas at the time of surgery or 
postmortem.

The final Gorlin formula then becomes:

where CO is cardiac output (mL/min), DFP or SEP is diastolic filling 
period or systolic ejection period in seconds per beat, HR is heart rate 
in beats per minute, C is orifice constant (aortic, C = 1.0; mitral, C = 
0.85; tricuspid, C = 0.7), and P

1
 − P

2
 is the mean pressure difference 

across the orifice using computer-assisted analysis or area blanketing. 
The 44.3 term is derived from the energy calculation.

Valve area  Blood flow/Blood velocity

2
1 2P P (Blood velocity)

1/2
1 2Valve area = CO [(DFP or SEP)(HR)]/ 44.3 C (P P )÷

Contrast-Induced Anaphylactoid Reactions

Severity Classification

Minor Moderate Severe

Urticaria (limited) Urticaria (diffuse) Cardiovascular shock
Pruritus Angioedema Respiratory arrest
Erythema Laryngeal edema Cardiac arrest

Bronchospasm

TABLE  
3-6

Adapted from Goss J, Chambers C, Heupler F, et al: Systemic anaphylactoid reactions to 
iodinated contrast media during cardiac catheterization procedures. Cathet Cardiovasc 
Diagn 34:99, 1995.

Differential Diagnosis (Severe Reactions)

Cardiac Noncardiac

Vasovagal reaction Hypovolemia
Cardiogenic shock Dehydration
Right ventricular infarction Blood loss—gastrointestinal, vascular, 

external
Cardiac tamponade Drug related
Cardiac rupture Narcotic, benzodiazepine, protamine
Bezold–Jarich reflex Sepsis
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Aortic Stenosis
The normal adult aortic valve area is 2.6 to 3.5 cm2, which corre-
sponds to a normal aortic valve index of 2.0 cm2/m2. As the valve 
area decreases to a range of 1.5 to 2.0 cm2 (or a valve index of 1.0 
cm2/m2, the major hemodynamic finding is an increase in the LV 
systolic pressure to maintain a normal aortic systolic pressure. An 
elevation in LVEDP also may be observed, which is merely a reflec-
tion of the decrease in compliance of the hypertrophied ventricle 
(see Chapter 19).

As the stenosis becomes moderate and the valve area decreases to 
1.0 to 1.5 cm2, symptoms can occur. At this point, the LV exhibits a 
more rounded appearance at its peak systolic pressure, and a progres-
sive increase in the LVEDP occurs. As the LV hypertrophies, its fill-
ing becomes more dependent on the contraction of the LA; this is 
reflected as an augmented A wave on the ventricular tracing. At this 
point, the increased LA pressure makes atrial fibrillation (AF) more 
likely, and the decreasing compliance of the LV makes it poorly tol-
erated. Widening of the systolic pressure gradient from the LV to the 
aorta, a decrease in the rate of rise of the upstroke of the aortic pres-
sure tracing, and a delay in the time-to-peak aortic pressure also are 
seen (Figure 3-7).

In the case of severe AS with a valve area of less than 1.0 cm2 and a 
valve area index of less than 0.5 cm2/m2, a decrease in systolic function 
of the LV can occur. Increases in PAP, PCWP, and right atrial pressure 

(RAP) also are observed. These latter changes often are accompanied 
by symptoms of congestive heart failure. The diagnosis and potential 
therapy for the patient with low-flow/low-gradient aortic stenosis is 
always challenging. Among patients with low-gradient AS, dobutamine 
infusions may help to identify those who will benefit from aortic valve 
replacement.84
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Figure 3-5 Rate of flow in diastole versus mean pressure gradient 
for several degrees of mitral stenosis. The pressure gradient is directly 
proportional to the square of the flow rate, such that as the degree of 
stenosis progresses, modest increases in flow (as with light exercise) will 
require large increases in the pressure gradient. As an example, a cardiac 
output (CO) of 5.2 L/min, heart rate (HR) of 60 beats/min, and diastolic 
filling time of 0.5 second result in a 200-mL/sec flow during diastole. 
For mild mitral stenosis (valve area = 2.0 cm2), the required pressure 
gradient remains small ( < 10 mm Hg). In the case of severe stenosis 
(valve area < 1.0 cm2), the resultant gradient is high enough to place 
the patient past the threshold for pulmonary edema. (From Wallace 
AG: Pathophysiology of cardiovascular disease. In Smith LH Jr, Thier 
SO [eds]: Pathophysiology: The Biological Principles of Disease. The 
International Textbook of Medicine, Vol. 1. Philadelphia: WB Saunders 
Company, 1981, p 1192.)
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Figure 3-6 Simultaneous left ventricular (LVP), aortic (AoP), and 
left atrial pressure (PCW) waveforms. The systolic ejection period 
(SEP) is defined as the period during which the aortic valve is open (from 
when LVP crosses over AoP at the beginning of systole to when AoP 
crosses over LVP near the end of systole) and forward blood flow is 
present in the aorta (see also Figure 3-2). Diastolic filling period (DFP) 
is defined as that period during which the mitral valve is open (from the 
crossover of LVP by PCW to the crossover of PCW by LVP) and blood is 
flowing through the mitral valve. (Modified from Grossman W, Baim DS 
[eds]: Cardiac Catheterization, Angiography, and Intervention, 4th ed. 
Philadelphia: Lea & Febiger, 1991, p 153.)
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Figure 3-7 Left ventricular (LVP) and aortic (AoP) pressure wave-
forms in patient with aortic stenosis. Of note is the large pressure 
gradient from left ventricle to aorta at peak systolic pressure, the delay 
to the onset of aortic upstroke, and the decrease in the rate of rise of 
the aortic pressure. End-diastolic pressure is still normal at this stage of 
the disease.
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Mitral Stenosis
In normal adults, the mitral valve orifice is 4 to 6 cm2. Mild MS is con-
sidered to be present when the mitral valve orifice is reduced to less 
than 2.0 cm2. In this condition, the typical hemodynamic finding is that 
of an elevation in either LAP or PCWP. The increase in LAP will tend 
to maintain normal flow across the valve. As the mitral valve orifice 
becomes reduced to less than 1.0 cm2, considered to be critical MS, a 
much larger LA-to-LV gradient is required to maintain reasonable flow 
across the valve (Figure 3-8). An increase in LAP during diastole leads 
to early opening of the mitral valve, as well as slightly delayed closure 
of the same valve (Figure 3-9). It is easy to understand why a slow HR 
in the presence of MS is preferred, because a maximal DFP is necessary 
to maintain reasonable flow and maintain CO across the mitral valve. 
Another hemodynamic hallmark in patients with MS is the reduced 
increase in LV pressure during early diastole. Normally, a fairly rapid 
increase is seen during the rapid filling phase of diastole, but the slope 
of this pressure increase is delayed in the presence of severe MS. In the 
presence of severe MS, increases in right-sided heart pressures are com-
mon. In severe long-standing MS, the PAP can reach or exceed systemic 
arterial pressure. Dilation of the LA commonly leads to chronic AF in 
these patients.

Doppler echocardiography has reduced the importance of cathe-
terization in the evaluation of valvular disease (see Chapter 12). In 
stenoses of borderline severity, data from the catheterization labora-
tory are still important for clinical decision making. Performance of 
exercise or administration of inotropic agents increases the CO. In 
addition to confirmation of inotropic reserve, this increase in out-
put increases the flow across the valves and increases the gradient 
exponentially. When both the gradient across the valve and the CO 
are low, augmentation of flow can help to distinguish severe stenosis 
with reversible ventricular failure from mild stenosis with irreversible 
 ventricular failure.

 Regurgitant Lesions
The severity of regurgitant lesions is quantified angiographically (see 
later). However, several hallmark changes occur in the presence of 
regurgitant lesions of either the semilunar or AV valves. As an example 
of semilunar valve regurgitation, the aortic valve is discussed, and the 
mitral valve is used as an example of AV valve regurgitation or incom-
petence (see Chapters 12, 13, and 19).

Aortic Regurgitation
Acute AR or insufficiency (AI) is uncommon, unless there is aortic dis-
section, sudden failure of a valve prosthesis, or if there is native valve 
destruction in the setting of bacterial endocarditis. In the presence of 
acute AR, there are sudden increases in systolic and end-diastolic vol-
umes (EDVs) and pressures. Thus, the normal ventricle suddenly is 
faced with an increased load and generates greater pressure. During 
relaxation, because the ventricle is filling with blood from the aorta, 
there is a delay in the isovolumic pressure decline, accompanied by 
rapid increases in ventricular diastolic pressures, both because of con-
tinued valve regurgitation. The wide pulse pressure, a characteristic 
of chronic AR, may not be seen in the acute setting. In addition, the 
dicrotic notch, which usually occurs with aortic valve closure, is absent 
in severe AR. A condition called pulsus bisferiens is a common find-
ing in the presence of AR, and this condition is due to the “tidal-wave 
effect” as regurgitant blood entering the ventricle during early dias-
tole causes a reflected pressure wave that is seen in the aorta. In the 
PCWP tracing, an accentuated V wave commonly is seen in the pres-
ence of AR, presumably a reflection of the decrease in compliance of 
the ventricles.

Chronic AR can be caused by aortic root dilation, bicuspid valves, 
rheumatic fever, failing prostheses, endocarditis, and other condi-
tions. With chronic AR, the LV dilates and becomes more compliant, 
reflected as a lower LVEDP, than in the acute phase. End-diastolic 
pressure may even be in the normal range until terminal failure is 
present. The systolic arterial pressure increases, and the diastolic 
pressure decreases. The former is due to the greater ventricular pres-
sures generated, and the latter is due to continued runoff from the 
arterial system into the ventricle (Figure 3-10). AI imposes both a 
pressure load and a volume load on the left ventricle. Accordingly, 
the mass of the left ventricle can increase markedly if the condition 
is chronic.
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Figure 3-8 Mitral stenosis, with pressures measured at catheteriza-
tion. Note the gradient during diastole between the left atrial (LAP) and 
the left ventricular (LVP) pressures, and the increase in the LAP.
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Figure 3-9 Idealized diagram summarizing mitral valve disor-
ders, concentrating on the diastolic filling period. In mitral steno-
sis (MS), the increase in left atrial pressure (— -) versus normal atrial 
pressure (— -) causes early mitral valve (MV) opening and a slight 
delay in MV closure. Left ventricular rapid filling is delayed, which 
delays the increase of ventricular pressure (— — -) from that seen 
during normal diastole (—). In mitral regurgitation (MR), the left atrial 
pressure (..) has a large V wave, because the atrium fills with blood 
from the pulmonary veins and with blood regurgitating through 
the MV. Thus, the MV opens early. NL, normal. (From Braunwald E: 
Valvular heart disease. In Braunwald E [ed]: Heart Disease: A Textbook 
of Cardiovascular Medicine, 3rd edition. Philadelphia, WB Saunders 
Company, 1988, p 1024.)
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Mitral Regurgitation
Mitral regurgitation either can be acute or chronic in nature. Acute 
mitral regurgitation usually is secondary to a condition such as acute 
ischemia leading to dysfunction of the papillary muscles of the mitral 
valve, or frank rupture of the structures after a significant MI. Rupture 
of the chordae tendineae can occur in the setting of endocarditis or 
spontaneously and cause acute mitral regurgitation (Figure 3-11). In this 
instance, it is not uncommon to see an enormously large V wave in the 
PCWP or LAP tracing, as ventricular blood freely flows back into a 
small, normal, and, thus, noncompliant LA. This also is accompanied 
by acute increases in the PAP and RAP, which can lead to significant 
clinical signs and symptoms.

In the setting of chronic mitral regurgitation, the LA can become 
quite large, nonfunctional, and compliant. Thus, a significant regur-
gitant fraction can exist in the presence of a minimal V wave on the 
pressure tracing.

Prosthetic Valves
The assessment of the function of a bioprosthetic valve is similar to the 
assessment of a native valve. However, the assessment of a mechani-
cal prosthesis differs in several regards. First, patients with mechani-
cal prostheses require chronic anticoagulation, and this typically needs 
to be interrupted for the catheterization procedure. Second, mechani-
cal valves should not be crossed with catheters or wires, as doing so 
could cause sudden and severe valvular regurgitation. Finally, the leaf-
lets of a mechanical prosthesis are (slightly) radioopaque, and leaflet 
motion can be assessed by fluoroscopy. The normal angles of opening 
and closing are specific to each valve model, size, and location, and 
such values are available from the manufacturer. Restricted mobility 
implies that pannus or thrombus has covered the leaflet(s). Videos 1 
and 2 show such use of fluoroscopy. Similarly, if a mechanical prosthe-
sis is unstable, it usually can be detected by fluoroscopy (see Video 3). 
Echocardiography also is used to evaluate prosthetic valves. However, 
transthoracic studies do not reliably view prosthetic mitral leaflets, and 
fluoroscopy can be repeated serially with little risk or inconvenience to 
the patient.

ANGIOGRAPHY

 Ventriculography
Ejection Fraction Determination
Ventriculography routinely is performed in the single-plane 30-degree 
right anterior oblique (RAO) or biplane 60-degree left anterior oblique 
(LAO) and 30-degree RAO projections using 20 to 45 mL contrast with 
injection rates of 10 to 15 mL/sec (Box 3-3). Complete opacification of 
the ventricle without inducing ventricular extrasystoles is necessary for 
accurate assessment during ventriculography. These premature con-
tractions not only alter the interpretation of mitral regurgitation, but 
result in a false increase in the global ejection fraction (EF).

The EF is a global assessment of ventricular function and is  calculated 
as follows:

where EF is ejection fraction, EDV is end-diastolic volume, ESV is end-
systolic volume, and SV is stroke volume.

EF =[EDV ESV]/EDV = SV/EDV
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Figure 3-10 Aortic regurgitation. Simultaneous aortic (AoP), left 
ventricular (LVP), and pulmonary wedge (PCW) pressures demon-
strate a wide aortic pulse pressure with absence of dicrotic notch, a 
rapid increase in LVP during early diastole caused by regurgitation, 
and increased PCW, reflective of increased left ventricular end-dia-
stolic pressure. (Modified from Grossman W, Baim DS: Profiles in 
valvular heart disease. In Grossman W [ed]: Cardiac Catheterization, 
Angiography, and Intervention, 4th ed. Philadelphia: Lea & Febiger, 
1991, p 575.)

–20

0

40

60

80

100

120

20

P
re

ss
ur

e 
(m

m
 H

g)

1 sec

LVP

PCW

Figure 3-11 Acute mitral regurgitation caused by chordae 
tendineae rupture. Simultaneous left ventricular (LVP) and pulmonary 
wedge (PCW) pressures demonstrate large V wave caused by severe 
regurgitation into a normal-sized left atrium. Note that the V wave is 
delayed temporally from that shown in Figure 13-2. This delay is due to 
the time required for the pressure wave to travel through the compliant 
pulmonary venous and capillary beds to the pulmonary artery catheter. 
(Modified from Grossman W, Baim DS [eds]: Profiles in valvular heart dis-
ease. In Grossman W [ed]: Cardiac Catheterization, Angiography, and 
Intervention, 4th ed. Philadelphia: Lea & Febiger, 1991, p 564.)

BOX 3-3 ANGIOGRAPHY

septal branches

and right ventricular branches
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The primary clinical method for calculation of ventricular vol-
umes necessary for determining the EF utilizes the area length method 
described by Dodge et al. in 1960.85 Before calculation, visual identifi-
cation is the outer margin of the ventricular silhouette in both the RAO 
and LAO projections for both end-systole and end-diastole is necessary. 
The ventricle is approximated as an ellipsoid to facilitate volume calcu-
lations (Figure 3-12). Using biplane ventriculography to define major (L) 
and minor (M, N) axes, the following standard geometric formula for 
the area of an ellipsoid is used86:

Using planimetry, the area (A) is obtained in both LAO and RAO 
projections with volume (V) calculated as follows:

with L
min

 being the shorter of L
rao

 and L
lao

.
Single-plane calculation in the 30-degree RAO assumes M = N and 

L is the true long axis. Using the ellipsoid volume calculation V = /6 

LMN, with M the planimetered area A and M = 4A/ L, the following 
formula is obtained:

Calculation of EF does not require correction for magnification, but 
measurement of dimensions or calculation of volumes does. Such cor-
rection can be made using a calibrated grid imaged after cineangio-
graphy, or a part of the catheter that is in the ventricle can be used for 
calibration. Catheters with precise calibration markings are available. 
Contemporary software permits calibration that is based on the height 
of the table and detector. Mathematical equations for ventricular vol-
ume overestimate true volume; therefore, regression equations are used 
to correct for this.86 This method or a variation has been incorporated 
into software on most modern systems.

There are problems with the use of EF as a measure of ventricular 
function. EFs calculated by various techniques (e.g., echocardiogra-
phy, ventriculography, gated blood pool scanning) may not be identi-
cal because of the mathematical modeling involved. When single-plane 
ventriculography is used to calculate the EF, dysfunction of a nonvisu-
alized segment (e.g., the lateral wall in an RAO ventriculogram) and 
global function may be overestimated. Most importantly, the EF is a 
load-dependent measure of ventricular function. Changes in preload, 
afterload, and contractility can significantly alter the EF determina-
tion. Thus, the EF can vary over time without any change in the myo-
cardium, if the loading conditions or the inotropic conditions change. 
Identification of a load-independent measure of LV function has been 
the quest of many cardiologists over the years. The best approxima-
tion requires pressure-volume analysis at varying loading conditions to 
generate a series of curves. Although not used in routine clinical prac-
tice, pressure-volume curve analysis provides assessment of the sys-
tolic and diastolic properties of the ventricle and has been a valuable 
research tool (see Chapters 5 and 14). In addition to EF calculations, 
 ventriculography allows for estimation of wall stress and LV mass.

Abnormalities in Regional Wall Motion
Segmental wall motion abnormalities are defined in both the RAO and 
LAO projections. A 0 to 5 grading scale may be used with hypokinesis 
(decreased motion), akinesis (no motion), and dyskinesis (paradoxic 
or aneurysmal motion). This scale is as follows: 0 = normal; 1 = mild 
hypokinesis; 2 = moderate hypokinesis; 3 = severe hypokinesis; 4 = aki-
nesis; 5 = dyskinesis (aneurysmal). Each wall segment is identified as 
outlined in Figure 3-13 for both the LAO and RAO projections. These 
segments correspond roughly to vascular territories.

In addition to the information listed earlier, other things occasionally 
can be learned from the ventriculogram. Filling defects, particularly in aki-
netic or dyskinetic segments, can be seen and are suggestive of intracavi-
tary thrombus. VSDs can be detected and localized. Obliteration of the LV 
cavity or outflow tract during systole suggests intracavitary obstruction.

rao rao
A [L /2][M/2]

lao lao
A [L /2][N/2]
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V [8/3 ][A (A /L )]min
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Figure 3-12 Ellipsoid used as reference figure for the left ventricle. 
The long axis (L) and the short axes (M and N) are shown. (From Fifer 
MA, Grossman W: Measurement of ventricular volumes, ejection frac-
tion, mass, and wall stress. In Grossman W [ed]: Cardiac Catheterization 
and Angiography, 3rd ed. Philadelphia: Lea & Febiger, 1986, p 284.)

1 Anterobasal
Basal septal 6

Apical septal 7

2 Anterolateral

3 Apical

LA

A B

LV

LA

LV

4
Diaphragmatic

5
Posterobasal 8

Posterolateral

9 Inferior lateral

10   Superior lateral

Figure 3-13 A, Terminology for left ventricular segments 1 through 5 analyzed from right anterior oblique ventriculogram. B, Terminology for left ven-
tricular segments 6 through 10 analyzed from left anterior oblique ventriculogram. LA, left atrium; LV, left ventricle. (A, B, from Principal Investigators 
of CASS and Their Associates: National Heart, Lung, and Blood Institute Coronary Artery Surgery Study. Circulation 63[suppl II]:1, 1981.)
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Assessment of Mitral Regurgitation
The qualitative assessment of the degree of mitral regurgitation can 
be made with LV angiography. It is dependent on proper catheter 
placement outside of the mitral apparatus in the setting of no ven-
tricular ectopy. The assessment is, by convention, done on a scale of 
1+ to 4+, with 1+ being mild and 4+ being severe mitral regurgita-
tion. As defined by ventriculography, 1+ regurgitation is that in which 
the contrast clears from the LA with each beat, never causing com-
plete opacification of the LA. Moderate or 2+ mitral regurgitation is 
present when the opacification does not clear with one beat, leading 
to complete opacification of the LA after several beats. In 3+ mitral 
regurgitation (moderately severe), the LA becomes completely opaci-
fied, becoming equal in opacification to the LV after several beats. In 4+ 
or severe regurgitation, the LA densely opacifies with one beat and the 
contrast refluxes into the pulmonary veins.

By combining data from left ventriculography and right-heart cath-
eterization, a more quantitative assessment of mitral regurgitation can 
be made by calculating the regurgitant fraction. This can be effectively 
calculated by measuring the following: end-diastolic LV volume (EDV), 
end-systolic LV volume (ESV), and the difference between these two, or 
the total LV stroke volume (TSV). The TSV (stroke volume calculated 
from angiography) may be quite high, but it must be remembered that 
in the setting of significant mitral regurgitation, a significant portion 
of this volume will be ejected backward into the LA. The forward stroke 
volume (FSV) must be calculated from a measurement of forward CO 
by the Fick or thermodilution method. The regurgitant stroke volume 
(RSV) then can be calculated by subtracting the FSV from the TSV 
(TSV − FSV). The regurgitant fraction (RF) is then calculated as the 
RSV divided by the TSV:

A regurgitant fraction less than 20% is considered mild, 20% to 40% 
is considered moderate, 40% to 60% is considered moderately severe, 
and greater than 60% is considered severe mitral regurgitation.

 Aortography
The primary indication for aortography performed in the cardiac cath-
eterization laboratory is to delineate the extent of AR. Secondary indi-
cations include defining supravalvular lesions and determining the 
origins of saphenous vein grafts (SVGs). Studies to differentiate proxi-
mal and distal dissections may be performed in the catheterization lab-
oratory. However, TEE, MRI, and CT scanning with contrast are more 
commonly utilized today to make this diagnosis.87

Similar to mitral regurgitation, AR is graded 1+ to 4+ based on the 
degree of contrast dye present in the LV chamber during aortogra-
phy. As with mitral regurgitation, assessment of AR is dependent on 
proper catheter placement free of the valve leaflets but not too high in 
the ascending aorta. Mild (1+) is transient filling of the LV cavity by 
contrast dye clearing after each systolic beat; moderate (2+) is a small 
amount of contrast dye regurgitated into the LV, but present through-
out the subsequent systolic beat; moderately severe AR (3+) is a sig-
nificant amount of contrast dye present in the LV throughout systole, 
but not the intensity of that in the aorta; severe AR (4+) is contrast dye 
in the LV consistent with the intensity of that in the aorta with rapid 
 ventricular opacification and delayed clearance after aortic injection.

 Coronary Arteriography
Description of Coronary Anatomy
The left main coronary artery is variable in length (Figure 3-14). 
The left main bifurcates into the circumflex (CX) and LAD arteries. 
Occasionally, the CX and LAD arteries may arise from separate ostia or 
the left main may trifurcate, creating a middle branch, the ramus inter-
medius, which supplies the high lateral wall of the left ventricle. Both 
septal perforators and diagonal branch vessels arise from the LAD, 
which is described as proximal, mid, and distal vessel based on the loca-
tion of these branch vessels. The proximal LAD artery is before the first 
septal and first diagonal branch; the mid LAD is between the first and 
second septal and diagonal branches; and the distal LAD is beyond the 
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major septal and large diagonal vessels. The distal LAD provides the 
apical blood supply in two thirds of patients, with the distal RCA sup-
plying the apex in the remaining third (see Chapters 6 and 18).

The CX artery is located in the AV groove and is angiographically 
identified by its location next to the coronary sinus. The latter is seen 
as a large structure that opacifies during delayed venous filling after left 
coronary injections. Marginal branches arise from the CX artery and 
are the vessels in this coronary artery system usually bypassed. The CX 
artery in the AV groove is often not surgically approachable.

The dominance of a coronary system is defined by the origin of the 
posterior descending artery (PD), through which septal perforators 
supply the inferior one third of the ventricular septum. The origin of 
the AV nodal artery often is near the origin of the PD artery. In 85% 
to 90% of patients, the PD originates from the RCA. In the remaining 
10% to 15% of patients, the CX artery creates the PD. Codominance, 
or a contribution from both the CX and RCA, can occur and is defined 
when septal perforators from both vessels arise and supply the poste-
rior-inferior aspect of the left ventricle. Surgical bypass of this region 
may be difficult when this anatomy exists.

Coronary Anomalies
The coronary anomalies most frequently encountered during coro-
nary angiography are listed in Table 3-7. Anomalous coronary origins 
are seldom of clinical or surgical significance, but are potentially time-
consuming during coronary angiography. Rarely, anomalous coronary 
arteries arising from the opposite cusp and traversing between the PA 
and aorta may produce vessel compression and ischemia. The Bland–
Garland–White syndrome occurs when the LAD arises from the PA. 
Although most patients present early in life, young adults with this syn-
drome also may present with sudden cardiac death or ischemic cardio-
myopathy.88 Coronary-cameral fistulas are not rare. Most are small and 
of no clinical significance.89

A variety of classification systems have been proposed for coronary 
anomalies. Some classification systems try distinguishing significant 
anomalies from minor ones, whereas other classification systems con-
sider all anomalies anatomically, independent of clinical or hemody-
namic repercussions.90 The reported incidence of coronary anomalies 
varies. Unfortunately, the life-threatening anomalies, particularly an 
anomalous origin of the left coronary artery from the right sinus, often 
are diagnosed at autopsy.90

Assessing the Degree of Stenosis
By convention, the severity of a coronary stenosis is quantified as per-
centage diameter reduction. Multiple views of each vessel are recorded, 
and the worst narrowing is recorded and used to make clinical deci-
sions. Diameter reductions can be used to estimate area reductions; 
for instance, 50% and 70% diameter reductions would result in 75% 
and 91% cross-sectional area reductions, respectively, if the narrowing 
were circumferential. Using the reduction in diameter as a measure of 

lesion severity is difficult when diffuse CAD creates difficulty in defin-
ing “normal” coronary diameter. This is particularly true in patients 
with insulin-dependent diabetes, as well as in individuals with severe 
lipid disorders. In addition, the use of percentage diameter reduction 
does not account for the length of the stenosis.

Qualitative estimates of percentage of diameter reduction are highly 
variable among different observers, and not reflective of coronary 
flow. Using a Doppler velocity probe, White et al.91 demonstrated that 
lesion severity was underestimated in the overwhelming majority of 
cases. When visual interpretation is required for clinical decisions, as 
opposed to research purposes, there may be a systematic bias toward 
overestimation of lesion severity. Quantitative coronary angiography 
was developed to overcome the pitfalls of qualitative visual interpreta-
tion of lumen reduction. Although cumbersome in its early iterations, 
most contemporary imaging systems include a usable quantification 
program.92 Even with quantification, the limitations of angiography 
remain.93 Accurate interpretation of coronary angiography and quan-
titation are possible only when high-quality images are obtained. 
Contrast injections must be forceful to fully opacify the artery, whereas 
pressure tracings are closely observed to prevent coronary artery dis-
section. When smaller catheters are used, injection may require smaller 
syringes or power injection for adequate coronary opacification. 
Branch vessels must clearly be separated utilizing cranial and caudal 
angulations. Periodic assessment of image quality is required to assure 
properly functioning imaging equipment.15

Intravascular ultrasound (IVUS) is a newer imaging modality that 
uses a miniature transducer in the lumen of the artery to generate a 
two-dimensional, cross-sectional image of the vessel. Although elec-
tronic (phased-array) transducers exist, the most commonly used 
intracoronary systems use mechanical rotation to provide 360-degree 
imaging. This rotation introduces the potential for artifacts that must 
be recognized as such. Refinements to these systems permit a trans-
ducer diameter of about 1 mm with an imaging frequency of 40 mega-
hertz (MHz) for coronary arteries. However, the transducer is placed 
into the coronary (or peripheral) artery over a 0.014-inch guide-
wire. Thus, it entails more risk than angiography, and anticoagula-
tion is mandatory. The transducer is placed distally in the vessel, and a 
mechanical system is used to withdraw the transducer at a controlled 
rate, typically 0.5 mm/sec, while a recording is made. Software permits 
reconstruction of serial cross-sectional images into longitudinal views, 
and volumetric analysis is possible. Both the lumen and the vessel wall 
can be imaged. The apposition of stent struts can be confirmed, and 
small dissections can be seen. Wall constituents, such as calcium and 
pooled lipids can be identified. Modifications permit analysis of “vir-
tual histology.” IVUS has been a critical research tool. For instance, 
early stent implantation was associated with a high risk for subacute 
thrombosis that seemed refractory to anticoagulants. IVUS identified 
incomplete expansion of many stents using the existing deployment 
techniques and incomplete apposition of the struts to the vessel wall. 
Deployment techniques were modified to include higher pressures 
and larger balloon diameters, and subacute thrombosis receded. The 
volumetric measurements with IVUS are sufficiently reproducible to 
measure the effects of medication on the progression of atheroscle-
rotic plaque. IVUS is used clinically in selected situations. In a study 
comparing IVUS findings with quantitative angiography, the plaque 
burden at maximal obstruction frequently were underestimated by 
quantitative angiography.93 Thus, IVUS can be used when angiogra-
phy is equivocal. It also is useful in certain segments of the coronary 
tree, like the left main and bifurcations, where angiography may be 
limited. IVUS reports contain information on the diameter reductions 
and area reductions, which translate to angiographic values. However, 
an important value in the IVUS report is the minimal luminal area 
(MLA). Generally, an MLA less than 4.0 mm2 in a proximal coronary 
vessel correlates with an ischemic response during perfusion imaging. 
An MLA less than 6.0 mm2 in the left main correlates with ischemia. 
Finally, IVUS can be used to ensure optimal stent sizing and deploy-
ment. Similar equipment exists for peripheral vessels, although the 
role of IVUS in the periphery remains to be determined.

Coronary Anomalies

Anomalous Coronary Origin

Left main coronary artery from right sinus of Valsalva separately or with right 
coronary artery

Circumflex artery as a separate origin off right cusp or with common origin 
with right coronary artery

Right coronary artery as a separate vessel from left cusp as separate ostia or as 
common ostia with circumflex as branch

Coronary Artery from Pulmonary Artery

Left coronary artery (Bland–Garland–White syndrome)
Right coronary artery

Fistula Formation from Normal Coronary Origin

Coronary branch vessels drain directly into right ventricle, pulmonary artery, 
coronary sinus, superior vena cava, pulmonary vein

TABLE  
3-7
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Anatomic information usually is used to guide management deci-
sions. However, recent work suggests that revascularization may offer 
no advantage over medical therapy when it is guided by anatomic 
data.94 This has prompted a renewed interest in the physiologic assess-
ment of coronary stenoses.95 One method uses a Doppler probe that 
is incorporated into a standard, 0.014-inch angioplasty wire (Volcano 
Therapeutics, San Diego, CA). The Doppler probe is placed distal to the 
coronary stenosis, and baseline velocity is recorded. An intracoronary 
(or intravenous) agent is administered to produce maximal coronary 
dilation, and the velocity is recorded again. A normal response is about 
a fourfold increase in velocity, but for clinical use, a value of twofold 
is used. The stability of velocity recordings varies, and accurate read-
ings require careful placement of the probe into the middle of the ves-
sel. These concerns have limited the use of the Doppler wire in clinical 
practice. An alternative is the Pressure Wire (St. Jude Medical, St. Paul, 
MN), in which a micromanometer is incorporated into a standard 
angioplasty wire. Again, the micromanometer is placed distal to the 
stenosis, and maximal coronary dilation is induced with the adminis-
tration of an intracoronary or intravenous vasodilator. The ratio of the 
distal pressure to the aortic pressure (measured at the tip of the guiding 
catheter) is calculated at peak vasodilation and is termed the fractional 
flow reserve (FFR). Correlation with nuclear stress testing has been good 
for both techniques. For instance, a ratio of distal pressure to proximal 
pressure after adenosine vasodilation (FFR < 0.75) predicts an abnor-
mal nuclear perfusion scan result. This can aid in the assessment of 
an angiographically “borderline” stenosis. Clinical outcomes have been 
good for those with a greater ratio (FFR).96,97 Moreover, when PCI is 
guided by pressure-wire measurements, as opposed to angiography, 
fewer stents are implanted and clinical outcomes are superior.98,99

Coronary Collaterals
Common angiographically defined coronary collaterals are described 
in Table 3-8. Although present at birth, these vessels become func-
tional and enlarge only if an area of myocardium becomes hypoper-
fused by the primary coronary supply.100 Angiographic identification 

of collateral circulation requires both the knowledge of potential col-
lateral source and prolonged imaging to allow for coronary collateral 
opacification.

The increased flow from the collateral vessels may be sufficient to 
prevent ongoing ischemia. A stenosis in a main coronary or branch 
vessel must reduce the luminal diameter by 80% to 90% to recruit 
collaterals for an ischemic area. Clinical studies suggest that col-
lateral flow can double within 24 hours during an episode of acute 
ischemia.101 However, well-developed collaterals require time to 
develop and only these respond to nitroglycerin (NTG). The RCA 
is a better collateralized vessel than the left coronary. Areas that 
are supplied by good collaterals are less likely to be dyskinetic or 
akinetic.

CATHETERIZATION REPORT
The promise of the electronic medical record is the timely availability 
of patients’ medical information at sites that need it. Most catheter-
ization laboratories have integrated the catheterization reports into 
the record system of the hospital, facilitating its retrieval in preop-
erative anesthesia clinics. However, it must be remembered that the 
information obtained in the cardiac catheterization laboratory is rep-
resentative of the patient’s pathophysiologic process at only one point 
in time. Therefore, these data are static and not dynamic. In addition, 
alterations in fluid and medication management before catheteriza-
tion can influence the results obtained. The hemodynamic infor-
mation usually is obtained after the patient has fasted for 8 hours. 
Particularly in patients with dilated, poorly contractile hearts, the 
diminished filling pressures seen in the fasted state may reduce the 
CO. In other circumstances, fluid status will be altered in the opposite 
direction. Patients with known renal insufficiency are hydrated over-
night before contrast administration. In these instances, the right- 
and left-sided heart hemodynamics may not reflect the patient’s 
usual status. In addition, medications may be withheld before cath-
eterization, particularly diuretics. Acute -blocker withdrawal can 
produce a rebound tachycardia, altering hemodynamics and poten-
tially  inducing ischemia.102 These should be noted in interpreting the 
 catheterization data.

Sedation may falsely alter blood gas and hemodynamic measure-
ments if hypoxia occurs. Patients with chronic lung disease or Down 
syndrome may be particularly sensitive to sedatives, and respiratory 
depression may result in hypercapnia and hypoxia. Careful notations 
in the catheterization report must be made of medications adminis-
tered, as well as the patient’s symptoms. Ischemic events during cath-
eterization may dramatically affect hemodynamic data. In addition, 
therapy for ischemia (e.g., NTG) may affect both angiographic and 
hemodynamic results.

Technical factors may influence coronary arteriography and ven-
triculography. The table in the catheterization laboratory may not 
hold very heavy patients. Patient size may limit X-ray tissue penetra-
tion and visualization and may prevent proper angulations. Stenosis 
at vessel bifurcations may not be identified in the hypertensive patient 
with tortuous vessels. Catheter-induced coronary spasm, most com-
monly seen proximally in the RCA, must be recognized, treated with 
NTG, and not reported as a fixed stenosis.103 Myocardial bridging 
results in a dynamic stenosis seen most commonly in the mid-LAD 
during systole. This is seldom of clinical significance and should not 
be confused with a fixed stenosis present throughout the cardiac cycle. 
With ventriculography, frequent ventricular ectopy or catheter place-
ment in the mitral apparatus may result in nonpathologic (artificial) 
mitral regurgitation. This must be recognized to avoid inappropriate 
therapy.

Finally, catheterization reports often are unique to institutions and 
often are purely computer generated, including valve area calculations. 
Familiarity with the catheterization report at each institution and dis-
cussions with cardiologists are essential to allow for a thorough under-
standing of the information and its location in the report, and the 
potential limitations inherent in any reporting process.AV, atrioventricular; OM, obtuse marginal; RV, right ventricular.

Collateral Vessels

Left Anterior Descending Coronary Artery (LAD)

Right-to-Left
Conus to proximal LAD
Right ventricular branch to mid-LAD
Posterior descending septal branches at midvessel and apex
Left-to-Left
Septal to septal within LAD
Circumflex-OM to mid-distal LAD
Circumflex Artery (Cx)
Right-to-Left
Posterior descending artery to septal perforator
Posterior lateral branch to OM
Left-to-Left
Cx to Cx in AV groove (left atrial circumflex)
OM to OM
LAD to OM via septal perforators
Right Coronary (RCA)
Right-to-Right
Kugels—proximal RCA to AV nodal artery
RV branch to RV branch
RV branch to posterior descending
Conus to posterior lateral
Left-to-Right
Proximal mid and distal septal perforators from distal LAD OM to posterior 

lateral
OM to AV nodal
AV groove Cx to posterior lateral

TABLE  
3-8



 3 Cardiac Catheterization Laboratory: Diagnostic and Therapeutic Procedures in the Adult Patient 51

INTERVENTIONAL CARDIOLOGY: 
PERCUTANEOUS CORONARY 
INTERVENTION
This section is designed to present the current practice of interven-
tional cardiology (Box 3-4). Although begun by Andreas Gruentzig in 
September 1977 as PTCA, catheter-based interventions have expanded 
dramatically beyond the balloon to include a variety of PCIs.104 
Worldwide, this field has expanded to include approximately 900,000 
PCI procedures annually.22

The interventional cardiology section is divided into two subsec-
tions. The first subsection consists of a general discussion of issues 
that relate to all catheter-based interventions. This includes a general 
discussion of indications, operator experience, equipment and proce-
dures, restenosis, and complications. Anticoagulation and controversial 
issues in interventional cardiology also are reviewed. The second sub-
section is devoted to a discussion of the various catheter-based systems 
for PCI. Beginning with the first, PTCA, most devices are presented, 
including current technology and devices in development. With this 
review, the cardiac anesthesiologist may better understand the current 
practice and future direction of interventional cardiology.

 General Topics for All Interventional 
Devices
Indications
Throughout the history of PCI, both technology and operator expertise 
have improved continually. With the proper credentialing, experience, and 
current technology, the interventionalist now has the capabilities to go 
places in the coronary tree “where no man (or woman) has gone before.” 
This is reflected in the expanded role for PCI. Although first restricted to 
patients with single-vessel disease and normal ventricular function who 
had a discrete, noncalcified lesion in the proximal vessel, PCI now is per-
formed as preferred therapy in many groups of patients, including select 
patients with unprotected (no bypass grafts) left main stenosis.22,105

Box 3-5 provides a summary of current clinical indications for PCI. 
Primary PCI is the standard of care for patients with STEMI with or 
without cardiogenic shock.28,106 Although initially reserved only for those 
patients considered suitable candidates for CABG, PCI routinely is per-
formed in patients who are not candidates for CABG in both emergent 
and nonemergent settings.22 In considering both the indications and the 
appropriateness of PCI, the physician must review the patient’s historic 
presentation, including functional class, treadmill results with or with-
out perfusion data, and wall motion assessment. Demonstrating isch-
emia noninvasively, either before procedure or with an intraprocedural 
physiologic assessment, avoids inappropriate procedures prompted by 
the “ocular-dilatory reflex” (lesion seen = lesion dilated).97,107,108

Absolute contraindications are few. Unprotected left-main stenosis 
in a patient who is a surgical candidate, diffusely diseased native vessels, 
or a single remaining conduit for myocardial circulation is approached 
by PCI only after a significant discussion with patient and surgeon.22 
Several series of unprotected left-main PCIs have been published, and 
this topic is in evolution.105,109 Although the procedural risk may be low, 

most left-main PCIs still are performed in patients who are not  operative 
candidates; this is discussed in more detail later in the chapter. By defini-
tion, they are high-risk patients, and they continue to have a high rate 
of late events.110 Multivessel PCI frequently is performed and remains a 
reasonable alternative to CABG in selected patients.111 However, CABG 
remains the preferred therapy for many patients, particularly patients 
with diabetes. Finally, though currently performed, the role of PCI at 
facilities without onsite surgical  capability is controversial.22,24

In addition to indications and contraindications, there is the con-
cept of “appropriateness.” The SCAI, Society of Thoracic Surgeons, 
American Academy of Thoracic Surgeons, the ACC, and the AHA pub-
lished a consensus document on coronary revascularization in 2009.112 
This document attempted to identify the “appropriate” therapy for a 
given patient scenario, based on presentation, anatomy, medication, 
and noninvasive and invasive testing. For each scenario, revasculariza-
tion was considered appropriate, inappropriate, or uncertain. Though 
far from all-inclusive, and not replacing the physician’s judgment for 
the individual patient, this document provides an overview of potential 
appropriateness of medical therapy, PCI, and CABG.

Equipment and Procedure
Significant advances have been and will continue to be made with all 
aspects of PCI. Although the femoral artery is still the most commonly 
utilized access site, the radial artery is utilized more frequently for cor-
onary interventions. Despite numerous advances, all PCIs still involve 
sequential placement of the following: guiding catheter in the ostium of 
the vessel, guiding wire across the lesion and into the distal vessel, and 
device(s) of choice at the lesion site. Routine central venous access is not 
required, as it increases access site complications. Its use is reserved for 
situations in which peripheral venous access is limited, temporary pac-
ing may be required, or hemodynamic monitoring may be helpful.

Guiding catheters are available in multiple shapes and sizes for coronary 
and graft access, device support, and radial artery entry.22,104 Guiding 
wires offer flexible tips for placement into tortuous vessels, as well as 
stiffer shafts to allow for the support of the newer devices during passage 
within the vessel. Separate guidewire placement within branch vessels 
may be required for coronary lesions at vessel bifurcations (Figure 3-15). 

BOX 3-4 INTERVENTIONAL CARDIOLOGY 
TIMELINE

1977 Percutaneous transluminal coronary angioplasty
1991 Directional atherectomy

1994 Stents with extensive antithrombotic regimen
1995 Abciximab approved
1996 Simplified antiplatelet regimen after stenting
2001 Distal protection
2003 Drug-eluting stents

BOX 3-5 CLINICAL INDICATIONS FOR 
PERCUTANEOUS TRANSLUMINAL CORONARY 
INTERVENTIONAL PROCEDURES

Cardiac Symptoms

Diagnostic Testing

studies

ischemia

Acute Myocardial Infarction

areas of myocardium at risk



52 SECTION I Preoperative Assessment and Management

A B C

Figure 3-15 Complex percutaneous coronary intervention. A, Stenosis at bifurcation in circumflex. B, Kissing balloon inflation after “culotte” 
stent implantation in main circumflex and marginal branch. C, Final result is good in both branches.

In selecting the appropriate device for the lesion, quantitative angio-
graphy and/or IVUS may be used to determine the size of the vessel and 
composition of the lesion.113,114

While a device is in a coronary artery, blood flow is impeded to vary-
ing degrees. In vessels supplying large amounts of myocardium (e.g., 
proximal LAD), prolonged obstruction of flow is poorly tolerated. 
However, when smaller areas of myocardium are jeopardized or the 
distal vessel is well-collateralized, longer occlusion times are possible. 
Distal protection devices, which involve balloon occlusion, may result 
in loss of flow down the vessel for up to 5 minutes. However, with cur-
rent technology, occlusion times seldom exceed 1 minute.

The performance of PCI immediately after a diagnostic procedure 
is known as “ad hoc intervention.” Obviously preferred in emergent 
situations, this strategy is increasing in popularity for elective cases as 
well.22 Ad hoc PCI requires careful preparation. The patient and fam-
ily must understand not only the risks and benefits of the diagnostic 
procedure, but the risks and benefits of various revascularization strat-
egies.115 This requires that informed consent be obtained for all poten-
tial procedures before sedation is given. The cardiologist must carefully 
assess each clinical situation and must have a collegial relationship with 
his or her surgical colleagues, if expedited consultation is required to 
avoid operator bias, and with anesthesiology colleagues, for the rare 
occasions when emergency surgery is required. Finally, a flexible sched-
ule must allow for the additional time required for the PCI within the 
catheterization laboratory.115

Anti-ischemic medications may permit longer periods of vessel 
occlusion before signs and symptoms of ischemia become limiting.116 
This additional time could permit the completion of a complex 
case or allow the use of distal protection devices. Most centers use 
either intracoronary or intravenous NTG at some point during the 
procedure to treat or prevent coronary spasm. Intracoronary cal-
cium channel blockers frequently are used to treat vasospasm and 
the “no-reflow” phenomenon.117 The latter term describes an absence 
of flow in a coronary vessel when there is no epicardial obstruction. 
No-reflow is associated with a variety of adverse outcomes; it is seen 
when acutely occluded vessels are opened during an MI or when 
PCI is performed in old saphenous vein bypass grafts. The cause is 
believed to be microvascular obstruction from embolic debris or 
microvascular spasm, or both. Intracoronary calcium antagonists 
may help to restore normal flow, and nicardipine is preferred for its 
relative lack of hemodynamic and conduction effects.118 NTG therapy 
rarely is necessary after PCI unless signs of heart failure or ongoing 
ischemia are noted.

After the PCI procedure, the patient is transferred to the appropri-
ate unit for the level of care required. The ST-elevation acute myocar-
dial infarction (STEMI) patient is admitted to the cardiac care unit, 
the inpatient with an acute coronary syndrome (ACS) often returns 
to the previous level of care, and the outpatient returns to the equiva-

lent of the pre/post holding area. As the field of interventional cardi-
ology has changed since the 1970s, so has the care of the patient after 
PCI.119 Multiple factors enter into the location and duration of post-
PCI care. Hospitals must work with physicians and patients to create 
the  appropriate pathways to provide quality patient care.

Restenosis
Once PTCA/PCI became an established therapeutic option for treat-
ing patients with CAD, it was soon realized that there were two major 
limitations: acute closure and restenosis. Stents and antiplatelet ther-
apy significantly decreased the incidence of acute closure. Before stents 
were available, restenosis occurred in 30% to 40% of PTCA procedures. 
With stent use, this figure decreased to about 20%. Thus, restenosis 
remained the Achilles heel of intracoronary intervention until the 
 current drug-eluting stent (DES) era.

Restenosis usually occurs within the first 6 months after an interven-
tion and has three major mechanisms: vessel recoil, negative remodel-
ing, and neointimal hyperplasia.120 Vessel recoil is caused by the elastic 
tissue in the vessel and occurs early after balloon dilation. It is no lon-
ger a significant contributor to restenosis because metal stents are 
nearly 100% effective in preventing any recoil.121 Negative remodeling 
refers to late narrowing of the external elastic lamina and adjacent tis-
sue. This accounted for up to 75% of lumen loss in the past.120 This 
process also is prevented by metal stents and no longer contributes to 
restenosis. Neointimal hyperplasia is the major component of in-stent 
restenosis. Neointimal hyperplasia is exuberant in the diabetic patient, 
and this serves to explain the increased incidence of restenosis in this 
population.122 DESs limit neointimal hyperplasia and have dramati-
cally reduced the frequency of in-stent restenosis.123,124

Establishing the true rate of restenosis requires a uniform defini-
tion. Clinical restenosis is defined as recurrence of angina or a positive 
stress test that results in a repeat procedure. Angiographic restenosis 
is defined at repeat catheterization and has greater rates than clinical 
restenosis. To be classified as a restenotic lesion at follow-up catheter-
ization, at least a 50% reduction in luminal diameter must be present 
visually with a decrease of 0.72 mm quantitatively from the postpercu-
taneous transluminal coronary intervention result.125 IVUS can mea-
sure cross-sectional area and also may be used in assessing restenosis.120 
Because restenosis occurs within 6 to 12 months after intervention, 
symptoms occurring thereafter more commonly represent progression 
of atherosclerotic disease.125

Several clinical factors have been linked to restenosis. These 
include cigarette smoking, diabetes mellitus, male sex, absence of 
prior infarction, and UA. Of these, only diabetes consistently has 
shown a statistically significant association with restenosis.125 Lesion 
characteristics proved to predict restenosis are lesion location, base-
line stenosis diameter and length, postpercutaneous transluminal 
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 coronary  intervention stenosis severity, and adjacent artery diam-
eter.125 In the stent era,  baseline stenosis is no longer a predictor, 
whereas a large reference vessel diameter is associated with a lower 
risk for restenosis.126

Medical therapy to decrease restenosis has been unrewarding.127 Aspirin 
decreases the risk for acute occlusion but does not significantly decrease 
the risk for restenosis.128 Radiation therapy can be delivered from a source 
within the vessel lumen (vascular brachytherapy) and is discussed in more 
detail later. Brachytherapy has been useful to treat in-stent restenosis, but 
results for prophylactic treatment have been disappointing.129,130

The major gains in combating restenosis have been in the area of 
stenting.131 Intracoronary stents maximize the increase in lumen area 
during the PCI procedure and decrease late lumen loss by preventing 
recoil and negative remodeling. However, neointimal hyperplasia is 
enhanced due to a “foreign body-like reaction” to the stents. Different 
stent designs, as well as varying strut thickness, lead to different rest-
enosis rates.132,133 Systemic administrations of antiproliferative drugs 
decrease restenosis but cause significant systemic side effects. DESs, 
with a polymer utilized to attach the antiproliferative drug to the stent, 
have shown the best results to date for decreasing restenosis.123,124,134

In the days of balloon angioplasty, the risk for acute vessel closure was 
in the 5% to 10% range, but these events occurred almost exclusively in 
the catheterization laboratory or within the first 24 hours. Acute clo-
sure was related to dissection, thrombosis, or both. Emergent bypass 
surgery was frequently necessary to salvage myocardium. Bare metal 
stents (BMSs) reduced the incidence of acute closure dramatically but 
introduced a less-common phenomenon, subacute thrombosis.135 Any 
thrombosis that occurs outside of the catheterization laboratory is 
likely to cause MI, and death is common if it occurs outside of the hos-
pital. Subacute thrombosis is defined as thrombosis occurring more 
than 24 hours but less than 30 days after stent implantation. Adequate 
stent deployment and thienopyridine therapy reduced the frequency of 
subacute stent thrombosis (SST) to about 1%. By 1 month, neointima 
covered the stent struts, and the risk for thrombosis became very low, 
permitting discontinuation of thienopyridine treatment.136

Important lessons were learned when stent placement was accom-
panied by brachytherapy. Late stent thrombosis ( > 30 days) was rec-
ognized as an important problem, and it was related to damaged 
neointima with delayed coverage of the stent struts. Prolonged use of 
thienopyridines seemed to reduce the likelihood of late thrombosis.137

In anticipation of a similar situation, namely, delayed stent cover-
age by neointima, the clinical trials of DESs incorporated prolonged 
thienopyridine therapy. In these clinical trials of predominantly low-
risk patients treated with a 3- to 6-month course of thienopyridines, 
the risk for stent thrombosis was noted to be identical to that seen 
with BMSs, at least out to 1 year.138 However, case reports and registry 
reports began to describe a new phenomenon with DESs, “very late 
stent thrombosis,” defined as stent thrombosis occurring more than 1 
year after implantation. Pathologic reports described incomplete tis-
sue coverage of DESs at late time points.139 In response to this infor-
mation, the U.S. Food and Drug Administration (FDA) convened 
a panel to evaluate the problem in December 2006. Several specialty 
 organizations responded by recommending that the course of clopi-

dogrel be extended to 1 year after implantation of a DES, if no con-
traindications existed.140,141 Many controversies are related to this topic, 
such as the relationship of off-label use to “very late stent thrombosis” 
and whether newer DESs carry the same risk. These are beyond the 
scope of this chapter, but it is sufficient to say that discontinuation of 
antiplatelet therapy should be approached with caution.

Anticoagulation
Thrombosis is a major component in ACSs, as well as acute compli-
cations during PCI; its management has evolved since its inception 
and will continue to evolve in the future142,143 (Box 3-6). Proper anti-
coagulation regimens are essential to limit bleeding complications, as 
well as thrombotic complications, both of which negatively impact 
 prognosis.144 This is most important with interventional procedures, 
in which the guiding catheter, wire, and device in the coronary artery 
serve as nidi for thrombus. In addition, catheter-based interventions 
disrupt the vessel wall, exposing thrombogenic substances to blood. 
Table 3-9 summarizes the current anticoagulation agents utilized in the 
setting of PCI (see Chapter 31).

The primary pathway for clot formation during PCI has proved to 
be platelet mediated. This has prompted a focus on aggressive anti-
platelet therapy. Aspirin was developed in the late 19th century and 
subsequently found to block platelet activation by irreversible acetyla-
tion of cyclooxygenase. It remains the foundation of antiplatelet ther-
apy for PCI patients. When administered at least 24 and preferably up 
to 72 hours before the intervention in doses of 81 to 1500 mg, aspirin 
decreases thrombotic complications.142 Aspirin resistance and combi-
nation therapy with nonsteroidal anti-inflammatory drugs are contro-
versial.145 Cilostazol, a phosphodiesterase inhibitor with antiplatelet 
effects, has been used in peripheral vascular disease; data on the use of 
cilostazol after coronary intervention remain inconclusive.146

The thienopyridines, ticlopidine (Ticlid), clopidogrel (Plavix), and 
prasugrel (Effient), block platelet activation by irreversibly binding to 

ACT, activated coagulation time; ADP, adenosine diphosphate; GP, glycoprotein; PCI, percutaneous coronary intervention; PTCI, percutaneous transluminal coronary intervention.

Anticoagulation in Interventional Cardiology

Medication Dose Mechanism of Action Duration of Treatment Binding

Antiplatelet Agents
Aspirin 75–325 mg Acetylates cyclooxygenase Indefinite Irreversible
Thienopyridines (clopidogrel) 300–600 mg load

75 mg/day
Binds platelet ADP 1–12 mo Irreversible

GPIIB/IIIA Inhibitors Receptor
Anticoagulants
Heparin Agent-specific receptor 

ACT specific
Platelet IIB/IIIA receptor
Indirect inhibition of thrombin

12–18 hr after PTCI
During PCI 

60–90 min after 
infusion

Low-molecular-weight heparin Agent specific Inhibition of factor Xa During PCI 8–12 hr
Direct thrombin inhibitors Agent specific Direct inhibition of thrombin During PCI Slowly reversible

TABLE  
3-9

BOX 3-6 ANTICOAGULATION
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the ADP (P2Y
12

) receptors. Ticlopidine was the initial thienopyridine 
used for PCI patients. However, side effects, including dyspepsia, neu-
tropenia, and a small but clinically significant incidence of thrombotic 
thrombocytopenic purpura (TTP), led to its replacement by clopi-
dogrel, which has a lower incidence of TTP.147,148 Clopidogrel has been 
shown to be beneficial in patients with ACSs for up to 9 months of ther-
apy, both with and without PCI.149 A 1-month course of clopidogrel is 
standard therapy after implantation of a BMS for stable disease. An 
extended course of therapy is used when BMSs are implanted for 
ACSs.150 At least 1 year of clopidogrel therapy is recommended when a 
DES is implanted for any indication.140 Because clopidogrel (and ticlo-
pidine and prasugrel) is a prodrug, its onset of action is slow unless a 
loading dose is used. A loading dose of 300 mg of clopidogrel ideally 
is given at least 4 hours before the procedure. Recent work has shown 
it is possible to achieve more rapid platelet inhibition when a 600-mg 
bolus is administered.151 The relative efficacy and safety of clopidogrel 
have been established in men and women; however, the variability in 
 individual responsiveness has raised concerns.152,153

Prasugrel (Effient) recently was approved for use in the United States. 
Like clopidogrel and ticlopidine, it is a prodrug that is converted into an 
irreversible antagonist of the ADP (P2Y

12
) receptor. However, its onset 

of action is faster and less variable. When compared with clopidogrel 
in patients with ACSs, prasugrel reduced ischemic complications (non-
fatal MI, need for urgent revascularization, and stent thrombosis), but 
caused more bleeding complications. An unfavorable risk/benefit ratio 
was identified for three groups: age  75 years, body weight less than 
60 kg, or history of stroke or transient ischemic attack (TIA). Bleeding 
related to CABG was significantly greater with prasugrel, and surgery 
should be delayed to permit recovery of platelet  function, if possible.154

Several additional issues should be discussed regarding antiplate-
let therapy. Clopidogrel therapy for ACSs decreases cardiac events, but 
concerns have been raised about bleeding should CABG be necessary. 
The consistency and magnitude of this observation have not been suf-
ficient to limit its use in these situations.155 Management of patients 
undergoing invasive, noncardiac procedures on dual antiplatelet ther-
apy is complicated and requires consideration of all options. The 
risks for drug discontinuation (stent thrombosis, MI, death) must be 
weighed against the risks of continuation of medicines (bleeding) and 
the risks of cancellation or deferral of the procedure.156 All antiplate-
let and anticoagulant medications increase the risk for bleeding, and 
dual-antiplatelet therapy increases the risk more than single therapy. 
The ACC, the American College of Gastroenterology, and the AHA 
published a Clinical Expert Consensus Document in 2008. This doc-
ument recommended therapy with a proton pump inhibitor (PPI) 
for virtually all patients receiving dual-antiplatelet therapy.157 More 
recently, observational data suggested that the combination of clopi-
dogrel and a PPI was associated with a greater rate of ischemic events, 
and ex-vivo  studies showed that the combination was associated with 
less  inhibition of platelet function than was clopidogrel alone. This 
led to an FDA warning about the combination (11/17/2009). Other 
data suggest that the clinical risk of adding a PPI to clopidogrel may 
be negligible,154 but the issue remains contentious.158 Finally, combin-
ing antiplatelet and antithrombin therapy increases bleeding risks. This 
requires careful consideration of the indications for each therapy as the 
risks and benefits of combination therapy are weighed.154,159

Unfractionated heparin (UFH) has been used since the inception of 
PTCA. Traditional anticoagulant therapy for PCI was an initial heparin 
dose of 10,000 units. Currently, weight-adjusted heparin administra-
tion is routine. The ACT is used to guide additional heparin therapy 
with the ACT in the range of 300 to 350 seconds for patients not receiv-
ing glycoprotein IIb/IIIa inhibitors (GPIs) and 200 to 250 seconds 
for patients receiving these inhibitors of platelet aggregation160 (see 
Chapter 17). Protamine is not used routinely, and the femoral sheaths 
are removed once the ACT is 150 seconds or less. Limitations of UFH 
include a variable antithrombotic effect requiring frequent ACT moni-
toring, inability to inhibit clot-bound thrombin, and concerns regard-
ing heparin-induced thrombocytopenia syndrome. This has led to the 
search for a replacement for UFH.161

As an alternative to heparin, direct thrombin inhibitors have been 
investigated in the setting of PCI. The synthetic compound, bivaliru-
din (Angiomax; The Medicines Company), is the best studied of these 
agents. The advantage of the direct thrombin inhibitors is the direct 
dose response and the shorter half-life, allowing for earlier sheath 
removal and less frequent bleeding complications. The Bivalirudin 
Angioplasty Trial randomized 2161 patients and supported the 
hypothesis that bivalirudin reduces ischemic complications marginally, 
but reduces bleeding dramatically during PCI, compared with UFH.162 
REPLACE-2 trial (Randomized Evaluation in PCI Linking Angiomax 
to Reduced Clinical Events) randomized 6010 patients undergoing PCI 
(primarily stenting) to bivalirudin or UFH with glycoprotein (GP) IIb/
IIIa inhibition.163 MACEs were similar between the two groups, but 
major bleeding was significantly less in the bivalirudin group. ACUITY 
(Acute Catheterization and Urgent Intervention Triage strategY) trial 
studied 13,819 patients with ACSs undergoing PCI, comparing bivali-
rudin alone with either UFH or enoxaparin and a GPIIa/IIIb inhibitor. 
One-year results showed no difference in composite ischemia or mor-
tality among the three groups.164 The HORIZONS-AMI trial random-
ized 3602 STEMI patient undergoing PCI to bivalirudin or UFH with 
GPIIb/IIIa inhibitor. The bivalirudin had fewer clinical events, a lower 
mortality (cardiac and total), and less major bleeding at 1 year.165

Argatroban is another direct thrombin inhibitor and also is approved 
for use during PCI, although fewer data are available. Although easier 
to use than heparin, the direct thrombin inhibitors are more expen-
sive than UFH, but similar in cost to the combination of UFH and a 
GP IIb/IIIa inhibitor. There currently is no known agent to reverse the 
effects of these new compounds (see Chapter 31). In patients with nor-
mal renal function, coagulation can be expected to return to normal in 
about 2 hours.

LMWHs are obtained by depolymerization of standard UFH. 
LMWHs were developed to overcome the limitations of UFH.166 
Enoxaparin (Lovenox) has been studied extensively in patients with 
ACSs. Overall, enoxaparin use leads to a slight reduction in the occur-
rence of MI when compared with UFH and has a similar side-effect 
profile.167 In PCI, the NICE (National Investigators Collaborating on 
Enoxaparin) trials were registries of patients treated with enoxaparin 
instead of UFH during PCI.168 In addition, the SYNERGY (Superior 
Yield of the New strategy of Enoxaparin, Revascularization, and 
GlYcoprotein IIb/IIIa Inhibitors) trial was a randomized comparison 
of enoxaparin and UFH in patients with an ACS in whom early cath-
eterization was planned; about half of both groups underwent PCI.169 
Based on these and other smaller trials, enoxaparin and UFH seem to 
be associated with similar rates of cardiac events and bleeding compli-
cations when used during PCI. Thus, most interventionalists are com-
fortable with the use of enoxaparin for ACSs and the management of 
patients receiving enoxaparin in the periprocedural period. However, 
UFH offers several advantages in the patient who arrives in the labora-
tory without prior antithrombin therapy: a shorter half-life, facilitat-
ing sheath removal; the ability to easily monitor its effect with the ACT; 
and the ability to reverse its effect with protamine.

The OASIS 5 trial studied 20,078 patients with ACS randomized to 
enoxaparin or fondaparinux. Fondaparinux is a synthetic pentasaccha-
ride thought to bind to the high-affinity binding site of the antico-
agulant factor, antithrombin III, increasing the anticoagulant activity 
of antithrombin III 1000-fold. In patients receiving fondaparinux plus 
either GPIIb/IIIa agents or thienopyridines, bleeding was reduced and 
net clinical outcomes were improved compared with enoxaparin.170

Arterial thrombi are rich in platelets. Prevention of these thrombi 
is complicated by the fact that platelets aggregate in response to 
many stimuli. Aspirin inhibits only one of these pathways. The final 
common aggregation pathway is the IIb/IIIa GP on the platelet sur-
face. Fibrinogen can bind to two IIb/IIIa receptors on separate plate-
lets to permit aggregation. Several compounds target this receptor. 
The monoclonal antibody, abciximab (ReoPro) was the first GPIIb/
IIIa inhibitor approved. Abciximab is used as a bolus followed by a 
12-hour infusion. Bleeding times increase to more than 30 minutes 
with ex vivo platelet aggregation nearly abolished. The platelet  binding 
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of this compound essentially is irreversible, requiring more than 48 
hours for normal platelet function to return. During the clinical tri-
als of this agent, patients requiring emergency CABG experienced no 
significant increase in adverse events with platelet transfusions used to 
restore normal platelet function. In the EPIC (European Prospective 
Investigation into Cancer and Nutrition) study of high-risk PCI 
patients, abciximab reduced early ischemic complications by 35% and 
late events by 26%, with an increase in vascular complications.171 In 
the EPILOG (Evaluation in PTCA to improve long-term outcome with 
Abciximab GP IIb/IIIa blockade) study, a similar benefit in lower risk 
interventional patients was seen.172 In addition, fewer vascular compli-
cations occurred when adjunctive heparin was used in lower doses and 
vascular access site management improved. Abciximab is more expen-
sive than the other IIb/IIIa inhibitors, and its repeated use may lead to 
thrombocytopenia.173

The other GPIIb/IIIa inhibitor compounds, eptifibatide (Integrilin) 
and tirofiban (Aggrastat), are not antibodies but rather synthetic 
agents that bind reversibly to the IIb/IIIa receptor. Both have half-lives 
of approximately 1.5 hours in patients with normal renal function with 
normal hemostasis returning in under 6 hours after cessation of the 
medication.174 Standard doses lead to very high plasma concentrations 
of these medicines; thus, platelet transfusion is less effective in correct-
ing the hemostatic defect than with abciximab. Studies have identified 
the superiority of eptifibatide plus UFH to UFH alone in stable patients 
undergoing PCI, the superiority of abciximab plus UFH to UFH alone, 
as well as the superiority of abciximab to tirofiban in more unstable 
patients undergoing PCI.175,176 GPIs have not been proved beneficial in 
SVG interventions.177 Currently, the choice of GPIIb/IIIa inhibitor for 
the patient undergoing PCI is controversial. They are all expensive, but 
abciximab is the most expensive. A variety of factors, including patient 
acuity, presence or absence of diabetes, renal function, pretreatment 
with clopidogrel, use of bivalirudin, and cost enter into the decision 
of which, if any, GPIIb/IIIa inhibitor should be used. For ACS patients, 
including those with STEMI, adequate pretreatment with clopidogrel 
may provide a benefit in low-risk patients that is comparable with that 
from GPIs at a fraction of the cost.178,179 Several oral IIb/IIIa inhibitors 
were used in clinical trials, but results were disappointing for reasons 
that remain unclear.180

Thrombolytic therapy has been used for the treatment of STEMI 
since the 1980s. Although some of the early studies used intracoronary 
administration of thrombolytics, the need for a catheterization labo-
ratory precluded widespread adoption, and intravenous administra-
tion of thrombolytics became standard treatment for STEMI. Several 
agents have been used for intravenous treatment of STEMI, includ-
ing streptokinase, anistreplase, alteplase, reteplase, and tenecteplase.181 
Alteplase, reteplase, and tenecteplase are recombinant variations of tis-
sue plasminogen activator, and are all specific for fibrin (as opposed 
to fibrinogen). They differ primarily in their half-lives, a difference 
that affects the dosing regimens. Since the early 1990s, emergent or 
primary PCI has evolved as an alternative and often preferable treat-
ment to intravenous thrombolytics. With both therapies, time to treat-
ment correlates with myocardial salvage and clinical outcome.182 In the 
setting of planned primary PCI, adjunctive thrombolytic agents, clas-
sified as facilitated PCI, have not proved beneficial and may be detri-
mental.28,183 In patients with unsuccessful thrombolytic therapy, rescue 
PCI is beneficial, but not without risk, whereas repeat thrombolysis is 
ineffective.28,184

Outcomes: Success and Complications
An important component of an interventional cardiology program 
is quality assessment. This is not just a score card of complications; 
it is a process in which risk-adjusted outcomes are compared with 
national standards, and the comparisons are used to identify ave-
nues for improvement.33,34 The tracking of outcome data has been a 
feature of interventional cardiology since its beginning and contrib-
uted to the rapid developments in the field. The history of interven-
tional cardiology has been marked by an increase in success rates with 
a simultaneous decrease in adverse events. This reflects both significant 

technologic advancement and increased operator skill, both of which 
were facilitated by the systematic collection of outcomes data. PCI once 
was considered successful when the luminal narrowing was reduced to 
less than 50% residual stenosis.185 In current practice with stent place-
ment, seldom is a residual stenosis greater than 20% accepted, and 
excellent stent expansion without edge dissection is required before 
termination of the procedure.127 The initial National Heart, Lung, and 
Blood Institute (NHLBI) PTCA registry from 1979 to 1983 reported 
a success rate of 61% and a major coronary event rate of 13.6%. The 
1985 to 1986 NHLBI registry reported a success rate of 78%, with the 
incidence of AMI rate as 4.3% and emergency CABG rate as 3.4%.186 
In the stent era, success rates are more than 90% and emergent surgery 
rates less than 1% in laboratories performing more than 400 PCIs.186 In 
a multicenter study of more than 8000 angioplasty patients from the 
1980s, an overall cardiac mortality rate of 0.16% in elective cases was 
reported.187 The Society for Cardiac Angiography and Interventions’ 
registry data were published for the years 1991 to 1996. This showed a 
success rate of 95%, an emergent CABG rate of 1.5%, and a mortality 
rate of 0.5%.188

The ACC developed the National Cardiovascular Data Registry 
(NCDR) in the 1990s. Currently, at least 700 of the more than 2100 lab-
oratories in the United States participate. Participation in ACC/NCDR 
is voluntary currently and requires a facility to dedicate an employee 
to data entry. Outcomes for both diagnostic and interventional proce-
dures are tabulated, adjusted for baseline risk, and provided to the par-
ticipating facility. Results from an ACC/NCDR publication are listed 
in Table 3-10.

Recent plateaus in the rates of success and complications reflect not 
only the maturity of the field and changes in demographics but the 
scope of practice of PCI. As older patients with more comorbidities 
undergo PCI, further statistical improvements will be harder to achieve, 
but risk-adjusted outcomes must be studied. From et al189 looked at a 
19-year experience with PCI in nonagenarians (  90 years). In these 
138 patients, there was a high technical success rate and relatively low 
morbidity and mortality rate when the patients were properly selected. 
Patients with vessels that have been totally occluded for more than 3 
months have been studied. In an era of increased technical advances, 
these patients have seen improved procedural success, long-term ves-
sel patency, and survival outcomes.190 Patients more than 3 days after 
MI with vessel occlusion have been similarly studied. This study, the 
Occluded Artery Trial (OAT), entered 2201 of these patients, followed 
them for more than 3 years, and demonstrated no benefit across vari-
ous risk categories when PCI was performed.191 Continued attention to 
outcomes data will help to identify the limits of PCI.

The incidence of procedure-related MI is controversial and depends 
on the definition of MI (new Q waves, total creatine kinase [CK] 
increase, CK-isoform elevation, troponin elevation).192 Increased CK 
levels occur in approximately 15% of catheter-based interventional 
procedures, with significant increases (threefold baseline) present in 
8%.192 These figures are even greater for interventions in SVGs and 

From Anderson HV, Shaw R, Brindis RG, et al: A contemporary overview of percutaneous 
coronary interventions, the American College of Cardiology-National Cardiovascular 
Registry Data (ACC-NCDR). J Am Coll Cardiol 39:1096, 2002.

Morbidity and Mortality for the Percutaneous 
Coronary Intervention Patient

Complication Outcome

Dissection  5%
Abrupt closure  1.9%
Successful reopening 41%
Angiographic success 94.5%
Postpercutaneous coronary intervention 

myocardial infarction
 0.4%

Coronary artery bypass graft  1.9%
Death  1.4%
Clinical success 92.2%
No adverse events 96.5%

TABLE  
3-10
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with some devices. For years, routine enzymatic assessment of inter-
ventional procedural infarctions has been at the discretion of the oper-
ator. Some studies suggest that long-term outcome is adversely related 
to even small periprocedural increases of CK (“infarctlets”).192 These 
increases are reduced by GPIs.158 Stone et al193 published data from 
7143 PCI patients. In this study, CK-MB increases of more than eight 
times the upper limit of normal were predictive of death in the subse-
quent 2-year follow-up. However, smaller enzyme increases, including 
a threefold increase of enzymes seen in 17.9% of patients, proved to 
have no impact on survival.193

In 1988 and then revised in 1993, the ACC/AHA task force devel-
oped a lesion morphology classification in an attempt to correlate the 
complexity of lesions with outcomes. This anatomic characterization 
of lesion complexity is outlined in Table 3-11. However, as operators 
gained experience and equipment improved, complication rates have 
decreased across all subsets. A 1998 study of more than 1000 consecu-
tive lesions identified success rates for A, B1, and B2 lesions as approxi-
mately equal (95–96%), with only C lesions having success rates of less 
than 90% (88%).194 The Mayo Clinic devised a risk score for PCI and 
recently compared this with the ACC/AHA criteria in 5064 PCIs. They 

found that the ACC/AHA criteria better predicted success, whereas 
complications were better predicted with the Mayo classification.195

Bleeding after PCI has been studied extensively.196 Various antico-
agulation regimens have been studied; in particular, the use of bivali-
rudin compared with heparin and a GPIIb/IIIa agent in both elective 
and emergent primary PCI. Significantly less bleeding occurred in 
patients receiving bivalirudin.197 In addition, radial artery access has 
been compared with femoral access. Though complications can occur 
with the radial approach, bleeding is significantly reduced when radial 
atesy access is utilized rather than the femoral approach.41 This is par-
ticularly important because mortality is increased when significant 
bleeding complications occur or blood transfusions are required, or 
both.144,196

Iatrogenic pericardial effusion and tamponade are infrequent com-
plications of PCI but may be life-threatening if a large perforation 
occurs or a small perforation goes unrecognized.198 Because this is most 
commonly an acute event, relatively small amounts of blood can cause 
hemodynamic compromise. The incidence during PCI varies and com-
monly is reported as occurring in  1% of cases. However, it is depen-
dent on guidewire, and interventional devices with hydrophilic wires 
and atherectomy catheters are more likely to be involved. Tamponade 
can occur in non-PCI procedures, such as AF ablation, pacemaker 
 placement, valvuloplasty, percutaneous closure devices, and percutane-
ous valve replacement. Prompt recognition of tamponade is required 
after PCI or other cardiac procedures, and can be facilitated with emer-
gent echocardiography. Pericardiocentesis is life-saving and should be 
performed without delay.198

Intimal dissection was a significant issue in the prestent era, occur-
ring in up to 10% of all PTCAs. Propagation of the intimal dissection is 
the leading cause of vessel occlusion during an intervention. Normally 
initiated by arterial disruption by the PCI device, it also may be caused 
by the guiding catheter or wire (Figure 3-16). Stenting significantly 
reduces these events by approximating the intimal dissection flap and 
reestablishing flow down the true lumen.

Bifurcation lesions have become a significant area of interest in the 
stent era. With side-branch occlusion from displacement of plaque 
from the primary vessel lesion occurring in 1% to 20% of patients, 
bifurcation lesions often require attention to both the primary and 
secondary (branch) vessel. Various techniques have been used to pro-
tect the side branch, ranging from primary vessel stenting with balloon 
dilation of the branch vessel through the stent struts to different types 
of branch-vessel stenting. The “crush” technique involves stenting both 
the primary and branch vessels, with excellent initial success rates, but 
side-branch restenosis may be a problem199 (see Figure 3-23). New 
T-shaped stents are under development.200 Different debulking devices, 
including rotational atherectomy and the cutting balloon, have been 
utilized in attempts to reduce the plaque volume and prevent shifting.

*American Heart Association/American College of Cardiology classification of lesion type.
From Ryan TJ, Bauman WB, Kennedy JW, et al: Guidelines for percutaneous transluminal 

angioplasty. J Am Coll Cardiol 22:2033, 1993.

Lesion-Specific Characteristics of Type A, B,  
and C Lesions*

Type A Lesions (Least Complex)
Discrete ( <10 mm length) Little or no calcification
Concentric Less than totally occlusive
Readily accessible Nonostial in location
Nonangulated segment, < 45 degrees No major branch involvement
Smooth contour Absence of thrombus
Type B Lesions (Intermediate)
Tubular (10–20 mm in length) Moderate to heavy calcification
Eccentric
Moderate tortuosity of proximal segment Total occlusions < 3 mo old

Ostial in location
Moderately angulated, > 45 segment 

degrees, < 90 degrees
Bifurcation lesions requiring double 

guidewires
Irregular contour Some thrombus present
Type C Lesions (Most Complex)
Diffuse (> 2 cm in length) Total occlusions > 3 mo old
Excessive tortuosity of proximal 

segment
Inability to protect major side 

branches
Extremely angulated segments > 90 

degrees
Degenerated vein grafts with friable 

lesions

TABLE  
3-11

A B C

Figure 3-16 A, Initial image shows a severe stenosis in the distal right coronary artery (RCA). B, The guiding catheter caused a dissection in the 
proximal RCA with impairment of flow. Note retrograde propagation into aortic sinus. C, Normal flow is restored after placement of multiple stents. 
The persistent dissection in the aortic sinus healed uneventfully.
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The recognition of high-risk lesion and patient characteristics 
allows the cardiologist to better predict which patient is at increased 
risk for catheter-based interventional therapy.110 In current interven-
tional practice, when the high-risk patient is identified, the cardiologist 
should share this information with the surgeon and anesthesiologist so 
that patient care is not compromised in the event of an emergency.

Operating Room Backup
When PTCA was introduced, all patients were considered candidates 
for CABG. The physicians’ learning curve in the early 1980s was con-
sidered 25 to 50 cases; increased complications were seen during these 
initial cases.20,21,104 All PCI procedures had immediate OR availability, 
with the anesthesiologist often in the catheterization laboratory. In the 
1990s, OR backup was necessary less often. First, perfusion catheter 
technology developed to allow for longer inflation times with less isch-
emia.201 The role for perfusion balloons and OR backup has dimin-
ished with the use of stents. With the current low incidence of emergent 
CABG at 0.3 to 0.6% of PCI procedures, few institutions maintain a 
cardiac room on standby for routine coronary interventions.

Infrequently, high-risk interventional cases still may require a cardiac 
room on immediate standby. This may occur in an emergent situation in 
which a STEMI patient requires assist support during primary PCI, 202 or 
more electively when a patient is identified as high risk but is not a candi-
date for a hybrid laboratory or no such facility is available.8 Preoperative 
anesthetic evaluation, which allows for preoperative assessment of the 
overall medical condition, past anesthetic history, current drug therapy, 
allergic history, and a physical examination concentrating on airway 
management considerations, is reserved for these high-risk cases.

Because a less-stringent policy for OR backup is required, PCI without 
cardiac surgery onsite is becoming more frequent.24 Initially begun in an 
effort to provide emergent primary PCI for STEMI patients in remote 
areas, PCI without onsite cardiac surgery now is being performed in more 
elective, low-risk patients. Transfer agreements with established oversite 
hospitals with onsite cardiac surgery are required with both minimal 
requirements established for operators and institutions, as well as a com-
prehensive quality assurance program in place.24 Despite these modifica-
tions, this is not standard practice and remains controversial.22,24,26

Regardless of the location of the interventional procedure, when an 
emergency CABG is required, it is essential to provide enough “lead” 
time to adequately prepare an OR. These patients often are very ill, with 
ongoing myocardial injury and circulatory collapse. Time is critical to 
limit the damage and prevent death. Therefore, the sooner the anesthe-
siologist, staff, and OR are aware of an arriving “potential disaster,” the 
better for all involved. In addition, because this happens infrequently, 
cooperation among the interventionalist, surgeon, and anesthesiolo-
gist is essential for optimal patient care in this critically ill population.

General Management for Failed Percutaneous 
Coronary Intervention
Several possible scenarios may result from a failed PCI (Box 3-7). First, 
the interventional procedure may not successfully open the vessel, but 
no coronary injury has occurred; the patient often remains in the hos-
pital until CABG can be scheduled. The second type of patient has a 
patent vessel with an unstable lesion. This most often occurs when a 
dissection cannot be contained by stents but the vessel remains open. 
The third patient type has an occluded coronary vessel after a failed 
PCI with stenting either not an option or unsuccessful. In this instance, 
myocardial ischemia/infarction ensues dependent on the degree of col-
lateralization.203 This patient most commonly requires emergent surgi-
cal intervention.

In preparation for the OR, a perfusion catheter, pacemaker, and/or 
PAC may be inserted, dependent on patient stability, OR availability, 
and patient assessment by the cardiologist, CT surgeon, and anesthesi-
ologist. Although intended to better stabilize the patient, these proce-
dures are at the expense of ischemic time. An intra-aortic balloon pump 
or one of the newer support devices may be placed. Although these 
devices can reduce the myocardial oxygen requirements, myocardial 

necrosis still will occur in the absence of coronary or collateral blood 
flow. Once in the OR, decisions on the placement of catheters for mon-
itoring should take several details into consideration. If perfusion has 
been reestablished, and the degree of coronary insufficiency is mild (no 
ECG changes, absence of angina), time can be taken to place an arterial 
catheter and a PAC. Remember, however, that these patients usually have 
received significant anticoagulation with heparin and often GPIIb/IIIa 
platelet receptor inhibitors; attempts at catheter placement should not be 
undertaken when direct pressure cannot be applied to a vessel. The most 
experienced individual should perform these procedures.

The worst scenario is the patient who arrives in the OR either in 
profound circulatory shock or full cardiopulmonary arrest. In these 
patients, cardiopulmonary bypass (CPB) should be established as 
quickly as possible. No attempt should be made to establish access for 
monitoring that would delay the start of surgery. The only real require-
ment to start a case such as this is to have good intravenous access, a 
five-lead ECG, airway control, a functioning blood pressure cuff, and 
arterial access from the PCI procedure.

In many cases of emergency surgery, the cardiologist has placed 
femoral artery sheaths for access during the PCI. These should not 
be removed, again because of heparin (or bivalirudin), and, possibly, 
GPIIb/IIIa inhibitor therapy during the PCI. A femoral artery sheath 
will provide extremely accurate pressures, which closely reflect central 
aortic pressure. Also, a PAC may have been placed in the catheteriza-
tion laboratory, and this can be adapted for use in the OR.

Several surgical series have looked for associations with mortality in 
patients who present for emergency CABG after failed PCI. The pres-
ence of complete occlusion, urgent PCI, and multivessel disease have all 
been associated with an increased mortality.204 In addition, long delays 
lead to increases in morbidity and mortality. The paradigm shift in car-
diovascular medicine toward PCI will be negatively impacted if sig-
nificant numbers of serious complications occur because of prolonged 
delays in arranging emergent cardiac surgical care for the infrequent 
patient after failed PCI.205,206 As the frequency of PCI at institutions 
with no onsite cardiac surgery increases, cooperation among special-
ties and facilities will be required to assure that timely transfer can be 
arranged after a failed PCI. Important time will be lost unless formal 
arrangements are in place ahead of time.24

Support Devices for High-Risk Angioplasty
Numerous support devices for high-risk angioplasty have been used, 
including intra-aortic balloon pumps and partial CPB via femoral can-
nulae. National registries of elective angioplasty during partial CPB have 
reported that 95% of attempted vessels were successfully dilated with 
bypass support, but 39% of the patients incurred vascular complica-
tions.207 In addition, 43% of the patients required transfusions. Tierstein 
et al208 compared cardiopulmonary support for high-risk angioplasty 
versus standby support. Three hundred sixty-three patients were placed 
on cardiopulmonary support during angioplasty and 92 underwent 
standby support. The mortality rate in both groups was 6%.

Several mechanical support devices may be used in the high-risk 
intervention patient or in the patient with cardiogenic shock. The 
TandemHeart (CardiacAssist, Inc., Pittsburgh, PA) received CE mark 

BOX 3-7 FAILED INTERVENTION

intra-arterial balloon pump

-
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approval in Europe and FDA 510(k) clearance in 2003. This device uses 
a cannula that is inserted percutaneously into the LA via a femoral vein 
and puncture of the interatrial septum. An extracorporeal pump then 
returns oxygenated blood to the arterial system, thereby unloading the 
left ventricle. The Impella Recover LP 2.5 System (Abiomed, Danvers, 
MA) is a 12.5-French catheter that is placed in the left ventricle. This 
device is inserted percutaneously and uses a transaxial flow pump to 
transfer up to 2.5 L/min of blood from the left ventricle to the ascend-
ing aorta.209,210

Some centers use extracorporeal membrane oxygenation sys-
tems to provide circulatory support for cardiogenic shock or dur-
ing high-risk PCI (see Chapters 27–29). To date, mechanical support 
devices have been shown to improve hemodynamic parameters 
when compared with the IABP, but provide no clinical benefit.211 
Improved equipment and technique have made PCI safer. Although 
this should reduce the need for mechanical support, it also permits 
sicker patients to be candidates for PCI (Figure 3-17). Accordingly, the 
future role of mechanical support in the interventional suite remains 
to be determined.

 Controversies in Interventional 
Cardiology
Therapy for acute myocardial infarction: primary 
percutaneous coronary intervention versus 
thrombolysis
Thrombolytic therapy was introduced for AMI patients in the 1970s 
(Box 3-8). Multiple multicenter trials have compared the following 
benefits: (1) thrombolytic therapy versus no thrombolytic therapy, (2) 
one thrombolytic agent compared with another, (3) different adjunc-
tive medications given with thrombolytic therapy (platelet GPIs, 
LMWHs, direct thrombin inhibitors), and (4) thrombolytic therapy 
versus primary PCI (bringing the patient directly to the catheteriza-
tion laboratory).28 Table 3-12 lists the currently available drugs used for 
thrombolytic therapy in AMI patients.

Before discussing thrombolytic therapy versus primary PCI for AMI, 
several issues must be considered. With contraindications to throm-
bolysis in approximately 60% of all AMI patients, PCI often is the only 
alternative to establish arterial patency in this group.212 PCI has proved 
beneficial in patients with cardiogenic shock.106,213 For patients who have 
not shown evidence of coronary reperfusion within 45 to 60 minutes 
after thrombolysis, cardiac catheterization and rescue PCI may be per-
formed, particularly when large areas of myocardium are at risk (Figure 
3-18). This is preferable to repeat thrombolytics.184 Rescue PCI may 
improve outcome, particularly if done early.214,215 However, several stud-
ies have suggested mixed results with rescue PCI after failed thrombol-
ysis in the nonshock patient.214,216 In 2009, the 1-year follow-up results 
for the REACT (Rescue Angioplasty Versus Conservative Treatment or 
Repeat Thrombolysis) trial were published. Compared with either con-
servative strategies or repeat thrombolytics, PCI showed a significant 
improvement in 1-year event-free survival.216 Identification of reperfu-
sion using noninvasive tests is difficult.217 Resolution of ST-segment 
elevation may be the most accurate and rapid of the noninvasive mark-
ers of reperfusion, and it predicts mortality and reinfarction.218 In 
patients with  recurrent pain or clinical instability, cardiac catheteriza-
tion after thrombolysis often is required.28

Figure 3-17 High-risk percutaneous coronary intervention with 
patient supported by the Impella system. A 62-year-old man, after 
coronary artery bypass graft, presented with acute myocardial infarc-
tion and severe hemodynamic instability refractory to maximal pressor 
therapy, as well as an intra-aortic balloon pump. Impella device in place 
during saphenous vein graft intervention of the left anterior descending 
artery is shown.

Source: Lexi-Comp Online, www.lexi.com

Current Thrombolytic Therapy

Characteristics Streptokinase Alteplase Reteplase Tenecteplase

Abbreviation SK t-PA r-PA TNKase
Dose (> 90 kg) 1.5 million U 100 mg 20 units 50 mg
t

1/2
23 min < 5 min 13–16 min 20–24 min

Infusion time 60 min 1.5 hr (double bolus) 30 min (double bolus) Single bolus
Fibrin specificity + ++ ++ +++
Antigenicity Yes No No No
Concomitant heparin No Yes Yes Yes

TABLE  
3-12

BOX 3-8 CORONARY INTERVENTION IN 
ACUTE MYOCARDIAL INFARCTION (PRIMARY 
PERCUTANEOUS CORONARY INTERVENTION)

http://www.lexi.com
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Time to reperfusion is important, as long-term mortality is lowest 
and ventricular function improves the most when reperfusion occurs 
within 2 to 3 hours of symptom onset.219 Postinfarction prognosis also 
is related to infarct artery patency. Thus, strategies to promote early 
reperfusion are imperative and may include prehospital protocols.220 
Transfer strategies for patients arriving in hospitals without interven-
tional capabilities have been studied, and successful outcomes were 
seen when transfer times were less than 90 minutes.28,221

The 2004 guidelines by the ACC/AHA on management of 
patients with STEMI emphasized early reperfusion and discussed 
the choice between thrombolytic therapy and primary PCI.222 If a 
patient presented within 3 hours of symptom onset, the guidelines 
expressed no preference for either strategy with the following cave-
ats: Primary PCI was preferred if (1) door-to-balloon time was less 
than 90 minutes and was performed by skilled personnel (opera-
tor annual volume more than 75 cases and laboratory volume more 
than 200 cases with 36 primary PCIs); (2) thrombolytic therapy 
was contraindicated; or (3) the patient was in cardiogenic shock. 
Thrombolytic therapy was to be considered if symptom onset was 
less than 3 hours and door-to-balloon time was more than 90 min-
utes. Individual assessment was recommended for patients older 
than 75 years, because they had a higher mortality from the MI and 
a greater risk for complications, particularly intracranial bleeding, 
with thrombolytic therapy.

The 2007 ACC/AHA update to the guidelines for the management of 
STEMI recommended primary PCI at capable facilities for all patients 
with STEMI.222 This recommendation was based on older compari-
sons with thrombolytic therapy and on data that process refinement 
was crucial to the provision of timely reperfusion.28,223 This update 
did not materially change the recommendations for timely reperfu-
sion. However, for patients receiving fibrinolytic therapy (at a non-PCI 
hospital), it was recommended that those deemed at high risk should 
receive appropriate antithrombotic therapy and be moved immediately 
to a PCI-capable facility for diagnostic catheterization and possible 
PCI.224 It was anticipated that some patients would require emergent 
surgery, and their coagulation would be impaired at multiple levels. 
If not at high risk, the patient could be moved to a PCI-capable facil-
ity after receiving antithrombotic therapy or could be observed in the 
initial facility.

In the postoperative period, most patients will have contraindica-
tions to thrombolytic therapy. Thus, primary PCI is usually their best 
option. However, primary PCI requires the use of a short course of hep-
arin and a long course of aspirin. If these medicines cannot be given, 
primary PCI may not be possible. Ideally, primary PCI would include a 
GPIIb/IIIa inhibitor and stent placement, and the latter would include 
a course of clopidogrel. If primary PCI is chosen, only the infarct-related 
artery should be treated in the acute setting.26,28,222 This prevents the 

small potential for complications arising from other “elective lesions,” 
 compromising an already critically ill patient.

Facilitated PCI involves the administration of thrombolytic therapy, 
usually a reduced dose, with the intention of proceeding to PCI.183,225 
Early studies of this approach failed to show a benefit compared with 
primary PCI alone.220 Although later studies were more encourag-
ing,226–228 the recent guidelines recognized some uncertainty in the des-
ignations “rescue” and “facilitated.” As such, the focus was on systems 
to promote timely reperfusion as noted earlier.28

The recent guidelines give a class IIa recommendation to insulin-
based glucose control in the setting of an STEMI, with the goal of 
maintaining glucose levels less than 180 mg/dL without causing hypo-
glycemia.28 As the diabetic population increases, this recommenda-
tion is likely to increase the number of patients receiving intravenous 
insulin therapy in the catheterization laboratory. Frequent monitoring 
of blood glucose levels will be necessary, both in the catheterization 
 laboratory and in any venues that receive such patients.

Although hypothermia has been used in the OR for many years, 
there has been recent expansion of its use in other settings. Of particu-
lar interest to this chapter is the use of hypothermia in patients resusci-
tated from sudden cardiac arrest. Many of these patients will continue 
to the catheterization laboratory. A recent review covered the potential 
benefits and pitfalls of the expanded use of hypothermia.229 Although 
the benefits appear substantial, the logistics of an extended period of 
hypothermia are significant.

All patients require risk stratification after MI regardless of the 
method of reperfusion and even, or perhaps especially, if they have not 
received reperfusion therapy. This includes an assessment of LV func-
tion and residual burden of CAD. The incidence and extent of CAD in 
patients after thrombolysis were compiled from several large studies. In 
these patients, the following significant coronary lesions were present: 
left main in 5%, multivessel disease in 30%, single-vessel open in 35%, 
single-vessel closed in 15%, and minimal lesion in 15%. Obviously, the 
state of the other coronary arteries is assessed at the time of primary 
PCI. For patients treated with thrombolytic therapy or no reperfu-
sion therapy, angiography or stress testing are alternative methods to 
assess the residual ischemic burden. The electrical stability of the heart 
must be addressed. In patients with a low EF after an MI, prophylactic 
implantation of a defibrillator results in a 30% reduction in total mor-
tality over 20 months.230 Finally, modification of risk factors for CAD 
must be undertaken.

The development of systems of care for STEMI involves commu-
nity-wide coordination of prehospital care and available hospital ser-
vices.28 In this environment, primary PCI has supplanted fibrinolytic 
therapy. This has led to more frequent performance of PCI in catheter-
ization laboratories without OR backup.24,231 Many patients undergo 
thrombolytic therapy or present late and do not receive reperfusion 

A B C

Occluded LAD

Severe
diagonal
stenosis

Residual LAD stenosis

Stenosis at ostium
of 1st diagonal

LAD and 2nd diagonal

Figure 3-18 Primary percutaneous coronary intervention for an acute anterior ST-elevation acute myocardial infarction (STEMI). A, Complete 
occlusion of the left anterior descending artery (LAD) and high-grade stenosis of the first diagonal. B, After thrombectomy, antegrade flow is restored 
in the LAD and a second diagonal, but severe stenosis persists in the LAD. C, After stenting of the LAD and first diagonal.
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therapy. If such patients are hemodynamically or electrically unstable, 
or if they have recurrent symptoms, a consensus would favor catheter-
ization and revascularization. If such patients are stable, their manage-
ment is controversial, although many cardiologists in the United States 
would recommend catheterization and revascularization.

Therapy for Acute Coronary Syndromes (Non–ST-Elevation 
Myocardial Infarction and Unstable Angina): Primary 
Percutaneous Coronary Intervention versus Medical Therapy
The ACSs of non–ST-elevation myocardial infarction (NSTEMI) and 
UA have similar presentations, and often can be distinguished only in 
retrospect.149 STEMI has received much attention of late with a variety 
of efforts promoted to foster early reperfusion.28 However, presentation 
with ACS is more frequent, and high-risk subgroups have a prognosis 
that is similar to that in STEMI.231 Accordingly, guidelines for the man-
agement of ACS have embraced an aggressive approach, including the 
early administration of antiplatelet agents.149 As many of these patients 
proceed to cardiac catheterization, the potential need for emergent 
 cardiac surgery presents similar problems as with STEMI patients.

Percutaneous Coronary Intervention versus Coronary Artery 
Bypass Graft
The choice of therapy for multivessel CAD must be made by com-
paring PCI with CABG and medical therapy. In the 1970s, CABG was 
compared with medical therapy in several randomized trials. A survival 
benefit for CABG was seen in only a few subgroups, such as those with 
left main disease and those with three-vessel disease and impaired LV 
function. Both CABG and medical therapy have improved since that 
time, but few recent comparisons have been made. Comparisons of PCI 
to medical therapy in patients with stable CAD generally have shown 
improved symptoms without a reduction of hard end points.94,232

In the mid-1980s, when PCI consisted only of balloon PTCA, the 
first comparisons of catheter intervention to CABG were begun. By 
the early to mid-1990s, nine randomized clinical trials had been pub-
lished comparing PTCA with CABG in patients with significant CAD. 
Only the Bypass Angioplasty Revascularization Investigation (BARI) 
trial was statistically appropriate for assessing mortality.233 These are 
summarized in Figure 3-19. The conclusions of these studies included 
similarities between the two approaches with respect to relief of angina 
and 5-year mortality. Costs were initially lower in the PCI group, but by 
5 years had converged because of repeat PCI procedures precipitated 
by restenosis, occurring in 20% to 40% of the PCI group.234

The only clear difference between PCI and CABG for patients with 
multivessel disease was identified in the diabetic patient subset of the 
BARI trial.233 A difference in mortality was seen in a subgroup analysis 
of the BARI trial in which both insulin-dependent and non–insulin-
dependent diabetic patients with multivessel disease had a lower 5-year 
mortality rate with CABG (19.4%) than with PCI (34.5%).235

Regretfully, these trials were outdated by the time of their publication. 
For the patient undergoing PCI, stents had become the norm, with a sig-
nificant decrease in emergent CABG because of reduced acute closure, 
as well as a decrease in repeat procedures because of less re stenosis.125 
For the patient undergoing CABG, off-pump bypass became more 
common during this time period with its potential to decrease compli-
cations.236 In addition, the importance of arterial grafting with its favor-
able impact on long-term graft patency was recognized.237

To address the changes in PCI and CABG therapy, four more ran-
domized trials were undertaken, and these are included in Figure 3-19. 
The results of these newer studies were similar to the results of the ear-
lier ones. In the Arterial Revascularization Therapy Study (ARTS) trial, 
diabetic patients had poorer outcomes with PCI. Repeat procedures, 
though higher in the PCI group at 20%, were significantly lower than 
with the earlier trials. CABG patients also had improved outcomes; for 
instance, cognitive impairment occurred in fewer patients in the recent 
studies.234 A meta-analysis of all 13 randomized trials identified a 1.9% 
absolute survival advantage at 5 years in the CABG patients, but no 
significant difference at 1, 3, or 8 years.238 As with the first generation 
of PCI versus CABG trials, the second-generation trials were outdated 
before publication because of the advent of the DESs.

The SYNTAX trial randomized 1800 patients with three-vessel CAD 
and/or left main stenosis to either CABG or treatment with pacli-
taxel-eluting stents with the intention of obtaining complete revascu-
larization. Patients were eligible regardless of clinical presentation, if 
complete revascularization was believed feasible by both techniques. 
By 1 year, 17.8% of the PCI patients versus 12.4% of the CABG patients 
had experienced a MACE (P = 0.002). Although this difference was 
driven primarily by a greater need for repeat revascularization in the 
PCI group, the rate of death was nonsignificantly greater in the PCI 
group at 4.4% versus 3.5% in the CABG group. The rate of stroke 
was significantly greater in the CABG group at 2.2% versus 0.6% (P = 
0.003). Of the patients who gave consent, 1275 were not eligible for 
randomization because complete revascularization was not believed 
feasible by both techniques; of these, 1077 underwent CABG.239

Other contentious issues exist in the management of CAD. Concerns 
for potential deleterious effects on CABG outcomes in patients with 
prior PCI have not proved to be warranted.240 The roles of staged PCI 
procedures in patients with multivessel disease, ad hoc PCI, and com-
bination procedures (LIMA [left internal mammary artery] to LAD 
and PCI of other vessels) have generated debate within the interven-
tional and surgical communities. The performance of PCI for left main 
disease is performed frequently in other countries but remains con-
troversial in the United States.241 In the 2009 update to the ACC/AHA 
guidelines, PCI has been moved from a class III (contraindicated) rec-
ommendation to class IIb (“may be considered”).28

In conclusion, the physician must weigh the data and explain the 
advantages and disadvantages of both techniques to the individual 
patient. CABG offers a more complete revascularization with survival 
advantages in selected groups and a decreased need for repeat proce-
dures.239,242 The disadvantages of CABG are the greater early risk, lon-
ger hospitalization and recovery, initial expense, increased difficulty of 
second procedures, morbidity associated with leg incisions, increased 
risk for stroke, and the limited durability of venous grafts. The cost of 

A

B

1 year

3 year

5 year

8 year

Follow-up

7709

6400

4714

3384

p = 0.018

# pts

11

11

7

4

# studiesFavors PTCA Favors CABG

–5 0 5 10

Survival risk difference (%)

1 year

3 year

5 year

8 year

Follow-up

6556

4992

3427

2373

p = 0.025

p = 0.030

# pts

9

7

4

4

# studiesFavors PTCA Favors CABG

–5 0 5 10

Survival risk difference (%)

Figure 3-19 Randomized trials of coronary artery bypass graft sur-
gery (CABG) versus coronary angioplasty (PTCA) in patients with 
multivessel coronary disease showing risk difference for all-cause 
mortality for Years 1, 3, 5, and 8 after initial revascularization. A, 
All trials. B, Multivessel trials. (Redrawn from Hoffman SN, TenBrook JA, 
Wolf MP, et al: A meta-analysis of randomized controlled trials compar-
ing coronary artery bypass graft with percutaneous transluminal coronary 
angioplasty: One- to eight-year outcomes. J Am Coll Cardiol 41:1293, 
2003. Copyright 2003, with permission from The American College of 
Cardiology Foundation.)
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DESs may negate the initial cost advantage of PCI if multiple stents are 
used. From the perspective of a hospital administrator in the United 
States, current reimbursement policies favor CABG over the placement 
of multiple DESs.243

SPECIFIC INTERVENTIONAL DEVICES
 Interventional Diagnostic Devices

Three intravascular diagnostic tools for the interventionalist currently 
are available. Angioscopy, the least applied of the three, offers the most 
accurate assessment of intravascular thrombus.244 Cineangiography 
and IVUS often are inadequate for visualization of thrombus. Although 
useful as an investigative technique, angioscopy has not entered into 
routine interventional practice.

IVUS permits visualization of the vessel wall in vivo.93 A miniature 
transducer mounted on the tip of a 3-French catheter is advanced over 
the standard guidewire into the coronary artery. The IVUS transducer 
is about 1 mm in diameter, with frequencies of 30 to 40 MHz. These 
high frequencies allow for excellent resolution of the vessel wall. By 
comparison, contrast angiography images only the lumen, with the sta-
tus of the vessel wall inferred from the image of the lumen.245 IVUS 
is useful in evaluating equivocal left-main lesions, ostial stenoses, and 
vessels overlapping angiographically (Figure 3-20).246 IVUS is superior to 
angiography in the early detection of the diffuse, immune-mediated, 
arteriopathy of cardiac transplant allografts.247

IVUS has been used extensively in research because it allows an 
excellent assessment of the post-PCI result and a precise quantitative 
assessment of restenosis.114,248 As an adjunct to PCI, clinicians have uti-
lized IVUS for years to assess the adequacy of stent deployment, the 
extent of vessel calcification, and the presence of edge dissections.249 
The quantitative capability of IVUS has been indispensable to research-
ers in preventive cardiology. It has allowed these researchers to docu-
ment the benefits of aggressive lipid reduction using smaller numbers 
of patients and less time than would be possible with other techniques, 
as in the Pravastatin or Atorvastatin Evaluation and Infection Therapy 
(PROVE-IT) and Reversal of Atherosclerosis with Aggressive Lipid 
Lowering (REVERSAL) trials.250,251

Various physiologic measurements can be made in the cathe-
terization laboratory during clinical diagnostic or interventional 
 procedures.95 The Doppler flow wire (Volcano, San Diego, CA) was the 
first tool available for the interventionalist to determine the physio-
logic significance of an anatomic stenosis in the catheterization lab-
oratory. Utilizing a 12-MHz piezoelectric ultrasound transducer on 
a 0.014-inch wire, it allows the measurement of coronary flow and 
coronary flow reserve.252 By comparing this information with normal 

 values, physiologic significance can be determined; these data compare 
favorably with stress-nuclear perfusion imaging. The interventionalist 
can then decide, during the diagnostic procedure, whether to proceed 
with PCI.253

In the mid-1990s, the pressure wire was introduced by Radi (now 
part of St. Jude Medical). This wire has a pressure transducer near its 
tip and permits measurement of a gradient across a stenosis. This gra-
dient is measured during vasodilation after the administration of intra-
coronary adenosine. Fractional flow reserve (FFR), has also been used 
to assess successful stent placement and can identify inadequate stent 
results predictive of restenosis.97 Finally, a strategy of deferring PCI in 
patients with an FFR more than 0.75 has been tested and found to be 
associated with good clinical outcomes.98

Cardiovascular optical coherence tomography (OCT) is another 
catheter-based invasive diagnostic imaging system. OCT uses 
light rather than ultrasound. First utilized clinically to visualize 
the retina, this low-coherence reflectometry was named OCT and 
expanded in the early 1990s to numerous biomedical and clinical 
applications. In the catheterization laboratory, it provides high-
 resolution images of the coronary arteries and deployed stents. For 
imaging without signal attenuation, blood must be removed from 
the coronary artery. This is achieved by proximal balloon inflation 
with proper sizing of a  nontraumatic balloon within the coronary 
artery with occlusion times limited to 30 seconds or less. OCT pro-
vides the invasive cardiologist with accurate measurements of lumi-
nal architecture including stent apposition, neointimal thickening, 
and course of stent dissolution with the new-generation bioabsorb-
able stents.254

Percutaneous Transluminal Coronary Angioplasty
When Andreas Gruentzig performed his first PTCA in 1977, the equip-
ment was so large and bulky that he could dilate only proximal lesions 
and, even then, this equipment would not cross severe narrowings.104 
Since that time, balloon, guidewire, and guide-catheter technology 
have advanced to allow the interventional cardiologist to place balloon 
catheters nearly anywhere in the arterial tree. Despite the development 
of new devices, POBA (plain old balloon angioplasty) is still an impor-
tant component of the interventional procedure as it “paves the way” 
for stent implantation.

The mechanism by which balloon inflation leads to vessel pat-
ency must be understood to better understand balloon angioplasty. 
Although four mechanisms have been described to explain the efficacy 
of this procedure (i.e., plaque splitting, stretching of the arterial wall, 
plaque compression, and plaque desquamation), the primary mecha-
nism is discrete intimal dissection, which results in plaque compression 
into the media. Desquamation and distal embolization of superficial 
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Figure 3-20 Intravascular ultrasound (IVUS). A, Angiography shows mild stenosis in stented segment of left anterior descending artery (LAD) in 
patient with recurrent symptoms. B, By IVUS, the 3.0-mm stent is underexpanded with a diameter of only 2.2 mm. C, Red area is lumen, about 3.8 mm2. 
Blue area is that bounded by the external elastic lamina, about 12.5 mm2. The difference is atherosclerotic plaque.
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plaque components have been observed; however, experimental stud-
ies demonstrate this to be a minor contributor to the procedure’s effi-
cacy.122 Propagation of the intimal dissection is the primary cause of 
vessel occlusion during angioplasty (see Figure 3-16).

Although the mechanism of balloon angioplasty has not changed, 
equipment and operator expertise have improved to the point that 
procedural success rates now exceed 90%.188 These advances allow for 
the treatment of sicker patients and more complex coronary lesions, 
whereas success rates continue to improve and complication rates 
decrease.186

Atherectomy Devices: Directional and Rotational
Atherectomy devices are designed to remove some amount of plaque 
or other material from an atherosclerotic vessel. Of these devices, direc-
tional coronary atherectomy (DCA) became the first nonballoon tech-
nology to gain FDA approval in 1991. DCA removes tissue from the 
coronary artery, thus “debulking” the area of stenosis. Although tissue 
removal is an attractive concept, application of DCA was limited. Trials 
comparing DCA with PTCA did not show improved angiographic rest-
enosis rates, and greater rates of acute complications were seen with 
DCA.255–257

The FDA approved rotational coronary atherectomy in 1993. The 
Rotablator® catheter (Boston Scientific Corp, Natick, MA) is designed 
to differentially remove nonelastic tissue, utilizing a diamond-studded 
burr rotating at 140,000 to 160,000 rpm. Designed to alter lesion com-
pliance, particularly in heavily calcified vessels, rotational atherectomy 
often is used before balloon dilation to permit full expansion of the 
vessel.258 The ablated material is emulsified into 5- m particles, which 

pass through the distal capillary bed. Heavily calcified lesions com-
monly are chosen for rotational atherectomy (Figure 3-21). In addition, 
restenotic (in-stent), bifurcation, ostial, or nondilatable lesions are 
candidates for the Rotablator.259 Contraindications to the Rotablator 
include tortuous anatomy, poor ventricular function, thrombus, poor 
runoff, and lesions within SVGs.260

The main limitation of rotational atherectomy is the “no-reflow” 
phenomenon.117 Thought secondary to particle load, this effect is 
associated with myocardial ischemia and occasionally infarction. 
Hemodynamic problems can occur, particularly in patients with 
depressed LV function. The frequency of “no reflow” has been reduced 
by shorter, slower ablation passes and variation in medications within 
the flush solution.260 In heavily calcified vessels, rotational atherectomy 
may be the only device that can change the compliance of an artery and 
permit complete expansion of balloons and stents. However, rotational 
atherectomy is more cumbersome and time consuming than balloon 
dilation. It is rarely used alone, and stent placement usually is neces-
sary to achieve an adequate result. Therefore, though available in most 
interventional laboratories, rotational atherectomy is a niche item pri-
marily relegated to vessels with significant calcification.

 Cutting Balloon
Vessel wall damage during interventional procedures generally is con-
sidered the initiating factor for neointimal proliferation, which ulti-
mately can lead to restenosis. All interventional technologies damage 
the vessel wall to varying degrees. In an attempt to decrease intimal 
injury, the cutting balloon (Boston Scientific Corp) introduced the 
concept of microsurgical dilation. Whereas standard balloon PCI 
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Figure 3-21 Rotational coronary atherectomy. A, Fluoroscopy shows calcification of the ramus intermedius. B, Angiography shows a severe steno-
sis. C, Percutaneous transluminal coronary angioplasty balloon cannot be expanded. D, 1.5-mm rotational atherectomy burr advanced at 140,000 
rpm. E, Balloon expands fully after rotationally atherectomy. F, Final result after stent placement.
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dilates haphazardly and can severely injure the arterial wall, the  cutting 
 balloon permits vessel expansion with lower pressure and less wall 
injury, thereby reducing the stimulus for restenosis.

This device is a noncompliant balloon with three or four blades, 
depending on balloon size. These blades are 10 to 15 mm in length 
and 0.25 mm in size and are attached to the balloon by a proprietary 
bond-to-bond manufacturing process. Once inflated, the balloon intro-
duces these blades into the coronary intima, producing a series of tiny 
longitudinal incisions before balloon dilation. These microscopic cuts 
permit less traumatic vessel expansion. The safety and efficacy of this 
technique have been validated; however, there was no benefit compared 
with POBA when tested in a large group of patients. The cutting balloon 
is currently utilized for decreasing plaque shift in bifurcating lesions, for 
changing artery compliance, and in treating in-stent restenosis.261

 Intracoronary Laser
Excimer laser coronary angioplasty (Spectranetics, Colorado Springs, 
CO) uses xenon chloride (XeCl) and operates in the ultraviolet range 
(308 nm) to photochemically ablate tissue. Currently, excimer laser 
coronary angioplasty is indicated for use in lesions that are long ( >2 
mm in length), ostial, in saphenous vein bypass grafts, and unrespon-
sive to PTCA. With the development of the eccentric directional laser, 
treatment of eccentric or bifurcation lesions can be approached with 
increased success. Also, in-stent restenosis can be effectively treated 
with the excimer laser.259 The Prima FX laser wire (Spectranetics, 
Colorado Springs, CO) is a 0.018-inch wire with the ability to deliver 
excimer laser energy to areas of chronic, total occlusion. With con-
ventional equipment, failure to cross such lesions with a guidewire is 
frequent. The Prima FX has CE mark approval in Europe but is investi-
gational in the United States. The optimal wavelength for the treatment 
of coronary atheroma has yet to be determined. In current practice, 
laser interventions rarely are used in the coronary arteries.

 Intracoronary Stent
The term stent was used first in reference to a dental mold developed 
by an English dentist, Charles Thomas Stent, in the mid-19th cen-
tury.262 The word evolved to describe various supportive devices used 
in medicine.248 To date, the introduction of intracoronary stents has 
had a larger impact on the practice of interventional cardiology than 
any other development.263

The use of intracoronary stents exploded during the mid-1990s264 
(Box 3-9). Receiving FDA approval in April 1993, the Gianturco-Roubin 
(Cook Flex stent), a coiled balloon-expandable stent, was approved for 
the treatment of acute closure after PCI. Use of the Gianturco-Roubin 
stent was limited by difficulties with its delivery and high rates of 
 restenosis. The first stent to receive widespread clinical application was 

the Palmaz-Schatz (Johnson & Johnson, New Brunswick, NJ) tubular 
 slotted stent approved for the treatment of de novo coronary stenosis 
in 1994.265 Throughout the 1990s, multiple stents were introduced with 
improved support, flexibility, and thinner struts, resulting in improved 
delivery and decreased restenosis rates (Figure 3-22).132,133

As discussed earlier, the major limitations of catheter-based inter-
ventions had been acute vessel closure and restenosis. Stents offered 
an option for stabilizing intimal dissections while limiting late lumen 
loss, major components of acute closure, and restenosis, respectively. 
Clinical trials have demonstrated the ability of stents not only to sal-
vage a failed PTCA, thus avoiding emergent CABG (see Figure 3-16), but 
also to reduce restenosis.132,266 Multiple studies demonstrated the bene-
fit of stenting compared with PTCA alone in a variety of circumstances, 
including long lesions, vein grafts, chronic occlusions, and the throm-
botic occlusions of AMI. Only in small vessels did stenting not demon-
strate a restenosis benefit when compared with balloon angioplasty.267 
Clinical restenosis rates declined from 30% to 40% with PTCA to less 
than 20% with BMSs.265

Stent technology improved in incremental fashion. Modifications in 
coil geometry, alterations in the articulation sites, and the use of mesh-
like stents offered minor advantages.131 Different metals, such as tanta-
lum and nitinol, were used and various coatings were applied, such as 
heparin, polymers, or even human cells.132 In addition, the delivery sys-
tems that are used to implant stents have decreased in size.133 Stent pro-
cedures, once requiring 9-French guiding catheters, can now be done 
through 5- to 6-French catheters. This even permits coronary stenting 
to be done through the radial artery.268

When first introduced, stents were used sparingly primarily because 
of the aggressive anticoagulation regimens recommended. These reg-
imens included intravenous heparin and dextran, together with oral 
aspirin, dipyridamole, and warfarin. This required long hospitaliza-
tions and led to bleeding problems at vascular access sites. These com-
plicated combinations of medicines were used in the clinical trials that 
led to the approval of the stents, and were chosen based on the fear of 
thrombosis and limited animal data. Despite the use of these drugs, 
stent thrombosis still occurred in 3% to 5% of patients. The use of 
intracoronary ultrasound improved stent deployment by demonstrat-
ing incomplete expansion with conventional deployment techniques. 

Figure 3-22 Evolution of stents: Three balloon-expandable bare 
metal stents are shown mounted on their delivery balloons with 
the above ruled marking in millimeters. Bottom, This is the first stent 
type introduced, the Gianturco-Roubin Flex-stent (Cook Cardiology, 
Bloomington, IN). The thick but pliable struts and low metal-to-artery 
ratio limited its effectiveness. Middle, The Palmaz-Schatz stent (Cordis/
J&J, Warren, NJ) was the next stent type to be U.S. Food and Drug 
Administration approved for use other than acute closure. This con-
sisted of two 8-mm relatively stiff slotted tube stents connected by a 
central strut. Although its introduction revolutionized PCI, its stiff struc-
ture and sheath covering limited delivery. Top, Newer stent designs pro-
duced smaller struts with increased flexibility for improved deliverability 
while maintaining the support structure required for long-term patency.

BOX 3-9 STENTS

similar to brachytherapy

BMS are identical
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This led to high-pressure balloon inflations, complete stent expansion, 
and simplified pharmacologic therapy.114,136

Initially, aspirin and ticlopidine (Ticlid) were used instead of warfa-
rin, but clopidogrel (Plavix) replaced ticlopidine because it has a better 
side-effect profile. The combination of a thienopyridine and aspi-
rin has markedly reduced thrombotic events and vascular complica-
tions.150 The timing and dosing of clopidogrel therapy are still evolving 
with doses of 300 to 600 mg given at least 2 to 4 hours before PCI.151 
Given that PCI is often performed immediately after a diagnostic study, 
some cardiologists begin clopidogrel therapy before diagnostic stud-
ies. PCI can be performed immediately after the diagnostic study, with 
a reduction in adverse events that is comparable with that seen with 
GPIs but at a fraction of the cost.178 However, if the diagnostic study 
indicates a need for CABG, bleeding complications will be increased if 
clopidogrel has been given during the 5 days before CABG.155

With the realization that restenosis involves poorly regulated cellular 
proliferation, researchers focused on medicines that had antiprolifera-
tive effects. Many of these medicines are toxic when given systemically, 
a tolerable situation in oncology, but not for a relatively benign condi-
tion like restenosis. For such medicines, local delivery was attractive, 
and the stent provided a vehicle.

Rapamycin, a macrolide antibiotic, is a natural fermentation prod-
uct produced by Streptomyces hygroscopicus, which was originally iso-
lated in a soil sample from Rapa Nui (Easter Island).269 Rapamycin was 
soon discovered to have potent immunosuppressant activities, making 
it unacceptable as an antibiotic but attractive for prevention of trans-
plant rejection. Rapamycin works through inhibition of a protein kinase 
called the mammalian target of rapamycin (mTOR), a mechanism that 
is distinct from other classes of immunosuppressants. Because mTOR 
is central to cellular proliferation, as well as immune responses, this 
agent was an inspired choice for a stent coating. The terms rapamy-
cin and sirolimus often are used interchangeably. A metal stent does 
not hold drugs well and permits little control over their release. These 
limitations required that polymers be developed to attach a drug to 
the stent and to allow the drug to slowly diffuse into the wall of the 
blood vessel, whereas eliciting no inflammatory response.270 The devel-
opment of DESs would not have been possible without these (propri-
etary) polymers. This led to the true revolution in PCI, which occurred 
with the approval in April 2003 of the first DES,127 the Cypher (Johnson 
& Johnson/Cordis). This is their Velocity stent and polymer, which 
elutes sirolimus over 14 days; the drug is completely gone by 30 days 
after implantation.269

A European trial randomized 238 patients to receive either a 
 sirolimus-eluting stent (SES) or a BMS. Remarkably, there was no 

 restenosis in the group that received an SES.271 A larger American trial 
randomized 1058 patients to an SES or a BMS. At 9 months, restenosis 
rates were 8.9% in the SES group and 36.3% in the BMS group, with no 
difference in adverse events. Clinically driven repeat procedures were 
required in 3.9% and 16.6%,271 respectively. This benefit was sustained, 
if not slightly improved, at 12 months.272 Although initially approved 
only for use in de novo lesions in native vessels of stable patients, sub-
sequent publications have shown similar benefits in every clinical sce-
nario that has been studied.273–277 Initial concerns regarding SST have 
proved unjustified, with the rate of SST approximately 1%, equal to 
that seen in BMS patients.140,141,269

The next DES to receive FDA approval in March 2004 was the Taxus 
stent (Boston Scientific Corp). The Taxus stent uses a polymer coat-
ing to deliver paclitaxel, a drug that also has many uses in oncology. 
This is a lipophilic molecule, derived from the Pacific yew tree Taxus 
brevifolia. It interferes with microtubular function, affecting mitosis 
and extracellular secretion, thereby interrupting the restenotic process 
at multiple levels.278 The Taxus IV study randomized 1314 patients to 
the Taxus stent or a BMS. Angiographic restenosis was reduced from 
26.6% in the BMS group to 7.9% in the Taxus group, with no signifi-
cant difference in adverse events. Clinically driven repeat procedures 
were required in 12.0% and 4.7%, respectively.124

Two more DESs are approved in the United States, the zotarolimus-
eluting stent (Endeavor; Medtronic, Minneapolis, MN) and the everoli-
mus-eluting stent (Xience; Abbott, Abbott Pask, IL; Promus; Boston 
Scientific Corp). The newer stents use different drugs, polymers, and 
stent platforms. Comparisons of different DESs have shown differ-
ences in some angiographic end points, but similar clinical outcomes. 
Polymer-free and bioabsorbable stents are under investigation.

Currently, stents are placed at the time of most PCI procedures, if 
the size and anatomy of the vessel permit (Figure 3-23). Multiple stud-
ies have been performed comparing BMS with DES in various clinical 
scenarios.279,280 There are several reasons not to use a DES in every pro-
cedure. First, DESs are available in fewer sizes and the polymer makes 
them more rigid. Second, a longer course of thienopyridine is required, 
and this may not be desirable if a surgical procedure is urgently needed, 
as it requires an uncomfortable choice between bleeding and increased 
risk for cardiac events.281 Stent thromboses, MIs, and deaths have been 
reported when antiplatelet therapy is interrupted.282,283 Finally, the cost 
of a DES is about three times that of a BMS, and this increment is not 
fully reflected in reimbursement. It was hoped that the arrival of addi-
tional DESs on the market would lead prices to decline. However, price 
declines have been modest to date. With the significant reduction in 
restenosis, DESs were anticipated to give PCI an advantage over CABG 
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Figure 3-23 Stenting at the ostium of the right coronary. A, Anomalous circumflex originates near the right coronary artery (RCA). True ostial 
stenosis requires stent struts to protrude into lumen. B, After stenting there is little residual narrowing. Anomalous circumflex is unchanged.
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in multivessel disease.124 The potential consequences of this provoked 
some anxiety among cardiac surgeons and hospital administrators.284

 Intravascular Brachytherapy
Brachytherapy is the use of a radioisotope placed at the site where its 
effects are desired. It was first introduced and developed for the treat-
ment of malignant disease. In an attempt to decrease the neointimal 
proliferative process associated with restenosis, brachytherapy has been 
applied to the coronary artery. Two types of radiation are utilized in 
the coronary arteries: gamma and beta. Gamma radiation, such as that 
from Ir-192, has no mass, only energy; therefore, there is limited tissue 
attenuation.285 Beta-emitters, such as P-32 and Y-90, lose an orbiting 
electron or positron; the mass of this particle permits significant  tissue 
attenuation.285

Radiation safety for the patient, staff, and operator is essential for 
intravascular brachytherapy. For the staff and the operator, radiation 
exposure is related to both the energy of the isotope and the type of 
emission. Staff exposure is much greater with gamma-emitters than 
with the beta-emitters because of its insignificant tissue attenuation.286 
From the patient’s perspective, brachytherapy is prescribed to pro-
vide a specific dose to the target vessel. Total body exposure is greater 
with gamma radiation, again because attenuation is minimal. Because 
gamma radiation requires significant extra shielding and requires 
the staff to leave the room during delivery of therapy, beta radiation 
is used more commonly. In addition, the long-term effects remain a 
concern.285 Finally, significant expertise is required for intracoronary 
brachytherapy. In addition to the interventionalist, a radiation oncolo-
gist, medical physicist, and radiation safety officer must participate in 
these procedures.286

Brachytherapy, using either a gamma- or beta-emitter, was effective 
for the treatment of in-stent restenosis in BMSs.287,288 After brachyther-
apy, clopidogrel must be continued for at least 6 to 12 months to 
prevent late stent thrombosis that occurs because of delayed endothe-
lialization of the stent. The future for brachytherapy in the era of DESs 
is unknown.127 DESs have significantly decreased in-stent restenosis. 
If restenosis does occur with a DES, whether brachytherapy should be 
undertaken or repeat DES insertion performed is unclear.130 Because 
of the benefit of DESs in reducing restenosis and the complexity of 
brachytherapy, its use in the interventional suite currently is limited to 
a few centers in the country.

 Thrombosuction/Thrombolysis
The transluminal extraction catheter (TEC) was released for use in 
1993 as the first device designed to mechanically remove thrombus or 
other loose debris and was designed primarily for degenerated SVGs. 
The TEC device was a hollow tube with a propeller-like blade on its tip 
that applied proximal suction so it cut and aspirated as it was advanced 
into the lesion. Although an important tool when first introduced, 
newer thrombectomy devices have replaced this tool in the interven-
tional suite.289

The AngioJet rheolytic thrombectomy system (Possis Medical, 
Minneapolis, MN) creates a Venturi effect utilizing six high-velocity 
saline jets distally at a pressure of 2500 psi and a flow rate of 50 mL/min 
to generate a low-pressure zone (< 600 mm Hg) and cause a powerful 
vacuum effect. The catheter is a multilumen 4-French system and may 
be passed through a 6-French guiding catheter. One lumen delivers the 
saline, a second lumen is for guidewire passage, and a third permits 
thrombus evacuation utilizing a roller pump.289

The system creates a recirculation pattern at the catheter tip. This emul-
sifies and removes thrombus without embolization. Rheolytic thrombec-
tomy was first approved for SVGs, utilizing a larger 6-French catheter. It can 
remove thrombus from native arteries and SVGs; however, some trials sug-
gest that it may be less effective than alternative therapies for SVGs.290,291 
Although initial studies in small patient populations were encouraging 
for AMI patients,292 a larger trial of 480 patients presenting within 12 
hours of the onset of MI demonstrated greater mortality in the rheolytic 

thrombectomy group.293 The Rescue Catheter (Boston Scientific/Scimed. 
Inc., Maple Grove, MN) is a thrombectomy system with vacuum with-
drawal that similarly showed possible deleterious effects with routine use 
in primary PCI.294 Despite these findings, this therapy remains an option 
in lesions with a  significant thrombus burden.295

Ultrasound thrombolysis is under development for the treatment of 
degenerated SVGs. However, the ATLAS (Acolysis during Treatment of 
Lesions Affecting Saphenous vein bypass grafts) trial in patients with 
ACSs and undergoing interventions in SVGs showed a greater inci-
dence of ischemic complications with ultrasound thrombolysis.296

Simple aspiration devices have been developed to facilitate thrombus 
removal, particularly in the setting of AMI.297 The prototype was the 
Export catheter (Medtronic). This is simply a tube with two lumens. 
One lumen tracks over a guidewire that has been advanced through the 
thrombotic area. The second lumen is connected to a syringe. Negative 
pressure is generated with the syringe. The TAPAS trial (Thrombus 
Aspiration during Percutaneous coronary intervention in acute myo-
cardial infarction Study) randomized 1071 patients undergoing pri-
mary PCI for AMI to either PCI alone or thrombus aspiration with 
the Export catheter, followed by PCI. Mortality at 1 year was 3.6% in 
the group that had thrombus aspiration and 6.7% in the control group 
(P = 0.02).298 This would seem to make manual aspiration the preferred 
adjunctive therapy in primary PCI (Figure 3-24).

 Distal Protection Devices
PCI in degenerative vein grafts is complicated by a significant incidence 
of MI that is thought to result from embolization of debris. GPIIb/IIIa 
inhibition has not decreased MI in this situation.177 Although other 
factors, such as spasm in the distal arterial bed, may contribute to the 
complications during PCI in SVGs, most efforts to address this prob-
lem have focused on devices that are designed to capture potential 
embolic debris released as the probable cause of the “no-reflow” phe-
nomenon during PCI.117 These distal protection devices come in two 
types: vessel occlusive and vessel nonocclusive.

Vessel-occlusive devices use a soft, compliant balloon that is incor-
porated into a wire. The wire is passed distal to the stenosis and inflated 
during the PCI. A column of blood is trapped, which includes the 
debris liberated during PCI. The blood and debris are aspirated before 
deflation of the distal balloon and restoration of flow. The GuardWire 
is an FDA-approved device of this type (Medtronic). In the SAFER 
(Saphenous vein graft Angioplasty Free of Emboli Randomized) trial, 
801 patients undergoing PCI in SVGs were randomized to distal pro-
tection with the GuardWire or no distal protection. The composite end 
point of death, MI, and repeat target vessel revascularization were 9.6% 
in the GuardWire group and 16.5% in the standard care group. MI was 
reduced by 42% in the distal protection group.290

A learning curve exists with this device to maximize prevention of 
emboli and minimize ischemic time. Patients with large areas of myo-
cardium supplied by the SVG undergoing PCI may not be candidates 
because of the inability to tolerate ischemia. Also, distal lesions in an 
SVG may not allow for placement of the large balloon. The Enhanced 
Myocardical Efficacy and Removal by Aspiration of Liberated Debris 
(EMERALD) trial tested the GuardWire in the setting of primary PCI 

Figure 3-24 The Export catheter was used to aspirate this  thrombotic 
material in the setting of an acute myocardial infarction.
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of native  vessels during AMI. The thrombotic AMI lesion seemed 
likely to benefit from aspiration of debris. However, this study showed 
no benefit from the device, a result attributed to the presence of side 
branches that are not present in SVGs.299

Nonocclusive devices include various forms of filters, as well as the 
thrombolysis or thrombectomy devices discussed earlier.300,301 The 
Filter Wire (Boston Scientific) was the first filter approved. This is a 
0.014-inch guidewire that incorporates a nonoccluding, polyurethane, 
porous membrane filter (80- m pores). The system includes a retrieval 
catheter that fits over the device after PCI is completed (Figure 3-25). Two 
clinical trials, the first compared with PCI alone and the second ran-
domizing the Filter Wire EX to the GuardWire, have been completed to 

date.301,302 The Filter Wire was superior to PCI alone and noninferior to 
the GuardWire system.

 Therapy for Chronic Total Occlusions
Despite steady progress in most areas of interventional cardiology, 
therapy for chronic total occlusions (CTOs) appeared to lag behind 
until several recent advances.303 CTOs are defined as vessels that have 
been occluded for more than 3 months. They often are associated with 
significant collateral flow from other vessels and often are treated con-
servatively (medical therapy). Guidewires with stiff tips, improved 
techniques, and operator experience have led to success rates greater 

A

C

B

Figure 3-25 Distal protection. A, Severe stenosis of a saphenous 
vein bypass graft to the left circumflex marginal artery. B, Before 
stent placement, one of the available distal protection devices (fil-
ter wire) is seen here as a wire loop placed distal to the undeployed 
stent. C, Final angiography shows normal flow from the saphenous 
vein graft into the native coronary artery.
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than 80% in high-volume centers.304 Patients with CTO who were suc-
cessfully revascularized had better long-term outcomes than those who 
could not be revascularized.305,306

Other devices for CTO are in various stages of development. The 
Frontrunner (LuMend, Inc., Redwood City, CA) is a bioptome-like cut-
ting device designed to selectively remove fibrous tissue from within 
the lumen.307 This is approved for peripheral interventions but not cor-
onary interventions. The Prima FX laser wire (Spectranetics, Colorado 
Springs, CO) has the ability to deliver excimer laser energy from the tip 
of the wire. The Prima FX has CE mark approval in Europe but is inves-
tigational in the United States. With these continued advances in tech-
nology, changing techniques including retrograde wire approaches and 
more experienced operators forming “CTO” clubs, CTO interventions 
will continue to expand with improved procedural outcomes.303

OTHER CATHETER-BASED PERCUTANEOUS 
THERAPIES 

 Percutaneous Valvular Therapy
Mitral Balloon Valvuloplasty
Percutaneous mitral valvuloplasty (PMV) was first performed in 1982 
as an alternative to surgery for patients with rheumatic MS. The pro-
cedure usually is performed via an antegrade approach and requires 
expertise in transseptal puncture. During the early years of PMV, the 
simultaneous inflation of two balloons in the mitral apparatus was 
required to obtain an adequate result. The development of the Inoue 
balloon (Toray, Inc., Houston, TX) in the 1990s simplified this pro-
cedure. This single balloon, with a central waist for placement at the 
valve, does not require wire placement across the aortic valve.308 The 
key to mitral valvuloplasty is patient selection. Absolute contrain-
dications to mitral valvuloplasty include a known LA thrombus or 
recent embolic event within the preceding 2 months, and severe car-
diothoracic deformity or bleeding abnormality preventing transseptal 
catheterization. Relative contraindications include significant mitral 
regurgitation, pregnancy, concomitant significant aortic valve disease, 
or significant CAD.309

All patients must undergo TEE to exclude LA thrombus, as well as 
transthoracic echocardiography, to classify the patient by anatomic 
groups. The most widely used classification, the Wilkins score, addresses 
leaflet mobility, valve thickening, subvalvular thickening, and valvu-
lar calcification. These scoring systems, as well as operator experience, 
predict outcomes. In experienced hands, the procedure is successful in 
85% to 99% of cases. Risks for PMV include a procedural mortality of 
0% to 3%, hemopericardium in 0.5% to 12%, and embolism in 0.5% to 
5%. Severe mitral regurgitation occurs in 2% to 10% of procedures and 
often requires emergent surgery.310 Although peripheral embolization 
occurs in up to 4% of patients, long-term sequelae are rare.

The procedure requires a large puncture in the interatrial septum, 
and this does not close completely in all patients. However, a clinically 
significant ASD with Q

p
/Q

s
 of 1.5 or greater occurs in 10% or fewer 

cases; surgical repair is seldom necessary. Advances in patient selection, 
operator experience, and equipment have significantly reduced proce-
dural complications.310 Restenosis rates are dependent on the degree 
of commissural calcium.308 TEE or intracardiac echocardiography is 
helpful during balloon mitral valvuloplasty.54 These imaging modali-
ties offer guidance with the transseptal catheter placement, verification 
of balloon positioning across the valve, and assessment of procedural 
success.310 Long-term results have been good.311

Aortic Balloon Valvuloplasty
Percutaneous aortic balloon valvuloplasty was introduced in the 
1980s. This procedure usually is performed via a femoral artery, using 
an 11-French sheath and 18- to 23-mm balloons. Some advocate the 
double-balloon technique for aortic valvuloplasty to decrease rest-
enosis with a balloon placed through each femoral artery and inflated 
simultaneously.

Symptomatic improvement does occur with at least a 50% reduction 
in gradient in more than 80% of cases.312 Complications include femoral 
artery repair in up to 10% of patients, a 1% incidence rate of stroke, and 
a less than 1% incidence rate of cardiac fatality.312 Contraindications to 
aortic balloon valvuloplasty are significant peripheral vascular disease 
and moderate-to-severe AI. AI usually increases at least one grade dur-
ing valvuloplasty. The development of severe AR acutely leads to pul-
monary congestion and possibly death, as the hypertrophied  ventricle 
is unable to dilate.

Initial success rates are acceptable, but restenosis occurs as early as 
6 months after the procedure and nearly all patients will have resteno-
sis by 2 years. Therefore, the use of aortic valvuloplasty has waned. 
Current indications include the following: inoperable patient willing to 
accept the restenosis rate for temporary reduction in symptoms; non-
cardiac surgery patient hoping to decrease the surgical risk; and patient 
with poor LV function, in an attempt to improve ventricular function 
for further consideration of aortic valve replacement. The latter is the 
most common current indication for aortic valvuloplasty, which has 
seen a recent resurgence as preparation for percutaneous aortic valve 
implantation.313

Percutaneous Valve Replacement and Repair
Surgical valve replacement is performed for regurgitant and stenotic 
valves. Although surgical morbidity and mortality continue to improve, 
the risks remain prohibitive for some patients. Catheter-based alterna-
tives to surgical valve replacement have been explored since the 1960s 
but were not successful until 2000, when percutaneous pulmonic valve 
replacement was performed.314 The Melody transcatheter pulmonary 
valve (Medtronic) was approved in Canada and Europe in 2006. It recently 
received humanitarian device exemption approval from the FDA and is 
available for treatment of failed pulmonary valve conduits.315 The pro-
cedures are performed under general anesthesia with fluoroscopic and 
echocardiographic guidance. A bovine jugular valve is sutured onto a 
platinum-iridium stent and delivered on a balloon. The stent compresses 
the native valve against the wall of the annulus. Large 22-French deliv-
ery systems are used. The results in high-risk patients have been promis-
ing, and the device is now being tested in a lower-risk group, that is, as a 
true alternative to surgery. The success of percutaneous pulmonic valve 
replacement prompted interest in the aortic and mitral valves.316,317

The first percutaneous aortic valve replacement in humans was per-
formed in France in 2002. This valve was created by shaping bovine 
pericardium into leaflets and mounting them within a short, balloon-
expandable stent.318 Retrograde, antegrade, and transapical approaches 
have been used. The size of the delivery system is large, requiring surgi-
cal entry and repair of the vascular access sites. Many patients with aor-
tic valve disease, particularly those at high risk for traditional surgical 
valve replacement, have severe vascular disease that would not permit 
delivery passage of the large systems required for percutaneous valve 
replacement. For such patients, the transapical approach using a small 
thoracotomy incision may be most suitable. This approach requires 
that general anesthesia be administered to a patient with critical aortic 
stenosis and may pose particular challenges for the anesthesiologist.319

The Edwards SAPIEN percutaneous valve (Edwards Lifesciences, 
Irvine, CA) has received regulatory approval in Europe, and clinical tri-
als are in progress in the United States. A second system, the CoreValve 
Revalving system (Medtronic), has received regulatory approval in 
Europe, and clinical trials are planned in the United States. This system 
consists of a long, self-expanding nitinol stent with an attached valve 
constructed from porcine pericardium. Early results were encourag-
ing with both systems, as improvements in symptoms and ventricu-
lar function were seen after percutaneous aortic valve replacement.319 
To date, results have been obtained in patients who were deemed at 
high risk for surgical valve replacement.316 The high rate of observed 
complications was tolerable when compared with the projected out-
come with surgery. There is some controversy as to the determination 
of risk status.320 Further improvements will be necessary before percu-
taneous techniques can replace surgical valve replacement in lower-risk 
groups.
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The percutaneous approach for mitral regurgitation includes both 
attempts to replace as well as to repair the mitral valve.82,317 Preliminary 
work to date has included two approaches. The first approach involves 
placement of a device composed of a distal and proximal anchor 
placed within the coronary sinus. This device can then be shortened 
to decrease the size of the mitral annulus and decrease mitral regurgi-
tation, similar to a surgically placed annuloplasty ring.321 The second 
approach involves percutaneous suturing of the mitral leaflets with 
the MitraClip (Evalve, Menlo Park, CA). The result is similar to the 
surgical Alfieri operation. Flow from the LA continues through both 
orifices, whereas prolapse of the leaflets and regurgitation are mini-
mized. Accordingly, the device is suitable for functional mitral regur-
gitation and mitral regurgitation from degenerative disease, but less 
so with restriction from ischemia or other causes. A report on 107 
patients described procedural success in 74%, with a 9% rate of major 
adverse events (none lethal) in a high-risk cohort.322 Trials comparing 
the device with surgical repair are in progress. The device has received 
regulatory approval in Europe. Finally, both temporary and permanent 
mitral valve implantations have been attempted but are early in the 
experimental process.317

Although still experimental, percutaneous valve replacement and 
repair are exciting and offer a new dimension in catheter-based ther-
apy. Experience to date is limited compared with the years of work and 
thousands of patients with surgical intervention. Although initial out-
comes are encouraging,316,322 enthusiasm should still be tempered.323 
However, as this field expands, the role of the cardiac anesthesiologist 
in the catheterization laboratory for these complex procedures likely 
will expand (see Chapters 19 and 26).

OTHER CATHETER-BASED INTRACARDIAC 
PROCEDURES

 Alcohol Septal Ablation
Hypertrophic cardiomyopathy is a genetic disorder that can present 
with sudden cardiac death or symptoms of heart failure. A minority of 
patients will have asymmetric septal hypertrophy that leads to dynamic 
outflow tract obstruction and produces severe symptoms. When these 
patients are refractory to medical therapy, a surgical procedure for sep-
tal tissue removal, and often mitral valve repair or replacement, may be 
required. Since the mid-1990s, percutaneous methods have been stud-
ied to induce a controlled infarction and selectively ablate this over-
grown septal tissue324 (see Chapter 22).

Through a standard guiding catheter, a guidewire is placed in the 
large proximal septal perforator. A balloon catheter is placed over 
the wire, into the septal perforator, and inflated to occlude flow. 
The wire is removed and ethanol, 1 to 3 mL, is injected through 
the balloon into the septal perforator and left in place for 5 min-
utes. Temporary pacing is required in all patients, and a permanent 
pacemaker is required occasionally. When performed by experi-
enced operators, morbidity and mortality are limited, the gradient 
is reduced, and symptoms are improved.325,326 Controversy persists 
regarding the role of alcohol septal ablation compared with surgical 
septal myectomy, with the specific procedure selection best based on 
the individual patient.327,328

 Left Atrial Appendage Occlusion
AF is responsible for up to 20% of strokes. These strokes are caused by 
embolization of an atrial clot, most of which arise in the LA appendage. 
Warfarin therapy is effective for stroke prevention but is associated with 
morbidity and mortality, and many patients have contraindications 
to warfarin. The PLAATO system (Appriva Medical, Inc., Sunnyvale, 
CA) is a self-expanding nitinol cage, 5 to 32 mm in diameter, cov-
ered with an occlusive polytetrafluoroethylene membrane. Placed via 
the transseptal approach under TEE guidance, this device is designed 
to occlude the atrial appendage, as well as become incorporated into 

the appendage, preventing both clot formation and embolization. An 
observational study of 64 patients with permanent or paroxysmal AF 
who were at high risk for stroke reported one major complication from 
the implantation procedure.329 After up to 5 years of follow-up, the 
annualized stroke/TIA rate was 3.8%. The anticipated stroke/TIA rate 
(CHADS

2
 method) was 6.6%/year.

The WATCHMAN left atrial appendage system (Atritech Inc., 
Plymouth, MN) is a similar, covered, nitinol device implanted percuta-
neously to seal the appendage. The PROTECT AF trial (WATCHMAN 
Left Atrial Appendage System for Embolic PROTECTion in Patients 
with Atrial Fibrillation) randomized 707 patients with permanent, per-
sistent, or paroxysmal AF at high risk for a stroke to appendage occlu-
sion with the WATCHMAN device or warfarin therapy in a 2:1 ratio. 
The annual stroke rate was 2.3% in the device group and 3.2% in the 
warfarin group. Pericardial drainage was required in 5% of patients 
undergoing implantation, although no deaths occurred. Periprocedural 
stroke and device embolization occurred in 1.1% and 0.6% of patients, 
respectively.330 The WATCHMAN has received regulatory approval in 
Europe but is awaiting regulatory action in the United States. In the 
treatment of AF, individual patient decisions will need to be made by 
weighing the proven long-term benefits and risks of rate control with 
warfarin against those of invasive therapies like catheter ablation and 
left atrial appendage occlusion.

 Percutaneous Closure of Patent Foramen 
Ovale and Atrial Septal Defect
The Amplatzer device (AGA Medical Corp., Golden Valley, MN) 
is FDA approved and is preferred to surgical closure for isolated 
secundum defects. A newer device, the Helex septal occluder (Gore 
Medical, Flagstaff, AZ), is an alternative for some smaller defects.331 
Echocardiographic guidance is required, either transesophageal or 
intracardiac.54 Accordingly, general anesthesia is used frequently to 
permit prolonged transesophageal imaging. In appropriately selected 
patients, success rates are near 100%, and complications are rare (see 
Videos 4–6).

Two devices, the Amplatzer PFO Occluder (AGA Medical, Plymouth, 
MN) and the CardioSEAL (NMT Medical, Inc., Boston, MA), had been 
available under the Humanitarian Device Exemption in the United 
States for use in the patient with a PFO who had a recurrent stroke 
while receiving warfarin. The devices were withdrawn from the mar-
ket in 2006 for a variety of reasons, primarily the fact that their use 
had expanded outside of the approved indication without data to sup-
port such expanded use. Clinical trials are in progress to determine 
whether the devices are more effective than anticoagulation in prevent-
ing recurrent stroke after the first event (Figure 3-26). Improvement in 
migraine after PFO closure has been reported.332 Surgical closure has 
been relegated to the few patients whose anatomy precludes percutane-
ous closure333 (see Chapters 20 and 22).

Percutaneous Transmyocardial Laser 
Revascularization
Surgical transmyocardial laser revascularization was introduced in 
the late 1990s. This procedure produces a series of channels from 
the epicardium to the endocardium, either as a primary procedure 
or in conjunction with CABG, in patients with refractory angina and 
proved ischemia who cannot be revascularized by standard tech-
niques. Transmyocardial laser revascularization can improve angina 
in these patients, although the mechanism is not clear.334,335 In an 
attempt to avoid the risks of a thoracotomy, percutaneous transmyo-
cardial laser revascularization was developed to create these chan-
nels from the endocardial surface. A randomized clinical trial in 
141 patients with class III or IV angina was performed to determine 
whether this technique was more effective in decreasing ischemia 
than a sham procedure. Unfortunately, this study failed to show a 
benefit of percutaneous transmyocardial laser revascularization, and 
its future is uncertain.336
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THE CATHETERIZATION LABORATORY 
AND THE ANESTHESIOLOGIST
The objective of this chapter has been to provide a broad overview 
of the catheterization laboratory for the anesthesiologist. As success 
rates for coronary interventions have increased and complication rates 
have decreased, there have been fewer opportunities for the invasive/
interventional cardiologist and the anesthesiologist to interact in the 

catheterization suite. However, in the 21st century, the role of the anes-
thesiologist in the catheterization laboratory and the location of the 
invasive cardiac procedures are destined to change. Whether it is the 
anesthesiologist traveling to the catheterization laboratory for percuta-
neous valve insertion or the cardiologist “visiting” the hybrid OR suite 
for combined stent/surgical procedures, the invasive cardiologist and 
the anesthesiologist will likely be reunited in this ever-changing field 
of invasive cardiac care.

Figure 3-26 A, Deployment of a patent foramen ovale (PFO) closure device. B, PFO closure device.

A B
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Cardiac Electrophysiology: 
Diagnosis and Treatment

Cardiac rhythm disturbances are common and an important source 
of morbidity and mortality.1,2 Supraventricular tachycardias (SVTs) 
have an estimated incidence from 35 per 100,000 person-years for 
paroxysmal SVT to 5 to 587 per 100,000 person-years for atrial flutter 
for individuals age 50 years versus those older than 80 years, respec-
tively.3,4 But it is atrial fibrillation that has proved to be the most com-
mon sustained cardiac arrhythmia in the general population, affecting 
more than 2.3 million Americans.5 The prevalence of atrial fibrillation 
is strongly related to age, occurring in fewer than 1% of individuals 
younger than 55 years but in nearly 10% of those older than 80 years.5 
The occurrence of atrial fibrillation increases health resource utiliza-
tion, heightens the risk for stroke, and is associated with long-term 
mortality.6

There has been a major shift in the treatment of cardiac arrhythmias 
since the 1980s; this is due, in part, to advances made in catheter- and 
surgical-based ablations, as well as widely held views that pharmaco-
logic treatments have limited efficacy and, in some instances, may actu-
ally increase risk for mortality. These latter observations are mostly due 
to the negative inotropic and proarrhythmic effects of these drugs.7,8 
Data from prospective randomized trials showing improved survival 
for patients with implantable cardioverter-defibrillators (ICDs) com-
pared with those given antiarrhythmic drugs have further contributed 
to a shift to nonpharmacologic treatments.9

Given improvements made in the management of cardiac arrhyth-
mias, a greater breadth of therapeutic options are currently available, 
including surgical ablation and catheter-based ablation techniques using 
various types of energy sources. The underlying principle, however, 
remains the same: identification of the electrophysiologic mechanism 
of the arrhythmia followed by ablation of the involved myocardium 
with surgical incisions, cryothermy, or radiofrequency (RF) current. 
As these techniques become more complex and time-intensive, a grow-
ing need for anesthesia support has emerged. The fundamentals for 
the anesthetic care of patients undergoing these  procedures require 

KEY POINTS

 1. Cardiac arrhythmias are common and 
mechanistically occur as a result of an ectopic 
focus or the result of reentry.

 2. Surgical and catheter-based ablative therapies 
aim to abolish origins of arrhythmias by 
interposition of scar tissue along the reentrant 
pathway or by isolating an area of ectopy.

 3. Supraventricular arrhythmias can be 
hemodynamically unstable, especially when 
occurring in the setting of structural heart 
disease. In some cases, persistent tachycardia 
can lead to tachycardia-induced cardiomyopathy.

 4. Accessory pathways are now typically 
interrupted using percutaneous catheter-based 
techniques with high success rates and minimal 
complications.

 5. Atrioventricular (AV) nodal reentrant tachycardia 
is due to altered electrophysiologic properties 
of the anterior fast pathway and posterior slow 
pathway fibers, providing input to the AV node; 
interruption of involved pathway is curative.

 6. Atrial flutter typically involves a reentrant circuit 
that circles the tricuspid valve, crossing the 
myocardial isthmus between the inferior vena 
cava and the tricuspid valve; catheter ablation 
of this region can prevent the arrhythmia.

 7. Paroxysmal atrial fibrillation often is due to 
ectopy arising from the pulmonary veins; 
pulmonary vein isolation with catheter ablative 
energy is indicated in patients who have not 
responded positively to antiarrhythmic therapy 
and are either symptomatic or have evidence 
of structural heart disease that is thought 
secondary to atrial fibrillation.

 8. Catheter ablation of persistent or longstanding 
atrial fibrillation is less effective (as compared 
with paroxysmal atrial fibrillation). Although 
pulmonary vein isolation is still recommended, 
adjuvant ablation strategies also are used, 
including abatement of complex fractionated 
atrial electrograms and targeting areas of 
ganglionated plexuses.

 9. Surgical treatment for atrial fibrillation (“Maze 
procedure”) has been used with good success 
and has been modified to avoid the sinus 
node in an effort to minimize occurrences of 
chronotropic incompetence.

4

 10. In adults, most episodes of sudden 
cardiac death are the result of ventricular 
tachyarrhythmias secondary to ischemic 
and nonischemic cardiomyopathy. Other 
conditions associated with an increased risk 
for sudden death include infiltrative cardiac 
diseases (e.g., cardiac sarcoidosis, amyloidosis) 
and other genetically based abnormalities 
such as hypertrophic cardiomyopathy, 
long QT syndrome, Brugada syndrome, 
catecholaminergic polymorphic ventricular 
tachycardia (VT), and arrhythmogenic right 
ventricular dysplasia.

11. Substantial evidence supports cardioverter-
defibrillator implantation for primary and 
secondary prevention of sudden cardiac death.
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 familiarization with the anatomy of the normal cardiac conduction 
system, the electrophysiologic basis for common cardiac rhythm dis-
orders, and the approaches to their ablative treatment. This chapter 
discusses these basic principles, together with special anesthetic con-
siderations when unique to a particular form of treatment.

BASIC ELECTROPHYSIOLOGIC PRINCIPLES

Anatomy and Physiology of the Cardiac 
Pacemaker and Conduction Systems
Sinus Node
The sinoatrial node (SAN; Figure 4-1) is a spindle-shaped structure 
composed of highly specialized cells located in the right atrial sulcus 
terminalis, lateral to the junction of the superior vena cava (SVC) and 
the right atrium10,11 (see Box 4-1 for a summary of the anatomy of the 
cardiac pacemaker and conduction system). Three cell types have been 
identified in the SAN (nodal, transitional, and atrial muscle cells), but 
no single cell appears to be solely responsible for initiating the pace-
maker impulse. Rather, multiple cells in the SAN discharge synchro-
nously through complex interactions.12–14 Rather than a discrete and 
isolated structure, studies suggest that the SAN consists of three distinct 
regions, each responsive to a separate group of neural and circulatory 
stimuli.15 The interrelationship of these three regions appears to deter-
mine the ultimate rate of output of the SAN. Although the SAN is the 

site of primary impulse formation, subsidiary atrial pacemakers located 
throughout the right and left atria also can initiate cardiac impulses.16–18 
In a series of studies both in dogs and humans, it was confirmed that 
there is an extensive system of atrial pacemakers widely distributed in 
the right and left atria, as well as in the atrial septum.15,19–21 Because the 
atrial pacemaker system occupies a much larger area than the SAN, it 
can be severed during arrhythmia surgery, resulting in impaired rate 
responsiveness.10 However, it is extremely difficult to completely abolish 
SAN activity through catheter-based ablation techniques.

The arterial supply to the SAN (SAN artery) is provided from either 
the right coronary artery (RCA; in 60% of the population) or the left 
circumflex coronary artery (see Figure 4-1). The SAN is richly inner-
vated with postganglionic adrenergic and cholinergic nerve terminals. 
Vagal stimulation, by releasing acetylcholine, slows SA nodal automa-
ticity and prolongs intranodal conduction time, whereas adrenergic 
stimulation increases the discharge rate of the SAN.10

Internodal Conduction
For many years, there has been much controversy concerning the exis-
tence of specialized conduction pathways connecting the SAN to the 
atrioventricular (AV) node. Most electrophysiologists now agree that 
preferential conduction is unequivocally present, and that spread 
of activation from the SAN to the AV node follows distinct routes 
by necessity because of the peculiar geometry of the right atrium.10 
The orifices of the superior and inferior cavae, the fossa ovalis, and 
the ostium of the coronary sinus divide the right atrium into muscle 
bands, thus limiting the number of routes available for internodal con-
duction (see Figure 4-1). These routes, however, do not represent dis-
crete bundles of histologically specialized internodal tracts comparable 
with the ventricular bundle branches.22 It has been suggested that a 
parallel arrangement of myocardial cells in bundles, such as the crista 
terminalis and the limbus of the fossa ovalis, may account for prefer-
ential internodal conduction. Although electrical impulses travel more 
rapidly through these thick atrial muscle bundles, surgical transection 
will not block internodal conduction because alternate pathways of 
conduction through atrial muscle are available.23

Atrioventricular Junction and Intraventricular 
Conduction System
The AV junction (Figure 4-2) corresponds anatomically to a group 
of discrete specialized cells, morphologically distinct from working 
myocardium and divided into a transitional cell zone, compact por-
tion, and penetrating AV bundle (bundle of His).24 Based on animal 
experiments, the transitional zone appears to connect atrial myocar-
dium with the compact AV node.25 The compact portion of the AV 
node is located superficially, anterior to the ostium of the coronary 
sinus above the insertion of the septal leaflet of the tricuspid valve. The 
longitudinal segment of the compact AV node penetrates the central 
fibrous body and becomes the bundle of His. As the nodal-bundle axis 
descends into the ventricular musculature, it gradually becomes com-
pletely isolated by collagen and is no longer in contact with atrial fibers. 
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Figure 4-1 Drawing of the anatomy of the cardiac conduction sys-
tem including arterial blood supply. In 60% of patients the sinoatrial 
(S-A) nodal artery is a branch of the right coronary artery, whereas in the 
remainder it arises from the circumflex artery. The atrioventricular node 
(AVN) is supplied by a branch from the right coronary artery or pos-
terior descending artery. A-V, atrioventricular; IVC, inferior vena cava; 
LAD, left anterior descending coronary artery; LBB, left bundle branch; 
PD, posterior descending; PDA, posterior descending artery; RBB, right 
bundle branch; SAN, sinoatrial node; SVC, superior vena cava; TV, tri-
cuspid valve. (From Harthorne JW, Pohost GM: Electrical therapy of car-
diac arrhythmias. In Levine HJ [ed]: Clinical Cardiovascular Physiology. 
New York: Grune & Stratton, 1976, p 854.)

BOX 4-1. ANATOMY OF THE CARDIAC 
PACEMAKER AND CONDUCTION SYSTEM
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The AV  junction is contained within the triangle of Koch, an anatomi-
cally discrete region bounded by the tendon of Todaro, the tricuspid 
valve annulus, and the ostium of the coronary sinus (Figure 4-3). This 
triangle is avoided in all cardiac operative procedures to prevent sur-
gical damage to AV conduction. Individual variability in the specific 

anatomy of the AV nodal area is dependent on the degree of central 
fibrous body development.10

The branching of the nodal-bundle axis begins at the superior mar-
gin of the muscular interventricular septum. At this level, the bundle 
of His emits a broad band of fasciculi, forming the left bundle branch 
that extends downward as a continuous sheet into the left side of the 
septum beneath the noncoronary aortic cusp (see Figure 4-1). The left 
bundle divides into smaller anterior and broader posterior fascicles, 
although this is not a consistent anatomic delineation. The right bundle 
branch usually originates as the final continuation of the bundle of His, 
traveling subendocardially on the right side of the interventricular sep-
tum toward the apex of the right ventricle. The distal branches of the 
conduction system connect with an interweaving network of Purkinje 
fibers, expanding broadly on the endocardial surface of both ventricles. 
Blood supply to the AV node is mostly from the RCA (in 85% of the 
population) or from the left circumflex artery. The bundle of His is 
supplied by branches from the anterior and posterior descending coro-
nary arteries. Innervation to the SA and AV nodes is complex because 
of substantial overlapping of vagal and sympathetic nerve branches. 
Stimulation of the right cervical vagus nerve causes sinus bradycar-
dia, whereas stimulation of the left vagus produces prolongation of AV 
nodal conduction. Stimulation of the right stellate ganglion speeds SA 
nodal discharge rate, whereas stimulation of the left ganglion produces 
a shift in the pacemaker from the SAN to an ectopic site.26

Basic Arrhythmia Mechanisms
The mechanisms of cardiac arrhythmias are broadly classified as: 
(1) focal mechanisms that include automatic or triggered arrhythmias, 
or (2) reentrant arrhythmias (Box 4-2). Cells that display automatic-
ity lack a true resting membrane potential and, instead, undergo slow 
depolarization during diastole (Figures 4-4 and 4-5). Diastolic depo-
larization results in the transmembrane potential becoming more posi-
tive between successive action potentials until the threshold potential is 
reached, leading to cellular excitation. Cells possessing normal automa-
ticity can be found in the SAN, subsidiary atrial foci, AV node, and His-
Purkinje system.10,13,27–29 The property of slow diastolic depolarization 
is termed spontaneous diastolic, or phase 4 depolarization. Factors that 
may modify spontaneous diastolic depolarization are shown in Figure 
4-5 and include alterations in the maximum diastolic potential, thresh-
old potential, and rate or slope of diastolic depolarization. The net 
effect of these factors is to influence the rate (increased or decreased) at 
which the threshold potential is achieved, resulting in either an increase 
or a decrease in automaticity. The ionic mechanism of diastolic depo-
larization involves the “funny” current, which, in turn, may involve a 
decrease in net outward K+ movement and/or an increase in net inward 
Na+ movement.26,30–33 Pacemaker cells with the fastest rate of phase 4 
depolarization become dominant in initiating the cardiac impulse, with 
other automatic foci subject to overdrive suppression.
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Figure 4-2 Anatomic relation of the atrioventricular junction in 
relation to other cardiac structures. (From Harrison DC [ed]: Cardiac 
Arrhythmias: A Decade of Progress. Boston: GK Hall Medical Publishers, 
1981.)
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Figure 4-3 View of right atrial septum via a right atriotomy incision 
(superior is to the left). The triangle of Koch is an important anatomic 
area that includes the atrioventricular (AV) node and proximal portion of 
the bundle of His. This anatomic region is contained in the area between 
the tendon of Todaro, the tricuspid valve annulus, and a line connect-
ing the two at the level of the os of the coronary sinus. (From Cox JL, 
Holman WL, Cain ME: Cryosurgical treatment of atrioventricular node 
reentry tachycardia. Circulation 76:1331, 1987.)

BOX 4-2. ARRHYTHMIA MECHANISMS
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When cells that normally display automaticity (e.g., SAN, AV node, 
Purkinje fibers) change the rate of pacemaker firing, altered normal 
automaticity is said to occur. Although the ionic mechanisms resulting 
in altered normal automaticity are unchanged, other factors such as 
those seen in Figure 4-5 can contribute to an increase in automaticity. 
In contrast, automaticity resulting from abnormal ionic mechanisms, 
even if occurring in cells that are usually considered automatic (e.g., 
Purkinje fibers), is referred to as “abnormal automaticity.” Abnormal 
automaticity also may occur in cells in which automaticity is not nor-
mally observed (e.g., ventricular myocardium).

Arrhythmias arising from a “triggered” mechanism are initiated from 
cells that experience repetitive afterdepolarizations. Afterdepolarizations 
are oscillations in the transmembrane potential that occur either before 
(early afterdepolarizations) or after (delayed afterdepolarizations) mem-
brane repolarization. Different ionic mechanisms are responsible for 
each form of afterdepolarization, and if the oscillations in membrane 
potential reach the threshold potential, a triggered cardiac impulse can 
be generated.13 Triggered activity is often considered an abnormal form 
of automaticity. However, because triggered activity requires a prior 
cardiac impulse (in contrast with automaticity), this abnormal electro-
physiologic event cannot purely be considered a form of automaticity.

Reentry is a condition in which a cardiac impulse persists to re-
excite myocardium that is no longer refractory.10 Unidirectional block 
of impulse conduction is a necessary condition for reentry. This uni-
directional block may be in the form of differences in membrane 
refractoriness (dispersion of refractoriness) such that some areas of 
myocardium are unexcitable, whereas other areas allow impulse prop-
agation. On repolarization, previously refractory membranes will be 
available for depolarization if the initial impulse has found an alter-
nate route of propagation and returns to the prior site of conduction 
block. For reentry to occur, slowed conduction in the alternate path-
way must exceed the refractory period of cells at the site of unidirec-
tional block. Partial depolarization of fast-response fibers (depressed 
fast response) results in reduced Na+ channel availability with conse-
quent reduced rate of phase 0 of the action potential. This reduced 
rate of action potential upstroke of phase 0 can result in slowed con-
duction and contribute to the above conditions conducive to reentry. 
Arrhythmias produced by reentrant or triggered mechanisms, but not 
those secondary to increased automaticity, can be induced with pro-
grammed stimulation in the setting of a diagnostic electrophysiology 
study (EPS). Pacemaker-induced overdrive suppression is a character-
istic of arrhythmias produced by automaticity (see Chapter 25).

Diagnostic Evaluation
The history of symptoms often can provide clues in determining the 
cause of a patient’s palpitations. Abrupt onset and abrupt termination 
of regular palpitations, for example, are consistent with a paroxysmal 
SVT most often caused by atrioventricular nodal reentrant tachycar-
dia (AVNRT), atrioventricular reentrant tachycardia (AVRT) associ-
ated with an accessory AV bypass tract, or atrial tachycardia. Although 
a history of syncope does not definitively point toward a ventricular 
or supraventricular cause, its presence is helpful in determining how 
urgently this condition should be evaluated. Whether palpitations are 
regular or irregular is useful in differentiating atrial fibrillation as a 
cause of the symptoms. Precipitating events, number and duration of 
episodes, presence of dyspnea, fatigue, or other constitutional symp-
toms should be sought from the history (Box 4-3).

A 12-lead electrocardiogram (ECG) should be obtained dur-
ing tachycardia whenever possible and compared with baseline sinus 
rhythm ECGs. It also is helpful to run a rhythm strip during periods of 
intervention such as carotid sinus massage or adenosine administration. 
Patients with a history of pre-excitation presenting with an arrhythmia 
should be evaluated immediately because atrial fibrillation in the pres-
ence of an accessory pathway can lead to sudden death. For all patients 
undergoing evaluation of an arrhythmia, an echocardiogram is essen-
tial to evaluate for cardiac structural abnormalities and ventricular 
function. The latter is particularly germane for patients with  persistent 
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Figure 4-4 Graph depicting the cardiac cellular action potential from 
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fiber similar to that found in the sinoatrial node lacks the rapid upstroke 
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Figure 4-5 Transmembrane potential from sinus node. A, A decrease 
in the slope of phase 4 or diastolic depolarization (from a to b) will 
increase the time to reach threshold potential (TP), thus slowing the heart 
rate. B, Heart rate slowing occurs by changing from TP-1 to TP-2, such 
that a longer interval is needed to reach TP (b to c). Increasing maximum 
diastolic potential (a to d) will also slow heart rate by increasing the time 
to reach TP (b to c). (From Atlee JL III: Perioperative Cardiac Arrhythmias: 
Mechanisms, Recognition, Management, 2nd edition. Chicago: Year 
Book Medical Publishers, 1990, p 36.)



78 SECTION I Preoperative Assessment and Management

 tachycardia because this can lead to tachycardia-associated cardiomy-
opathy.34 Twenty-four-hour Holter monitoring of patient-triggered 
events also may be useful in some patients with frequent but transient 
symptoms. Other evaluations such as exercise or pharmacologic stress 
testing also have been used to elicit episodes of tachycardia or determine 
how robust pre- excitation is present with increasing heart rates.

The ultimate diagnosis of the underlying mechanisms of the 
arrhythmia may require invasive electrophysiologic testing. These 
studies involve percutaneous introduction of catheters capable of elec-
trical stimulation and recording of electrograms from various intra-
cardiac sites. Initial recording sites often include the high right atrium, 
bundle of His, coronary sinus, and the right ventricle10,35 (Figures 4-6 and 

4-7). The sequence of cardiac activation can be discerned from these 
recordings together with the surface ECG. This is illustrated in Figure 
4-8 from a patient undergoing evaluation for an accessory AV con-
duction pathway. The sequence of the activation is observed by not-
ing the timing of depolarization recorded by the respective electrodes 
positioned fluoroscopically at various anatomic sites. An example of 
a recording obtained during diagnostic evaluation of a patient with a 
ventricular arrhythmia is shown in Figure 4-9.

The catheters are most often introduced via the femoral vessels 
under local anesthesia. Systemic heparinization is required, particu-
larly when catheters are introduced into the left atrium or left ventricle. 
The most common complications from electrophysiologic testing are 
those associated with vascular catheterization.10,36 Other complications 
include hypotension (in 1% of patients), hemorrhage, deep venous 
thrombosis (in 0.4% of patients), embolic phenomena (0.4%), infec-
tion (0.2%), and cardiac perforation (0.1%).10,37 Proper application of 
adhesive cardioversion electrodes before the procedure facilitates rapid 
cardioversion/defibrillation in the event of persistent or hemodynami-
cally unstable tachyarrhythmia resulting from stimulation protocols.

The principles of intraoperative electrophysiologic mapping are 
similar to those used in the cardiac catheterization suite. These proce-
dures have evolved from early single-point epicardial mapping systems 
with a handheld electrode to sophisticated multichannel computer-
ized systems. The latter are capable of acquiring and storing multiple 
epicardial, intramural, and endocardial electrograms from a single 
depolarization. Multichannel, computerized mapping allows for rapid 
identification of arrhythmia pathways (e.g., accessory pathways) before 
initiation of cardiopulmonary bypass (CPB), reducing the need for 
excessive cardiac manipulations necessary with a handheld electrode, 
thus promoting stable conduction.
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Figure 4-6 Electrograms from leads placed in various cardiac locations 
in reference to the surface electrocardiogram (ECG). Note rapid upstroke 
of action potential (phase 0) in fast-response fibers compared with slower 
upstroke of slow-response fibers. Sequences of action potentials from vari-
ous cardiac tissues are presented in relation to surface ECG and bundle of 
His electrogram. AT, atrium; AVN, atrioventricular node; HBE, His-bundle 
region; PF, Purkinje fiber; SAN, sinoatrial node; VENT, ventricle. (From 
Atlee JL III: Perioperative Cardiac Arrhythmias: Mechanisms, Recognition, 
Management, 2nd ed. Chicago: Year Book Medical Publishers, 1990, p 27.)
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Figure 4-7 Electrophysiologic study in patient with Wolff–Parkinson–
White syndrome is schematically depicted. Catheter with multiple 
recording/pacing electrodes is positioned in the high right atrium, coro-
nary sinus, bundle of His region, and right ventricular apex. Right ante-
rior oblique (RAO) projections differentiate anterior from posterior sites. 
Left anterior oblique (LAO) projections differentiate septal from lateral 
sites. Numbered zones in the LAO projection regionalize electrode posi-
tions in the coronary sinus (4, posterolateral; 3, posterior; 2,  posterior; 1, 
posteroseptal). (From Cain ME, Cox JL: Surgical treatment of supraven-
tricular tachyarrhythmias. In Platia EV [ed]: Management of Cardiac 
Arrhythmias: The Nonpharmacologic Approach. Philadelphia: JB 
Lippincott, 1987, p 307.)

BOX 4-3. DIAGNOSTIC EVALUATION OF 
ARRHYTHMIAS
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Figure 4-8 Surface electrocardiogram (ECG; leads I, aVF, and V1) and electrograms at various intracardiac sites during sinus rhythm, pacing from 
the right atrium (RA), after an atrial premature depolarization (APD), and during antidromic and orthodromic supraventricular tachycardia (SVT). The 
left free wall accessory pathway is identified by noting the earliest onset of ventricular depolarization at the distal coronary sinus catheter (DCS) in 
relation to the delta wave on the surface ECG (solid vertical line). This is followed closely by activation in the mid (MCS) and proximal coronary sinus 
(PCS) sites. Other catheter locations are the high right atrium (HRA), His-bundle region (HBE), and right ventricular apex (RVA). Conduction is followed 
during supraventricular tachycardia by noting the pattern of cardiac activation from the right atrium (solid vertical line) to the ventricles. NSR, normal 
sinus rhythm. (From Cain ME, Cox JL: Surgical treatment of supraventricular tachyarrhythmias. In Platia EV [ed]: Management of Cardiac Arrhythmias. 
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Principles of Electrophysiologic 
Treatment
The paradigm for ablative treatment of cardiac arrhythmias evolved 
from the surgical treatment of Wolff–Parkinson–White (WPW) 
syndrome and then ventricular tachycardia (VT) developed by 
Sealy, Boineau, and colleagues.38–40 The fundamental paradigm for 
this approach is precise localization of the  electrophysiologic sub-
strate for the arrhythmia and then ablating the pathway. In the case 
of WPW syndrome, the accessory pathway is identified with intra-
operative electrophysiologic mapping that initially used handheld 
electrodes.10,41 Development of multichannel computer-based map-
ping systems allowed for the identification of both the mechanisms 
for many arrhythmias, including VT, and their termination by 
interruption of the underlying substrate. Experience and insights 
into arrhythmia mechanisms led to the development of catheter-
based methods now routinely used for a variety of supraventricular 
and ventricular arrhythmias. General indications for ablative treat-
ments include drug-resistant arrhythmias, drug intolerance, severe 
symptoms, and desire to avoid lifelong drug treatments (Box 4-4).

Manipulation of catheter electrodes in the heart for precise 
 mapping and treatment of arrhythmias can be laborious and time 
consuming. Newer catheters, as well as robotically and magneti-
cally driven navigational systems, have been developed to facilitate 
this process and improve both catheter positioning and stability. 
With these navigational systems, the catheter tip is localized with 
three-dimensional  fluoroscopy and/or advanced three- dimensional 
mapping applications and precisely moved to the myocardial 
area of interest using either a robotic arm or a magnetic field42 
(Figure 4-10).

Given the two predominant mechanisms of arrhythmias, surgical 
and catheter-based treatments often focus on either identifying the 
site of earliest electrical activity (in the case of focal automatic or trig-
gered arrhythmias) or identifying the critical “isthmus” responsible 
for perpetuating reentrant arrhythmias. Ablation of atrial fibrilla-
tion, however, deviates from this traditional paradigm and focuses 
on isolating the critical anatomic substrate (often the pulmonary 
veins) responsible for both its initiation and its perpetuation. But as 
a general rule, the aim of electrophysiologic treatments is to inter-
pose scar tissue within the conduction pathway of the arrhythmia. 
This is accomplished with a properly placed surgical incision or by 
inducing myocardial injury by application of an energy source from 
a precisely placed catheter. Various energy sources have been used 
including laser energy, microwave energy, RF, and cryoablation. The 
most common energy source is RF energy that destroys myocardium 
by resistive heating. Success is determined by the volume and depth of 
tissue injured by RF and is a function of how much power is delivered 
during energy application. This, in turn, is affected by both the cath-
eter tip size and the amount of convective cooling that occurs during 
energy delivery. Measurement of tissue impedance during application 
of bipolar RF energy ensures that transmural injury occurs. Because 
transmural scarring may not occur depending on the thickness of the 
tissue, measurement of conduction across the lesion is recommended. 
Failure to conduct an applied electrical stimulus indicates pathway 
interruption.

SPECIFIC ARRHYTHMIAS

Supraventricular Tachyarrhythmias
Supraventricular arrhythmias are defined as cardiac rhythms with a 
heart rate greater than 100 beats/min originating above the division 
of the common bundle of His. These arrhythmias are often seen as 
a  narrow-complex tachycardia and, in some cases, can be hemody-
namically unstable in the presence of structural heart disease. Further, 
persistent tachycardias for weeks to months may lead to tachycardia-
associated cardiomyopathy and to disabling symptoms.34 The dif-
ferential diagnosis of SVTs includes atrioventricular reciprocating 
tachycardia (AVRT), AVNRT, atrial tachycardia, inappropriate sinus 
tachycardia or sinus node reentry, atrial flutter, and atrial fibrillation. 
Antiarrhythmic medications traditionally have been used with mixed 
success. Hence surgical and catheter-based procedures have been devel-
oped for the management of these arrhythmias.

Atrioventricular Reciprocating 
Tachycardia
Accessory pathways are abnormal strands of myocardium connecting 
the atria and ventricles across the AV groove, providing alternate routes 
for conduction that bypass the AV node and bundle of His (Box 4-5). 
Various classifications are used to describe accessory pathways and are 
based on their location (e.g., tricuspid, mitral), whether they are man-
ifest or concealed on a surface ECG, and the  conduction  properties 
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Figure 4-10 Stereotaxis magnetic catheter navigation system. A, 
The Stereotaxis system consists of two permanent magnetic arrays posi-
tioned on either side of a standard fluoroscopy table and digital fluo-
roscopy together with a computer control system. The magnetic arrays 
project a composite magnetic field of 0.08 T in the region of a patient’s 
heart to control the position of a magnetic catheter. B, A 7-French mag-
netic catheter that is used with the Stereotaxis system is shown. The 
catheter has two distal electrodes for endocardial pacing, recording, 
and radiofrequency ablation. An internal permanent magnet allows 
the catheter to interact with the prevailing magnetic field for motion 
control.

BOX 4-4. ELECTROPHYSIOLOGIC ABLATIVE 
TREATMENT INDICATIONS
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exhibited by the pathway (e.g., antegrade, retrograde, decremental, 
nondecremental).42 Decremental conduction along any myocardial tis-
sue refers to the concept that conduction through that tissue is slower 
as the frequency of impulses reaching it increases. Accessory path-
ways are more often nondecremental, meaning that regardless of how 
quickly impulses reach the pathway, the conduction velocity across the 
pathway remains the same. Concealed pathways refer to the situation 
in which the accessory pathway only exhibits retrograde conduction; 
thus, there is no conduction from the atrium to the ventricles through 
the pathway, thereby showing no evidence of ventricular pre-excita-
tion. This is in contrast with manifest pathways displaying antegrade 
conduction from the atrium to the ventricles. Because electrical signals 
can enter the ventricles both from the AV node and the accessory path-
way, ventricular pre-excitation will be “manifest” on the surface ECG 
as delta waves. Manifest pathways typically conduct in both antegrade 
and retrograde directions. The presence of a manifest pathway allows 
for the ventricle to be depolarized or “pre-excited” before that occur-
ring via the normal route of conduction through the AV node (Figures 
4-11 and 4-12). During pre-excitation, an activation wavefront propa-
gates simultaneously to the ventricles across the bundle of His and the 
accessory pathway. Because anterograde conduction is delayed at the 
AV node but not the accessory pathway, the impulse passing through 
the accessory pathway initiates ventricular depolarization before the 

impulse traveling via the normal AV conduction system. The ventricle 
is thus pre-excited, resulting in a delta wave preceding the QRS com-
plex (see Figure 4-11). These ECG findings (short PR interval and 
delta wave) were noted by Wolff, Parkinson, and White in the 1930s 
in association with SVT.44 WPW syndrome describes the condition 
of pre- excitation when accompanied by tachyarrhythmias caused by 
reentry via the accessory pathway. Not all individuals with the clas-
sic WPW ECG findings experience tachyarrhythmias. In fact, it is esti-
mated that about 30% of individuals with WPW ECG findings exhibit 
 tachyarrhythmias. Individuals with WPW ECG findings but without 
tachyarrhythmias are said to have the WPW signature. AVRT occurs 
in the absence of the WPW syndrome when the pathway is concealed, 
and not all tachyarrhythmias in patients with WPW result from the 
AVRT mechanism.

By noting polarity of the delta wave (QRS axis) and precordial R-wave 
progression, the resting 12-lead ECG can provide clues about the loca-
tion of the accessory pathway in either the left lateral, left posterior, 
posterior septal, right free wall, or anterior septal regions45 (Table 4-1). 
Precise localization, though, is dependent on EPS. Additional infor-
mation provided by such investigation includes documentation of the 
mechanism for the arrhythmia (AV vs. other mechanism) and the con-
duction properties of the accessory pathways. The atrial and ventricu-
lar insertion sites of the accessory pathway are identified by observing 
ventricular activation patterns during sinus rhythm and during atrial 
pacing (see Figure 4-11). In the presence of an accessory pathway, the 
interval between the deflection denoting activation of the bundle of 
His and the earliest ventricular activation (delta wave) is less than the 
H-V interval. The area with the shortest delta-to-V interval localizes 
the accessory pathway’s ventricular insertion. More than one acces-
sory pathway may be present, which is suggested by observing differ-
ent delta-wave morphology with increasing atrial pacing rates or with 
introduced atrial premature beats (see Figure 4-12). Observing atrial 
activation patterns during ventricular pacing, after a ventricular pre-
mature beat or during induced orthodromic SVT, can identify the loca-
tion of the atrial insertion sites.

AVRT can occur in one of two fashions: orthodromic reciprocating 
tachycardia (ORT) and antidromic reciprocating tachycardia (ART)46–48  
(Figure 4-13). ORT is by far the most common type and involves ante-
grade conduction via the normal AV nodal conduction system and 
retrograde conduction via the accessory pathway. ART, in contrast, 
involves antegrade conduction down the accessory pathway and retro-
grade conduction via the AV node. As suggested by these mechanisms, 
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Figure 4-11 The presence of two accessory pathways is shown during pacing. The site of earliest ventricular activation is noted with the distal coro-
nary sinus (DCS) electrode, indicating left free-wall accessory pathway. The second paced beat shows the site of earliest ventricular activation from 
the proximal coronary sinus (PCS) electrode, indicating posterior septal accessory pathway. After the third paced beat, neither site is activated due 
to anterograde conduction block. In this instance, conduction follows the normal AV-His bundle and bundle-branch pathways. Surface electrocardio-
gram leads and intracardiac electrograms are organized as in Figure 4-8. HBE, His-bundle region; HRA, high right atrium; MCA, mid-coronary sinus; 
RVA, right ventricular apex. (From Cain ME, Cox JL: Surgical treatment of supraventricular tachyarrhythmias. In Platia EV [ed]: Management of Cardiac 
Arrhythmias. Philadelphia: JB Lippincott, 1987, p 312.)

BOX 4-5. ATRIOVENTRICULAR RECIPROCATING 
TACHYCARDIA ACCESSORY PATHWAY 
CHARACTERISTICS



82 SECTION I Preoperative Assessment and Management

ORT appears as a narrow-complex tachycardia, whereas ART appears as 
a wide-complex tachycardia that at times can be difficult to distinguish 
from VT. Importantly, atrial fibrillation occurring in patients with a 
pathway capable of conducting in an antegrade fashion run the risk 
for rapid conduction to the ventricles and development of ventricular 
fibrillation and sudden death. The potential for sudden death caused 

by atrial fibrillation in patients with WPW provides an  argument for 
aggressive ablative treatment when the procedure can be performed in 
centers with low periprocedural morbidity.

Catheter-Based Therapy for Accessory 
Pathways
Percutaneous catheter ablation of accessory pathways has largely sup-
planted the surgical approach to treatment. RF ablation is typically 
performed during EPS once the accessory pathway has been localized. 
Transseptal or retrograde aortic catheter approaches are used to ablate 
left-sided accessory pathways, and right-heart catheterization via a 
venous approach is used to ablate right-sided pathways. Success rates 
of 95% have been reported using these methods.43,49–51 Recurrence rates 
after successful catheter ablation of an accessory pathway are gener-
ally less than 5% and are a function of pathway location, as well as 
stability of the catheter during energy delivery. Overall, reported com-
plications are low and include those related to vascular access such as 
hematoma and AV fistula. Other complications are related to catheter 
manipulations of the left- and right-sided circulation such as valvu-
lar or cardiac damage from the catheter, systemic and cerebral embo-
lization caused by catheter manipulation in the aorta, coronary sinus 
damage, coronary thrombosis and dissection, cardiac perforation, and 
cardiac tamponade. Complete AV block, cardiac perforation, and cor-
onary spasm caused by RF also may occur. A 1995 survey involving 
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Figure 4-12 Atrial activation recordings from three different patients 
during orthodromic tachycardia via accessory pathways at distinct loca-
tions. Using the solid vertical line as a reference for the QRS complex 
from the surface electrocardiogram (ECG), the first example demon-
strates the earliest atrial activation at the distal coronary sinus (DCS) 
site, indicating a left free-wall accessory pathway. The posterior septal 
accessory pathway is indicated by earliest activation of the electrode 
located in the proximal coronary sinus (PCS). In the last example, atrial 
activation at the high right atrium (HRA) and bundle of His area (HBE) 
occurs before all the coronary sinus recording sites, indicative of a right 
free-wall accessory pathway. Surface ECG leads and intracardiac elec-
trograms are organized as in Figure 4-8. MCA, mid-coronary sinus; 
RVA, right ventricular apex. (From Cain ME, Cox JL: Surgical treatment 
of supraventricular tachyarrhythmias. In Platia EV [ed]: Management of 
Cardiac Arrhythmias. Philadelphia: JB Lippincott, 1987, p 313.)
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Figure 4-13 Schematic representation of conduction through an 
accessory pathway (AP) and the normal conduction system (AVN HB) 
during sinus rhythm, orthodromic supraventricular tachycardia (SVT), 
antidromic SVT, and atrial fibrillation. (From Lindsay BD, Branyas NA, 
Cain ME: The preexcitation syndrome. In El-Sherif N, Samet P [eds]: 
Cardiac Pacing and Electrophysiology, 3rd ed. Orlando, FL: Grune & 
Stratton, 1990.)

Electrocardiogram Patterns Common with Different 
Anatomic Locations of Accessory Pathways

Region Negative Delta Wave QRS Frontal Axis R > S

Left lateral free wall I and/or aVL Normal V
1
 to V

3

Left posterior free 
wall

III and aVF −75 to +75 V
1

Posterior septal III and aVF 0 to −90 V
2
 to V

4

Right free wall aVR Normal V
3
 to V

5

Anterior septal V
1
 and V

2
Normal V

3
 to V

5

TABLE  
4-1

R > S refers to progression of the R wave in the precordial electrocardiogram leads.
Adapted from Lindsay BD, Crossen KL, Cain ME: Concordance of distinguishing 

electrocardiographic features during sinus rhythm with the location of accessory 
pathways in the Wolff-Parkinson-White syndrome. Am J Cardiol 59:1093, 1987.
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5427 patients reported serious complications from catheter ablation 
of accessory pathways in 1.8% of patients and procedure-related mor-
tality in 0.08%.43,49 Complete AV block is more common with ablation 
of accessory pathways close to the bundle of His. Procedural success 
with catheter ablation methods is reported to be 87% to 99%.43,50,51 In 
a randomized study comparing ablation with drug treatment, quality 
of life, symptom scores, and exercise performance were improved with 
successful RF ablation.52

Atrioventricular Nodal Reentrant 
Tachycardia
AVNRT is due to altered electrophysiologic properties of the anterior 
fast pathway and posterior slow pathway fibers providing input to the 
AV node.10,43,51 In the past, the only treatment for recurrent SVT caused 
by AVNRT was total ablation of the His bundle and permanent pace-
maker insertion. Surgical techniques developed in the 1980s provided 
an alternate treatment that was associated with high procedural suc-
cess, acceptable morbidity, and preservation of AV conduction.53–56 
Fundamentals developed with this surgical approach and increased 
understanding of the physiologic basis of AVNRT led to the devel-
opment of percutaneous catheter-based treatments. Interruption of 
either the slow or fast pathway with RF ablation can eliminate AVNRT, 
with greater success rates reported for ablation of the slow pathway 
(slow-pathway ablation [68% to 100%] vs. fast-pathway ablation [46% 
to 94%]).43,57–60 Complication rates are lower with slow-pathway RF 
ablation and include AV block requiring pacemaker insertion (1%)43 
(Box 4-6).

Catheter-Based Therapy for Atrioventricular Nodal 
Reentrant Tachycardia
Historically, fast-pathway ablation is performed by positioning the 
catheter adjacent to the AV node–His bundle anterosuperior to the tri-
cuspid valve annulus. The catheter is withdrawn until the atrial electro-
gram is larger than the ventricular electrogram and the His recording 
small or absent. The ECG is closely monitored as RF energy is applied 
for PR prolongation/heart block. The energy is delivered until there 
is PR prolongation or the retrograde fast-pathway conduction is 
eliminated. Noninducibility of AVNRT then is confirmed. Given the 
increased incidence of complete heart block with fast-pathway abla-
tion, most electrophysiologists have adopted ablation of the slow 
pathway as a safer alternative. Slow-pathway ablation is performed by 
identifying the pathway along the posteromedial tricuspid annulus 
near the coronary sinus. One approach using fluoroscopy is to divide 
the level of the coronary sinus os and His bundle recordings into six 
anatomic regions61 (Figure 4-14). Lesions then are placed beginning 
with the most posterior region moving anteriorly. Rather than the ana-
tomic approach, the slow pathway can be mapped and then ablated by 
performing ventricular pacing. The end point of slow-pathway abla-
tion is elimination of induced AVNRT.43,57–60 The development of junc-
tional ectopy during RF ablation of the slow pathway is associated with 
successful slow-pathway ablation.10

Focal Atrial Tachycardia
Focal atrial tachycardia accounts for less than 15% of patients under-
going evaluation for SVT.62 The arrhythmia is due to atrial activation 
from a discrete atrial area, resulting in heart rates between 100 and 
250 beats/min.63 Although the 12-lead ECG might provide clues to 
the origin of the tachycardia based on P-wave axis, localization of the 
site of atrial tachycardia is made by electrophysiologic investigations 
and tends to “cluster” in certain anatomic zones.43 Right-sided tachy-
cardias typically originate along the crista terminalis from the SAN 
to the AV node and left-sided ones from the pulmonary veins, atrial 
 septum, or mitral valve annulus.63,64 The mechanisms for atrial tachy-
cardia include abnormal automaticity, triggered activity, or micro-
reentry. Characteristics of the arrhythmia might provide clues to the 
underlying mechanisms. Abrupt onset and offset suggest a reentrant 
 mechanism, whereas a gradual onset (“warm-up”) and offset (“cool-
down”) pattern suggests automaticity (Box 4-7).
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Figure 4-14 Schematic representation of sites for 
atrioventricular (AV) nodal modification in relation to 
other anatomic structures. The posterior location is 
usually first targeted for ablation of the slow- pathway 
with subsequent ablative lesions placed more anteri-
orly depending on the response. CS, coronary sinus; 
MV, mitral valve; TV, tricuspid valve. (From Akhtar M, 
Jazayeri MR, Sra JS, et al: Atrioventricular nodal 
reentry: Clinical, electrophysiologic, and  therapeutic 
considerations. Circulation 88:282, 1993.)

BOX 4-6. ATRIOVENTRICULAR NODAL 
REENTRANT TACHYCARDIA
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Catheter-Based Therapy for Focal Atrial Tachycardia
Because of the discrete localized area involved in generating atrial tachy-
cardia, the approach to catheter ablation is the same regardless of the 
mechanisms for the arrhythmia. The site of tachycardia onset is iden-
tified with electrophysiologic mapping and then isolated from the 
remaining atrium by application of RF current. Success of this approach 
is reported to be 86%, and recurrence rates, 8%.43,64–68 Complications 
reported in these series occur in 1% to 2% of cases and include rare myo-
cardial perforation, phrenic nerve injury, and sinus node dysfunction.69

Inappropriate Sinus Tachycardia
Sinus tachycardia is deemed inappropriate when it occurs in the absence 
of physiologic stressors (e.g., increased body temperature, hypovolemia, 
anemia, hyperthyroidism, anxiety, postural changes, drugs), indicating 
failure of normal mechanisms controlling sinus rate. Proposed mecha-
nisms are enhanced sinus node automaticity or abnormal autonomic 
regulation, or both. Clinically, this entity is seen most often in female 
health-care providers. The diagnosis is made based on nonparoxysmal, 
persistent resting sinus tachycardia and excessive increases in response 
to normal physiologic stressors and nocturnal normalization of the rate 
based on Holter monitoring.51 The P-wave morphology and endocar-
dial activation are consistent with a sinus origin and secondary causes 
have been excluded. Catheter-based or surgical treatments are consid-
ered for a minority of patients not responding to -blockers and when 
symptoms are truly disabling. The aim of this treatment is RF ablative 
modification of the sinus node to promote dominance of slower depo-
larizing sinus nodal tissues. An esophageal electrode is placed and con-
nected to the operating room ECG monitor to guide treatment. The end 
point of application of RF energy is change in the P-wave morphology. 
Reported complications include need for permanent pacemaker, SVC 
syndrome, phrenic nerve injury, and pericarditis.43,70 Acute and long-
term reported success rates are 76% and 66%, respectively.43,70

Sinus Node Reentrant Tachycardia
Reentrant pathways involving the sinus node may lead to paroxys-
mal tachycardia, in contrast with the nonparoxysmal inappropriate 
sinus tachycardia.71 The P-wave morphology is similar to that occur-
ring during sinus rhythm. Similar to other reentrant tachycardias, the 
arrhythmia is usually triggered by a premature atrial beat. Endocardial 
activation sequence during EPS is in the high right atrium and is simi-
lar to sinus rhythm. The arrhythmia can be initiated with a prema-
ture pace beat and is terminated by vagal maneuvers or adenosine.43 
Clinically, the arrhythmia also is responsive to -blockers, nonhydro-
pyridine calcium channel antagonists, and amiodarone. RF ablation of 
the identified reentrant pathway can be used for frequently occurring 
tachycardia episodes not responsive to other treatments.72

Atrial Flutter
Atrial flutter usually presents with acute onset of symptoms (e.g., pal-
pitations, shortness of breath, fatigue) accompanied by tachycardia 
and typical “flutter” waves on the ECG (Box 4-8). Fixed 2:1 conduction 
is usually present with flutter rate of 300 beats/min and ventricular rate 
of 150 beats/min. When AV conduction is fixed, the heart rate is regu-
lar, but varying AV conduction results in an irregular rhythm. Rapid 
AV conduction can occur with exercise, in patients with accessory 

pathways, and, paradoxically, after administration of class 1C antiar-
rhythmic drugs.43 This results from the antiarrhythmic drugs slowing 
the atrial flutter rate, thus allowing the AV node to support more rapid 
conduction to the ventricles. This maneuver requires coadministration 
of drugs with AV conduction-slowing properties (e.g., -blockers).

Atrial flutter is due to reentry that is referred to as “macroreentry” 
because the anatomic circuit is large. “Typical” atrial flutter occupies 
a circuit that circles the tricuspid valve, crossing the myocardial isth-
mus between the inferior vena cava (IVC) and the tricuspid valve43,62 
(Figure 4-15). Counterclockwise rotation through the cava-tricuspid 
region is usually observed, although other patterns such as clock-
wise rotation, double waves, and “lower-loop” reentry (i.e., reentry 
around the IVC) might be observed.43,73,74 Polarity of the flutter waves 
on the 12-lead ECG provides insight into the pattern of atrial flutter. 
Counterclockwise rotation is associated with negative flutter waves in 
the inferior leads and positive flutter waves in V

1
, whereas the opposite 

is observed with clockwise rotation.43

The anatomic location of this macroreentrant pathway is amena-
ble to catheter ablation and cure of atrial flutter by creating a linear 
conduction block across the tricuspid-IVC isthmus. Testing for bidi-
rectional conduction block through the cavo-tricuspid region after 
application of RF energy enhances success.75,76

Atrial flutter and atrial fibrillation may coexist, complicating success 
with catheter ablation methods. Procedural success with pure atrial flut-
ter is reported in 80% to 100% of cases, with recurrence occurring in 
16% of patients.77–81 In a prospective, randomized trial, catheter abla-
tion resulted in sinus rhythm in 80% of patients, compared with 36% 
of patients treated with antiarrhythmic drugs (mean follow-up, 21 
months).81 Fewer hospitalizations and higher scores on quality-of-life 
surveys are reported after catheter ablation compared with drug treat-
ment. In the absence of atrial fibrillation, subsequent RF ablation proce-
dures may result in successful elimination of atrial flutter. Even when not 
present during initial treatment, atrial fibrillation may develop after suc-
cessful catheter ablation for atrial flutter in 8% to 12% of patients.43,79

Atrial scar tissue from prior cardiac surgery (e.g., congenital heart 
surgery, mitral valve surgery, Maze procedure) may provide an area for 
reentry leading to atrial flutter.64,82–85 Reentrant circuits involving the 
cavo-tricuspid area may coexist, leading to complicated, multiple reen-
try pathways.43,85 Characterization of the reentry circuit with electro-
physiologic mapping studies may allow for successful RF ablation in 
these circumstances.

Anesthetic Considerations for 
Supraventricular Arrhythmia Surgery/
Ablation Procedures
The approach to the care of patients undergoing percutaneous thera-
pies for supraventricular arrhythmias involves similar basic principles 
(Box 4-9). Patients with WPW are usually young and free of other car-
diac disease, although the syndrome can be accompanied by Ebstein’s 
anomaly in up to 10% of cases.41,86 Anesthesiologists must be famil-
iar with preoperative EPS results and the characteristics of associ-
ated supraventricular arrhythmias (rate, associated hemodynamic 
disturbances, syncope, etc.), including treatments. Tachyarrhythmias 
might recur at any time during surgical and percutaneous treatments. 
Transcutaneous cardioversion/defibrillation adhesive pads are placed 
before anesthesia induction and connected to a defibrillator/cardio-
verter. The development of periprocedural tachyarrhythmias is unre-
lated to any single anesthetic or adjuvant drug.

BOX 4-7. FOCAL ATRIAL TACHYCARDIA BOX 4-8. ATRIAL FLUTTER
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Treatment of hemodynamically tolerated tachyarrhythmias is 
aimed at slowing conduction across the accessory pathway as opposed 
to the AV node. Therapy directed at slowing conduction across the 
AV node (e.g., -adrenergic–blocking drugs, verapamil, digoxin) 
may enhance conduction across accessory pathways and should be 
used only if proved safe by prior EPS. Drugs that are recommended 
include amiodarone and procainamide. A consideration is that anti-
arrhythmic drugs may interfere with electrophysiologic mapping. 
Hemodynamically significant tachyarrhythmias developing before 
mapping are usually treated with cardioversion.

Accessory pathway ablation is typically performed under con-
scious sedation, with general anesthesia reserved for selected patients 
such as those unable to tolerate the supine position. There is consid-
erable experience with anesthetizing patients with WPW for surgical 
ablation when this treatment approach was prevalent. The effects of 
anesthetics on accessory pathway conduction have been investigated 
mostly to evaluate whether these agents might interfere with electro-
physiologic mapping. Droperidol has been demonstrated to depress 
accessory pathway conduction, but the clinical significance of small 
antiemetic doses is likely minimal.87,88 Opioids and barbiturates have 
no proven electrophysiologic effect on accessory pathways and have 

been shown to be safe in patients with WPW syndrome.89–92 Normal AV 
 conduction is depressed by halothane, isoflurane, and enflurane, and 
preliminary evidence suggests that these volatile anesthetics also may  
depress accessory pathway conduction.92,93 Although muscle relaxants 
with anticholinergic effects (e.g., pancuronium) have been used safely 
in patients with WPW, drugs lacking autonomic side effects are most 
often chosen.94

The major goal of the management of patients undergoing supraven-
tricular ablative procedures is to avoid sympathetic stimulation and the 
development of tachyarrhythmias. Clinical studies have evaluated the 
efficacy of various anesthetic techniques in maintaining intraoperative 
hemodynamic stability and in preventing arrhythmias in patients with 
WPW syndrome.10,95,96 An opioid-based anesthetic technique with sup-
plemental volatile anesthetics is typically used.

Atrial Fibrillation
Atrial fibrillation, the most common sustained cardiac arrhyth-
mia in the general population, can lead to palpitations, shortness of 
breath, chest discomfort, or anxiety because of the irregular-irregular 
heart rate pattern5 (Box 4-10). The treatment aims for atrial fibrilla-
tion include anticoagulation to decrease the risk for stroke, and heart 
rate control to limit symptoms and reduce the risk for tachycardia-
 associated cardiomyopathy. Restoration of sinus rhythm with car-
dioversion, antiarrhythmic drugs, or both are considered in some 
instances, but data suggest this strategy is no more effective than a 
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BOX 4-9. ANESTHETIC CONSIDERATIONS FOR 
SUPRAVENTRICULAR ARRHYTHMIA SURGERY 
AND ABLATION PROCEDURES

BOX 4-10. ATRIAL FIBRILLATION FEATURES
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strategy of anticoagulation/heart rate control for improving mortality 
in certain populations.97 Because antiarrhythmic drugs are associated 
with life-threatening proarrhythmic side effects, speculation exists that 
any benefits of restoring sinus rhythm might be outweighed by mortal-
ity caused by drug-induced ventricular arrhythmias.7,8 Regardless, the 
increasing prevalence of atrial fibrillation and the limitations of phar-
macologic treatments have led to much interest in nonpharmacologic 
treatments.

A growing understanding of the mechanisms of atrial fibrillation 
has led to the introduction of surgical and catheter-based procedures 
to restore sinus rhythm. Experimental and clinical investigations dem-
onstrate that atrial fibrillation is associated with multiple reentrant 
circuits in the atrium (“multiple wavelets”) that rapidly and unpre-
dictably change their anatomic location.98–101 Intraoperative electro-
physiologic mapping of a patient in sinus rhythm (Figure 4-16), and 
then after atrial fibrillation was induced by introducing atrial ectopic 
beats (Figure 4-17), demonstrates the random and fleeting nature of 
the reentrant circuits.10, 101 The rapidly changing nature of the reentrant 
circuits precludes a map-directed surgical or ablative strategy for atrial 
fibrillation. Nonetheless, the realization that certain cardiac structures 
(e.g., pulmonary veins, valve annulus, vena cava) were necessary sub-
strates for the fibrillatory reentrant circuits led to the development of 
an anatomically based surgical procedure for atrial fibrillation (the 
Cox–Maze procedure), whereby macroreentrant circuits are inter-
rupted by a series of atrial incisions and cryoablation lesions.10, 101,102

Investigators have demonstrated that atrial fibrillation in some 
instances originates from automatic foci in the pulmonary veins or 
vena cava and that isolating these sites may restore sinus rhythm103 
(Figure 4-18). Other data have demonstrated focal sources of atrial 
fibrillation in patients with mitral valve disease.104,106 These findings are 
supported by laboratory investigations showing that atrial fibrillation 
can be maintained by a single atrial source of fibrillatory waves mov-
ing away from the originating circuit.106,107 These and other findings, 
together with advances in computer-based electrophysiologic mapping 
systems, open up the possibility of map-guided strategies to eliminate 

the  substrate for atrial fibrillation in some patients.108–118 The latter 
strategy would have the benefit of perhaps greater success rates and 
lower complications than what occur with current procedures.

Catheter-Based Therapy for Atrial Fibrillation
Catheter ablation approaches for atrial fibrillation include AV node 
ablation with permanent pacemaker placement to control ventricular 
rate and catheter ablation procedures that aim to restore sinus rhythm. 
AV node ablation is used for medically refractory tachycardia caused 
by atrial fibrillation or to eliminate intolerable symptoms caused by an 
irregular heart rate. The procedure requires pacemaker implantation, 
does not aim to restore sinus rhythm, and does not eliminate the need 
for anticoagulation. In this latter class of procedures, many different 
strategies are employed, but all tend to involve electrical isolation of 
the pulmonary veins. It is thought that myocardial sleeves involving 
the os of the pulmonary veins can initiate atrial fibrillation because 
of their inherently different electrophysiologic properties. By electri-
cally isolating them, the goal is to prevent atrial fibrillation from devel-
oping. Pulmonary vein isolation can be achieved in one of two ways. 
In the first, complete electrical isolation is achieved by sequential, seg-
mental application of RF ablation at each pulmonary vein ostium.103,119 
An alternate strategy is to regionally isolate the posterior left atrium 
by encircling not only the pulmonary vein ostia but the surrounding 
posterior left atrial wall by a circular pattern of adjacent RF ablation 
lesions.105 A randomized comparison of these two strategies has dem-
onstrated a significantly greater success rate with the regional isolation 
strategy; 88% of patients were free of atrial fibrillation at 6 months 
compared with 67% free of atrial fibrillation at 6 months with the 
segmental isolation strategy.112 The regional isolation procedure also 
reduces the risk for creating pulmonary venous stenosis that can be 
associated with the segmental isolation procedure.

Research into methods emulating the surgical Maze procedure con-
tinues to evolve but remains investigative (see later). Linear ablation 
techniques involve RF energy application along critical sites for the  
maintenance of atrial fibrillation.113–116,118,120 Success has been limited with 
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this approach (28% to 57%), and the procedures are associated with long 
procedure duration and associated radiation exposure. Further, compli-
cation rates remain high (4% to 50%).

Surgical Therapy for Atrial Fibrillation
The growing understanding of the underlying mechanisms for atrial 
fibrillation led to the development of a surgical procedure developed 
by Cox et al termed the Maze procedure.101,102,121–125 This moniker stems 
from the basic design of the operation to surgically create a “Maze” 
of functional myocardium, allowing propagation of atrial depolariza-
tion throughout the atrium to the AV node while interposed scar tissue 
interrupts possible routes of reentry (Figure 4-19). The principal goals 
of the Maze procedure are (a) to interrupt the  electrophysiologic sub-

strate for atrial fibrillation (reentrant circuits) restoring sinus rhythm; 
(b) to maintain sinus nodal–to–AV nodal conduction, thus preserving 
AV synchrony; and (c) to preserve atrial mechanical function (“atrial 
kick”) to improve hemodynamic function.

The Maze procedure has evolved from the original procedure 
(Maze I) introduced in the early 1990s. The Maze I procedure consisted 
of multiple atrial incisions around the SAN including an incision ante-
rior to the atrial-SVC junction102–104,124 (Figure 4-20). The latter inci-
sion is through the sinus tachycardia region of the SAN, resulting in 
the unintended consequence of blunted heart rate response to exercise 
and obtunded atrial mechanical function.125–127 Subsequently, the pro-
cedure was modified (Maze II procedure) to include an incision on the 
anterior right atrium while allowing the sinus impulse to travel ante-
riorly across the left atrium but preventing it from reentering the right 
atrial–SVC junction (Figure 4-21). Although successfully addressing 
the limitations with the original procedure, the Maze II procedure was 
technically challenging, particularly the approach to the left atrium 
that necessitated division and then reapproximation of the SVC. This 
was addressed by moving the left atrial incision to a more posterior 
location (Figure 4-22). These and other modifications led to the intro-
duction of the Maze III procedure, which reduced the frequency of 
chronotropic incompetence, improved atrial transport function, and 
shortened the procedure.124

Surgery for atrial fibrillation continues to advance in two fundamen-
tal forms: ablative procedures concomitant to another cardiac operation 
or as a stand-alone procedure specifically for terminating atrial fibrilla-
tion. Newer energy sources and devices have allowed much simpler exe-
cution. The availability of such devices has resulted in the modern Maze 
procedure becoming a hybrid operation using  catheter/device-delivered 
RF energy and properly placed incisions. These advances shorten surgi-
cal time, allowing the Maze procedure to be performed with other sur-
geries such as mitral valve surgery. Shortened surgical times and lower 
complexity further allow for expansion of eligibility criteria and foster 
the development of less-invasive surgical approaches such as minimally 
invasive and beating-heart surgeries.

The combination of conduction blocks imparted surgically for treat-
ing atrial fibrillation is called the lesion set, which consists of three basic 
components: pulmonary vein isolation alone, pulmonary vein isolation 
with connecting lesions to the mitral valve, and lesions involving the 
right atrium. The Cox–Maze III represents the gold standard of lesion 
sets in atrial fibrillation surgery. As shown in Figure 4-22, the pulmo-
nary veins are isolated with connection lesions to the mitral annu-
lus and left atrial appendage (LAA). This constitutes the “left-sided” 
lesion set. On the right side, the SVC and IVC line is combined with 

AVN

LAA

PV’s

SAN

RAA

Figure 4-19 Schematic representation of the Maze I procedure for 
atrial fibrillation designed to allow for conduction of an impulse from 
the sinus nodal complex to the atria and atrioventricular node (AVN), 
whereas interposing scar tissue interrupts the multiple reentrant cir-
cuits of atrial fibrillation. Atrial appendages are excised and the pul-
monary veins are isolated. LAA, left atrial appendage; PVs, pulmonary 
veins; RAA, right atrial appendage; SAN, sinoatrial node. (From Cox JL, 
Schuessler RB, D’Agostino HJ Jr, et al: The surgical treatment of atrial 
fibrillation. III. Development of a definitive surgical procedure. J Thorac 
Cardiovasc Surg 101:569, 1991.)

Figure 4-20 Depiction of surgical incisions and 
resultant conduction pathways of the Maze I 
procedure. Left, The atria are shown splayed 
open such that the anterior surface is superior and 
the posterior surface inferior. Right, The atria are 
divided in a sagittal plane showing the right atrial 
septum. Incisions are placed at sites most com-
monly associated with reentrant circuits of atrial 
fibrillation to eliminate the arrhythmia. At the same 
time, bridges of myocardium are left intact to allow 
the spread of conduction across the atria and to 
the atrioventricular (AV) node, preserving atrial 
transport function and facilitating sinus rhythm. The 
pulmonary veins are isolated to eliminate poten-
tial conduction of premature beats. (From Cox JL: 
Evolving applications of the Maze procedure for 
atrial fibrillation [invited editorial]. Ann Thorac Surg 
55:578–580, 1993.)
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 connecting lesions to the tricuspid annulus and right atrial appendage. 
The coronary sinus is ablated in one spot using cryothermy and both 
atrial appendages are removed. The complexity of this procedure com-
bined with alternative energy sources has motivated surgeons to use 
other combinations of lesion sets. These other combinations are col-
lectively called “modified Maze” procedures.

Based on Haissaguerre’s103 seminal article in 1998, electrical isola-
tion of the pulmonary veins has been used extensively. With mod-
ern devices, pulmonary vein isolation is straightforward and may be 
performed epicardially and without CPB. In patients with paroxys-
mal atrial fibrillation, most centers report that up to 80% of patients 
remain free of atrial fibrillation 6 months after surgery. For persistent 

atrial fibrillation, sinus rhythm is reported to be successfully restored 
in 30% to 40% of patients. The addition of connecting lesions increases 
the efficacy of the modified Maze. This is particularly true in patients 
with persistent or permanent atrial fibrillation.

The right-sided lesion set appears to be important for patients with 
permanent atrial fibrillation. These lesions also decrease the risk for 
atrial flutter. Typical atrial flutter arises from the tricuspid isthmus: an 
area between the coronary sinus, tricuspid annulus, and Eustachian 
valve. Some surgeons omit the right-sided lesion and, if the patient 
develops atrial flutter after surgery, will complete the ablation using a 
catheter-based strategy because it is a straightforward procedure in the 
electrophysiology laboratory.

Figure 4-21 Representation of surgical incisions and conduction pathways of the Maze II procedure (similar views as in Figure 4-24). The 
procedure is modified to eliminate incisions through the sinus tachycardia region of the sinus nodal complex performed in the Maze I procedure to 
address chronotropic incompetence. A transverse incision across the dome of the left atrium is moved posteriorly. (From Cox JL: Evolving applica-
tions of the Maze procedure for atrial fibrillation [invited editorial]. Ann Thorac Surg 55:578–580, 1993. Reprinted with permission from the Society of 
Thoracic Surgeons. Copyright 1993, Society of Thoracic Surgeons.)
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Figure 4-22 The Maze III procedure is shown using the same views. Modification of the posterior incisions to the vena cava and placement of 
the septal incision posterior to the orifice of the superior vena cava (SVC) are noted. CS, coronary sinus; FO, foramen ovale; IVC, inferior vena cava; 
LAA, left atrial appendage; MV, mitral valve; RAA, right atrial appendage; SAN, sinoatrial node; TV, tricuspid valve. (From Cox JL: Evolving applications 
of the Maze procedure for atrial fibrillation [invited editorial]. Ann Thorac Surg 55:578–580, 1993. Copyright 1993, Society of Thoracic Surgeons.)
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The LAA is a primary source of intracardiac thrombus in patients 
with atrial fibrillation, and its exclusion or elimination presumably 
decreases the thrombotic risk to the patient. There are several strat-
egies to manage the LAA. The appendage may be ligated or stapled 
externally. Because LAA morphology varies, the results can be subop-
timal. Left atrial tissue also is very friable, and bleeding from this area 
can be problematic. The appendage may be completely resected and 
the base of the appendage oversewn with suture. The LAA also may be 
excluded from within the atrium. This is easily accomplished with a 
running suture at the opening of the appendage, but obviously requires 
an atriotomy.

There continues to be great investigative interest in the development 
of different energy sources for surgical atrial fibrillation ablation ther-
apies. Currently, the fundamental requirement for treatment is gen-
eration of a transmural lesion that leads to conduction block while 
minimizing collateral tissue damage. Though the issue of transmural-
ity is somewhat controversial at this time, it remains a basic goal.

To simplify the Cox-Maze III operation, Cox et al157 proposed cry-
othermy. Tissue is exposed to −60°C temperature using a handheld 
probe, which leads to a consistent transmural scar despite being applied 
only to the heart surface. A variety of flexible and colder probes is avail-
able that allows the creation of all lesion sets.

Another energy form for surgical arrhythmia ablation is RF energy in 
which alternating electrical current is used to generate thermal injury 
and, thus, localized atrial scar. Unipolar RF, however, can be associated 
with collateral atrial injury and tissue charring. This has led to the devel-
opment of bipolar probes that minimize this risk. Although bipolar RF 
energy may be used epicardially for pulmonary vein isolation, any other 
ablative lesions require opening the heart. The latter can be accom-
plished via a small incision using a purse-string technique. Because of 
the generated heat, contiguous structures like the esophagus have been 
injured with pulmonary vein isolation (PVI) or posterior atrial lesion 
generation.128 Thus, when RF energy is used, it is advised to retract the 
transesophageal echocardiography probe to hopefully decrease the risk 
for this complication. Nonetheless, esophageal injury from RF energy 
may occur regardless of whether TEE is used during surgery. Monitoring 
esophageal temperature using a probe fluoroscopically placed behind 
the left atrium may provide guidance to the operator.

Another energy source for arrhythmia ablative procedures is ultra-
sound. This form of energy involves focusing high-intensity ultrasound 
signals resulting in myocardial injury and scar. Ultrasound energy may 
be delivered at varying depths with minimal collateral tissue injury and 
protection of the coronary arteries. Delivery systems under develop-
ment involve epicardial application and are potentially amenable to a 
minimally invasive approach.

Conventional and partial median sternotomy allow excellent expo-
sure for all lesion sets. The atrium may be opened via a left atriotomy 
or trans-septal approach. As a concomitant procedure with mitral valve 
surgery, the MAZE is performed first, then the mitral valve procedure. 
This allows for access to the mitral annulus before placement of a pros-
thesis. Similarly, when an atrial fibrillation procedure is combined with 
coronary artery bypass grafting, the lesions are created before cardiople-
gic arrest. However, the left-sided pulmonary veins may be difficult to 
ablate with the beating heart and may be approached after cardiople-
gic arrest but before bypass graft construction. The left atrium may be 
reduced in size by resecting atrial tissue between the inferior pulmo-
nary vein and mitral annulus.

Atrial fibrillation procedures may be performed using minimally 
invasive techniques. A right anterior thoracotomy and femoral cannu-
lation allow access to the left atrium and mitral valve. Alternatively, a 
bilateral thoracoscopic and off-pump approach has been used.

Overall, the choice of atrial fibrillation operation (lesion set and sur-
gical approach) depends on several factors, including the duration and 
classification of atrial fibrillation, size of the left atrium, and need for 
concomitant procedure. For example, a patient with paroxysmal atrial 
fibrillation undergoing coronary artery bypass grafting is well served by 
simple epicardial pulmonary vein isolation using a bipolar RF ablation 
device. Alternatively, a patient with heart failure and persistent atrial 

fibrillation who requires mitral valve intervention is better treated with 
pulmonary vein isolation and connecting lesions. Finally, a patient 
with symptomatic permanent atrial fibrillation and stroke who has not 
responded successfully to medical and catheter-based therapy is best 
treated with a full Cox–Maze III.

Operative results from multiple centers show that greater than 90% 
of patients remain free of atrial fibrillation after the classic Maze pro-
cedure.127 Episodes of atrial flutter during the immediate periopera-
tive period do not alter the long-term success of restoration of sinus 
rhythm.127 Procedure-specific complications have included an attenu-
ated heart rate response to exercise resulting in the need for perma-
nent pacemaker implantation.127 The frequency of these complications 
is less with newer versions of the procedure. Fluid retention is a com-
mon problem after the Maze procedure, which is attributed to reduced 
secretion of atrial natriuretic peptide and increase of antidiuretic hor-
mone, as well as aldosterone.129,130 Furosemide, spironolactone, or both 
perioperatively can limit the consequences of this complication.131

An intended goal of the Maze procedure is preservation of atrial 
transport function. Follow-up of patients early in the experience at 
Washington University School of Medicine demonstrated that this was 
achieved in 98% of patients for the right atrium but only in 86% of 
patients for the left atrium.132 More detailed analyses further demon-
strated that even when left atrial contraction was present, quantitative 
mechanical function was lower compared with control patients.133,134 
The latter consequence was believed to be related to the incisions used 
to isolate the pulmonary veins that resulted in isolating nearly 30% 
of the left atrium myocardium from excitation.135 A new approach to 
the Maze procedure was developed whereby incisions radiate from the 
SAN (Figure 4-23) along the path of coronary arteries supplying the 
atrium (rather than across as in the Maze III procedure), to better pre-
serve left atrial transport function.136,137 This modification is termed 
the radial procedure and is further designed to preserve the right atrial 
appendage, which is an important source of atrial natriuretic peptide.138 
Compared with the standard Maze III procedure, the radial approach 
results in a more synchronous activation sequence of the left atrium, 
preserving atrial transport function, although it is equally effective in 
eliminating the reentrant circuits of atrial fibrillation.

Anesthetic Considerations
Anesthesiology teams increasingly are asked to care for patients under-
going catheter-based atrial fibrillation ablative procedures. Monitored 
anesthesia care may be possible in some situations, but general anes-
thesia is typically chosen because of the duration of the procedure and 
the demand for no patient movement during critical lesion placement. 
The care of the patient undergoing either catheter-based therapy or 

Maze procedure Radial approach

Figure 4-23 Contrasting concepts for the Maze procedure (left) and 
radial approach (right). Small circle in the middle indicates the sinus 
node, outer circle the atria, and shaded area the atrial myocardium iso-
lated by the incisions. The atrial arterial supply is depicted. Arrows indi-
cate propagation of the depolarizing wavefront. The radial approach 
preserves atrial arterial blood supply and a more physiologic activation 
sequence. With the Maze procedure, some arteries are divided and the 
atrial activation sequence disrupted. (From Nitta T, Lee R, Schuessler 
RB, et al: Radial approach: A new concept in surgical treatment of atrial 
fibrillation. I. Concept, anatomic and physiologic bases and develop-
ment of a procedure. Ann Thorac Surg 67:27, 1999. Copyright 1999, 
Society of Thoracic Surgeons.)
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surgical atrial fibrillation surgery is similar. Preparation of the patient 
includes review of preoperative cardiac testing, assessment of the char-
acteristics of the patient’s arrhythmia, and review of surgical plan and 
whether concomitant procedures will accompany the Maze procedure 
(e.g., coronary artery bypass grafting, valve replacement, repair of con-
genital lesions).

Anesthetics chosen are based on the patient’s general physical con-
dition, including comorbid conditions and ventricular dysfunction. 
Anesthetic requirements for catheter-based procedures are mini-
mal and consist of small doses of an opioid, an induction agent, 
 intermediate-duration skeletal muscle relaxants, and a volatile agent. 
For the most part, the anesthetic chosen for the surgical patient is 
aimed at early tracheal extubation and consists of a lower dose, opioid-
based technique supplemented with volatile anesthetics and skeletal 
muscle relaxants.

LAA thrombus must be excluded with TEE before proceeding with 
catheter-based ablation and surgical manipulations. Monitoring of 
patients undergoing catheter-ablation atrial fibrillation procedures 
includes direct arterial pressure monitoring and esophageal tempera-
ture monitoring. With the latter, acute increases in temperature of even 
0.1°C are communicated to the electrophysiologist. Immediately ter-
minating RF energy and cooling the catheter tip via intraprobe saline 
at room temperature limit spread of myocardial heating. Heparin is 
administered during the procedure, necessitating monitoring of the 
ACT. Constant vigilance for pericardial tamponade is mandated. 
Immediate transthoracic echocardiography should be performed 
when abrupt hypotension develops. Percutaneous pericardial drain-
age, which typically restores blood pressure, is emergently performed. 
Continued collection of pericardial blood after protamine reversal of 
heparin anticoagulation may necessitate transfer of the patient to the 
operating room for sternotomy and repair of the atrial defect.

Patient monitoring modalities for the surgical procedures are simi-
lar to those used for other cardiac surgical procedures including TEE 
to evaluate for ventricular and valvular function, monitor for new wall 
motion abnormalities, and assist in evacuation of air from the cardiac 
chambers at the conclusion of surgery. Ventricular dysfunction (right 
more often than left ventricle), at least transiently, as well as echocar-
diographic and ECG ischemic changes (inferiorly more often), is com-
mon.10 The proposed cause includes coronary artery air embolization 
or inadequate myocardial protection, or both. Because the Maze pro-
cedure entails placement of multiple atrial incisions, initial atrial com-
pliance and performance of the atria appear altered. TEE evaluation 
of atrial activity is performed after separation from the extracorporeal 
circulation and decannulation.10

VENTRICULAR ARRHYTHMIAS
As with supraventricular arrhythmias, the treatment of ventricular 
fibrillation and VT is aimed at addressing underlying mechanisms (e.g., 
myocardial ischemia, drug induced, electrolyte, or metabolic abnormal-
ities). In most patients with life-threatening ventricular arrhythmias and 
structural heart disease, ICD placement is the standard of care with or 
without concomitant antiarrhythmic drug therapy.139 In patients with 
significant structural heart disease, catheter ablation is considered as an 
adjuvant therapy for medically refractory monomorphic VT. Rarely, VT 
occurs in the setting of a structurally normal heart. This syndrome of a 
primary electrical disorder is typically due to a focal, triggered mecha-
nism that occurs mostly in younger patients and originates from the 
right ventricular outflow tract or apical septum140–142 (Box 4-11). ICDs 
are typically not indicated in these individuals.

Catheter Ablation Therapy for Ventricular 
Tachycardia
The mechanism for VT can be identified in the electrophysiology 
laboratory using programmed stimulation.143,144 Single or multiple 
extrastimuli are introduced during the vulnerable period of cardiac 
repolarization (near T wave) until sustained VT develops that is similar 

in morphology to that of the spontaneous arrhythmia. The diagnostic 
hallmark of VT caused by a reentrant circuit is the ability to entrain the 
tachycardia by pacing slightly faster than the tachycardia cycle length.145 
Traditional catheter mapping techniques for guiding catheter ablation 
of VT serve to position the ablation catheter within a protected isth-
mus of the reentrant circuit. The pathologic characteristics of this site 
are thought to be viable myocardium surrounded by scar tissue that 
is electrically isolated from the bulk of the ventricular myocardium 
except at the entrance and exit sites. Important shortcomings of these 
techniques are that most VTs are not hemodynamically stable enough 
for mapping, and that multiple morphologies of inducible VT are 
commonly present in a single patient. As a result, newer strategies that 
rely on three-dimensional computerized mapping techniques attempt 
to identify important areas of myocardial scar, of which the perimeter 
may participate in reentrant circuits. By strategic placement of areas 
of conduction block guided by these maps, significant cure rates have 
been obtained without the necessity of mapping individual reentrant 
circuits.146 In rare instances, the VT circuits might involve the conduc-
tion system as in bundle-branch reentry or fascicular VT that is easily 
ablated with RF energy.147

There are no data from prospective randomized trials of VT abla-
tion, but results from case series report success rates ranging from 37% 
to 86%.129,147–153 The latter represent mostly patients with drug-resistant 
VT or multiple VT morphologies and the treatment performed as a 
“last-ditch effort” to control the arrhythmia. Reported success rates are 
greater after RF ablation for primary VT. Major complications from 
catheter ablation procedures for VT in the setting of structural heart 
disease include stroke, myocardial infarction, heart failure exacerba-
tion, vascular injury, and death. The incidence of these complications 
appears to be low despite the lengthy procedure times that are com-
monly required.146

Anesthetic Considerations
Anesthetic management of patients undergoing catheter-based pro-
cedures to ameliorate ventricular arrhythmias is primarily based on 
the patient’s underlying cardiac disease and other comorbidities. 
Candidates often have underlying coronary artery disease, severely 
impaired left ventricular function, and other secondary organ dys-
function (e.g., hepatic and renal dysfunction) and are receiving 
multiple medications that may potentially interact with anesthetics 
(e.g., vasodilation from angiotensin-converting enzyme inhibitors). 
Consequently, a thorough review of the patient’s underlying condi-
tions and treatments is mandated. Special attention is given to cardiac 
catheterization results and preoperative echocardiogram findings. 
Information regarding characteristics of the patient’s arrhythmia such 
as ventricular rate, hemodynamic tolerance, and method of arrhyth-
mia termination should be sought.

Prior or current treatment with amiodarone is a particular concern. 
The long elimination half-life (about 60 days) of amiodarone requires 

BOX 4-11. VENTRICULAR ARRHYTHMIAS



92 SECTION I Preoperative Assessment and Management

that potential side effects such as hypothyroidism be considered 
 perioperatively.154 The - and -adrenergic properties of amiodarone 
might lead to hypotension during anesthesia, but most anesthesiolo-
gists in contemporary practice are familiar with the management of 
these complications. Much attention has been given to bradycardia 
associated with amiodarone during anesthesia that might be resis-
tant to atropine.155–159 Methods for temporary cardiac pacing should 
be readily available to care for patients receiving long-term amio-
darone. Retrospective reports further suggest a greater need for ino-
tropic support for patients receiving preoperative amiodarone therapy 
because a low systemic vascular resistance has been observed in these 
patients.156,157 Pulmonary complications speculated to be related to pul-
monary toxicity from amiodarone have also been reported.106,159 In a 
series of 67 patients receiving preoperative amiodarone, 50% experi-
enced development of acute respiratory distress syndrome that could 
not be attributed to other factors including intraoperative Fio

2
 (see 

Chapter 10).159

Monitoring includes direct arterial pressure monitoring, and central 
venous access is necessary for administration of vasoactive drugs, if 
needed. Means for rapid cardioversion/defibrillation should be read-
ily available when inserting any central venous catheter. Self-adhesive 
electrode pads are most often used and connected to a cardioverter/
defibrillator before anesthesia induction. Premature ventricular beats 
induced during these procedures can easily precipitate the patient’s 
underlying ventricular arrhythmia that might be difficult to convert 
to sinus rhythm.157,160 Selection of anesthetics for arrhythmia ablation 
is dictated mostly by the patient’s underlying physical state. General 
anesthesia with endotracheal intubation is typically chosen because of 
the duration of the procedures. Because anesthetics can influence car-
diac conduction and arrhythmogenesis, there is a concern about the 
potential of anesthetics to alter the electrophysiologic mapping proce-
dures.161,162 The effects of the various volatile anesthetics on ventricular 
arrhythmias vary among the experimental models and, importantly, 
because of the mechanism of the arrhythmia. Data showing proar-
rhythmic, antiarrhythmic, and no effects of volatile anesthetics on 
experimental arrhythmias have been reported.13,161–168 Nonetheless, the 
small doses administered during ablative procedures may have mini-
mal effects on electrophysiologic mapping. Opioids have been shown 
to have no effects on inducibility of VT.165,168,169

IMPLANTABLE CARDIOVERTER-
DEFIBRILLATOR
Considerable progress has occurred with the ICD, including decreased 
device size, improved battery life, and improved treatment algorithms, 
all contributing to enhanced reliability (Box 4-12). Current ICDs 
are capable of providing tiered therapy consisting of antitachycardia 

 pacing and shocks to terminate potentially life-threatening ventricu-
lar arrhythmias. All ICDs also have the ability to pace the heart to treat 
bradycardia either as a single-chamber, dual-chamber, or biventricu-
lar system. Advances in lead technology, as well as the implementa-
tion of a biphasic waveform, have considerably reduced defibrillation 
energy requirements.170,171 These improvements have led to simplifica-
tion of lead implantation for the use of transvenous insertion methods 
rather than epicardial patch electrodes used in prior generations. As a 
result, insertion of modern devices is nearly exclusively via percutane-
ous techniques rather than more invasive median sternotomy, except 
in cases in which the body habitus would preclude this approach (e.g., 
pediatric population).

The ICD consists of a pulse generator and transvenous leads that 
continuously monitor the heart rate. When the heart rate exceeds a pro-
grammable limit, therapy is initiated that might include a brief burst of 
rapid pacing (i.e., antitachycardia pacing) followed by a biphasic shock 
if the arrhythmia persists. Electrogram storage capabilities allow for 
review of appropriateness of delivered treatments, as well as changes 
in ventricular arrhythmia characteristics. The style of ICD, either one, 
two, or three leads, is chosen based on a patient’s requirement for anti-
bradycardia pacing (single- or dual-lead devices) or cardiac resynchro-
nization therapy, also known as biventricular pacing, when medically 
refractory heart failure and interventricular conduction delay are pres-
ent (see Chapter 25).

Technologic aspects of ICDs have been reviewed and are discussed in 
more detail in Chapter 25.170 Defibrillation voltage is much greater than 
can be delivered with existing batteries, necessitating the use of storage 
capacitors and transformers. Once the ICD has detected an arrhythmic 
event, the device begins to charge its capacitor. During charging and 
immediately after the capacitor has been fully charged, continued pres-
ence of the arrhythmia is confirmed and, if present, the device delivers 
therapy. If during the charge or immediately after charging is complete 
the arrhythmia spontaneously terminates, the energy is then dumped to 
avoid unnecessary energy delivery. If energy is delivered, the device enters 
into a redetection algorithm to assess whether the arrhythmia was suc-
cessfully terminated. If the arrhythmia persists, then the device recharges 
its capacitor and repeats the process. If the arrhythmia has terminated, 
then the episode is declared complete. Although much of the ICD’s abil-
ity to determine whether an arrhythmia needs therapy is based on the 
rate, all ICDs have the ability to apply various algorithms to discrim-
inate whether the arrhythmia is ventricular or supraventricular. These 
include criteria for abruptness of onset, intracardiac signal morphology, 
and rate stability (stable with VT but irregular with atrial fibrillation).170 
Presence of an atrial lead can sometimes enhance the discrimination of 
atrial fibrillation with rapid ventricular response from VT.170

Guidelines for implantation of ICDs have been issued by the 
American College of Cardiology, the American Heart Association, and 
the Heart Rhythm Society172 (Table 4-2). In general, ICDs are indicated 
for the primary or secondary prevention of sudden cardiac death. 
These recommendations are based on data from large, multicenter 
investigations that have compared ICD therapy with standard care 
including antiarrhythmic drugs. For patients with prior cardiac arrest 
caused by VT or ventricular fibrillation (secondary prevention), the 
data show that ICDs reduce the risk for subsequent mortality by 20% 
to 30% compared mostly with amiodarone or -adrenergic receptor 
blockers.172–175 Similarly, relative mortality is reduced by 49% to 54% 
with ICD treatment for patients with nonsustained VT or inducible 
ventricular arrhythmias with programmed stimulation compared with 
standard care or serial drug testing in patients with ischemic left ven-
tricular dysfunction.176,177

The most convincing data regarding primary prevention of sud-
den death with ICD treatment for patients with ischemic and nonisch-
emic cardiomyopathy come from the MADIT II (Multicenter Automatic 
Defibrillator Implantation Trial II)176 and SCD-HeFT (Sudden Cardiac 
Death in Heart Failure Trial)178 trials. In contrast with other studies, these 
two randomized trials did not require a history of inducible or spontane-
ous ventricular arrhythmias. Rather, enrollment criteria were based on 
the ejection fraction alone (  30%) in the presence of ischemic cardiomy-

BOX 4-12. IMPLANTABLE CARDIOVERTER-
DEFIBRILLATOR
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opathy (MADIT II) or the ejection fraction (  35%) with New York Heart 
Association Class II/III heart failure symptoms in the presence of any 
type of end-stage cardiomyopathy (SCD-HeFT).178 Patients were contin-
ued on conventional treatments including -blockers, angiotensin-con-
verting enzyme inhibitors, and 3-hydroxy-3-methylglutaryl-coenzyme 

A (hMG-CoA) reductase inhibitors (“statins”). After more than 4 years 
of follow-up, ICD treatment was associated with a significant reduction 
in all-cause mortality compared with those randomized to only conven-
tional treatment. Other conditions such as inherited long QT syndrome, 
hypertrophic cardiomyopathy, Brugada syndrome, arrhythmogenic right 
ventricular dysplasia, and infiltrative disorders including cardiac sarcoi-
dosis may warrant ICD insertion for prevention of sudden cardiac death, 
although data from large randomized studies are lacking because of the 
relative rarity of the conditions. In the future, genetic screening might 
provide valuable information about the risk for sudden death for patients 
with these less common entities.179,180

Anesthetic Considerations
Insertion of ICDs is mostly performed in the catheterization suite. The 
procedure typically includes defibrillation testing to ensure an accept-
able margin of safety for the device. VT or ventricular fibrillation is 
induced by the introduction of premature beats timed to the vulner-
able repolarization period. External adhesive pads are placed before the 
procedure and connected to an external cardioverter/defibrillator to 
provide “back-up” shocks should the device be ineffective. Monitored 
anesthesia care is typically chosen, but a brief general anesthetic given 
for defibrillation testing can be considered. General anesthesia may 
be chosen for patients with severe concomitant diseases (e.g., chronic 
lung disease, sleep apnea) when control of the airway is desired. 
Simultaneous insertion of biventricular pacing systems with an ICD is 
performed for an increasing population of patients with impaired left 
ventricular dysfunction with or without ventricular conduction delay.

In addition to standard patient monitoring, continuous arterial 
blood pressure monitoring might be considered even during moni-
tored anesthesia care to rapidly assess for return of blood pressure after 
defibrillation testing. Defibrillation testing was demonstrated to be 
associated with ischemic electroencephalographic (EEG) changes 7.5 ± 
1.8 seconds (mean ± SD) after arrest.181 These changes were transient 
and not associated with persistent ischemic EEG changes or exacerba-
tion of an existing neurologic deficit, nor was significant deterioration 
in neuropsychometric performance detected. Repeated defibrillation 
testing is usually well tolerated without deterioration of cardiac func-
tion even in patients with left ventricular ejection fractions less than 
35%. Nonetheless, means of pacing must be available should bradycar-
dia develop after cardioversion/defibrillation. Often, however, restora-
tion of circulatory function after defibrillation testing is accompanied 
by tachycardia and hypertension, necessitating treatment with a short-
acting -blocker or vasoactive drugs, or both.

Complications associated with ICD insertion include those 
related to insertion and those associated specifically with the device. 
Percutaneous insertion is typically via the subclavian vein, predis-
posing to pneumothorax. Cardiac injury including perforation is a 
remote possibility. Cerebrovascular accident and myocardial infarction 
have been reported, but mostly with older device insertion methods.10 
Device-related complications include those associated with multi-
ple shocks that may lead to myocardial injury or refractory hypoten-
sion.182,183 Device infections are particularly difficult to manage, often 
requiring device and lead explantation.

ICD, implantable cardioverter-defibrillator; LV, left ventricular; LVEF, left ventricular 
ejection fraction; MI, myocardial infarction; NYHA, New York Heart Association; 
RV, right ventricular; VF, ventricular fibrillation; VT, ventricular tachycardia.
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The heart is an electrically self-actuated, phasic, variable speed, hydrau-
lic pump composed of two dual-component, elastic muscular chambers, 
each consisting of an atrium and a ventricle, connected in series that 
simultaneously provide an equal quantity of blood to the pulmonary 
and systemic circulations. All four chambers of the heart are respon-
sive to stimulation rate, muscle stretch immediately before contraction 
(preload), and the forces resisting further muscle shortening after this 
event has begun (afterload). The heart efficiently provides its own energy 
supply through an extensive network of coronary arterial blood vessels. 
The heart rapidly adapts to changing physiologic conditions by alter-
ing its inherent mechanical properties (Frank–Starling relation) and by 
responding to neurohormonal and reflex-mediated signaling determined 
primarily by the balance of sympathetic and parasympathetic nervous 
system activity. The overall performance of the heart is determined not 
only by the contractile characteristics of its atria and ventricles (systolic 
function), but by the ability of its chambers to effectively collect blood at 
normal filling pressures before the subsequent ejection (diastolic func-
tion). This innate duality implies that heart failure (HF) may occur as 
a consequence of abnormalities in either systolic or diastolic function. 
At an average heart rate (HR) of 75 beats/min, the heart will contract 
and relax more than 3 billion times during a typical human life expec-
tancy, thereby supplying the rest of the body with the oxygen and nutri-
ents necessary to meet its metabolic requirements. This chapter discusses 
the fundamentals of cardiac physiology with a primary emphasis on the 
determinants of mechanical function that readily allow the heart to 
achieve this truly remarkable performance. A thorough understanding 
of cardiac physiology is essential for the practice of cardiac anesthesia.

FUNCTIONAL IMPLICATIONS 
OF GROSS ANATOMY

Structure
The anatomic design of the heart determines many of its major 
mechanical capabilities and limitations. The annuli of the cardiac 
valves, the aortic and pulmonary arterial roots, the central fibrous 

KEY POINTS

 1. The cartilaginous skeleton, myocardial 
fiber orientation, valves, blood supply, and 
conduction system of the heart determine many 
of its mechanical capabilities and limitations.

 2. The cardiac myocyte is engineered for 
contraction and relaxation, not protein synthesis.

 3. Laplace‘s law allows transformation of alterations 
in sarcomere muscle tension and length 
observed during contraction and relaxation in 
vitro into the phasic changes in pressure and 
volume that occur in the intact heart.

 4. The cardiac cycle describes a highly 
coordinated, temporally related series of 
electrical, mechanical, and valvular events.

 5. A time-dependent, two-dimensional plot of 
continuous pressure and volume throughout 
a single cardiac cycle creates a phase space 
diagram that provides a useful framework for the 
analysis of systolic and diastolic function in vivo.

 6. Assuming constant contractile state and 
compliance, each cardiac chamber is 
constrained to operate within its end-systolic 
and end-diastolic pressure-volume relations.

 7. Heart rate, preload, afterload, and myocardial 
contractility are the main determinants of pump 
performance.

 8. Preload is the quantity of blood that a chamber 
contains immediately before contraction begins, 
whereas afterload is the external resistance to 
emptying with which it is confronted after the 
onset of contraction.

 9. Myocardial contractility is quantified using 
indices derived from pressure-volume relations, 
isovolumic contraction, ejection phase, or 
power analysis, but these indices all have 
significant limitations because contractile state 
and loading conditions are fundamentally 
interrelated at the level of the sarcomere.

 10. Pressure-volume diagrams are useful for the 
description of the mechanical efficiency of 
energy transfer between elastic chambers.

 11. Diastolic function is defined as the ability of a 
cardiac chamber to effectively collect blood at a 
normal filling pressure.

 12. Left ventricular (LV) diastole is a complicated 
sequence of temporally related, heterogenous 
events; no single index of diastolic function 
completely describes this period of the cardiac 
cycle.
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 13. LV diastolic dysfunction is a primary cause of 
heart failure in as many as 50% of patients.

 14. The LV pressure-volume framework allows the 
invasive analysis of diastolic function during 
isovolumic relaxation, early filling, and atrial 
systole.

 15. Transmitral and pulmonary venous blood flow 
velocities, tissue Doppler imaging, and color 
M-Mode propagation velocity are used to 
noninvasively quantify the severity of diastolic 
function.

 16. The pericardium exerts important restraining 
forces on chamber filling and is a major 
determinant of ventricular interdependence.

 17. The atria serve three major mechanical roles: 
conduit, reservoir, and contractile chamber.
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body, and the left and right fibrous trigones form the skeletal base 
of the heart. This flexible but very strong cartilaginous structure is 
located at the superior (termed basal in opposition to the left ventric-
ular [LV] apex) aspect of the heart; provides support for the translu-
cent, macroscopically avascular valves; resists the forces of developed 
pressure and blood flow within the chambers; and provides a site of 
insertion for superficial subepicardial muscle.1 Most of the atrial and 
ventricular muscle is not directly connected to this central fibrous 
skeleton, but instead arises from and inserts within adjacent sur-
rounding myocardium consistent with the well-known embryologic 
derivation of the heart from an expanded arterial blood vessel.2 An 
interstitial collagen fiber network (composed of thick type I collagen 
cross-linked with thin type III collagen) also provides important struc-
tural support to the myocardium. The protein elastin is closely associ-
ated with this collagen matrix, thereby imparting additional flexibility 
and elasticity to the heart without compromising its strength. In con-
trast with William Harvey’s original assertion,3 atrial and ventricu-
lar myocardium cannot be separated into distinct bands or layers* 
using an “unwinding” dissection technique4,5 and, instead, is a con-
tinuum of interconnecting cardiac muscle fibers. The left and right 
atria (LA and RA, respectively) are composed of two relatively thin, 
orthogonally oriented layers of myocardium. The right ventricular 
(RV) and, to an even greater extent, the LV walls are thicker (approxi-
mately 5 and 10 mm, respectively) than those of the atria and consist 
of three muscle layers: interdigitating deep sinospiral, the superficial 
sinospiral, and the superficial bulbospiral. Well-ordered, differential 
alterations in fiber angle extending from the endocardium to the epi-
cardium are especially apparent in ventricular myocardium and are 
spatially conserved despite the substantial alterations in wall thick-
ness that occur with contraction and relaxation during the cardiac 
cycle (Figure 5-1).6 Subendocardial and  subepicardial muscle fibers of 
the LV follow perpendicular, oblique, and helical routes from the base 
to the apex, but orientation of these interdigitating sheets of cardiac 
muscle also reverses direction at approximately the midpoint of the 
LV. Thus, LV fiber architecture resembles a flattened “figure of eight” 
(Figure 5-2). Contraction of obliquely arranged subepicardial and sub-
endocardial fibers causes LV chamber shortening along its longitudi-
nal axis and is accompanied by a characteristic “twisting” action that 
increases the magnitude of force generated by the LV during systole 
above that produced by basal-apical muscle fiber shortening alone. 
Indeed, a transition of this primarily helical  geometry into a more 
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Figure 5-1 Sequence of photomicrographs depicting myocardial fiber 
angles at successive sections from the endocardial (top) to the epicar-
dial surface (bottom) through the thickness of the left ventricular anterior 
wall. Note the transition in myocardial fiber orientation relative to wall 
thickness from the subendocardium (perpendicular) to the midmyocar-
dium (parallel). A mirror image transition in fiber orientation is observed 
from the midmyocardium to the subepicardium. Katz AM: Physiology of 
the Heart, 3rd ed. Lippincott Williams and Wilkins, 2001.

*The term layer is used as a metaphor throughout this section.

A B C

Figure 5-2 Photograph (A) and schematic illustration (B) depicting the spiral orientation of fiber continuity in the left ventricle (LV). The photograph 
in A demonstrates a dissection of the human LV anterior and lateral walls showing spiral cardiac muscle bundles sweeping from the base to the apex. 
This helical orientation is schematically represented in B. Another photograph (C) shows a dissection of endocardial fiber orientation at the left ven-
tricular apex and also demonstrates this spiral fiber structure. Katz AM: Physiology of the Heart, 3rd ed. Lippincott Williams and Wilkins, 2001.
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spherical configuration has been proposed to directly contribute to 
the reduction in ejection fraction (EF) observed during evolving HF.7 
Elastic recoil of this systolic “wringing” motion during LV relaxation 
is also an important determinant of diastolic suction, a critical factor 
that preserves LV filling during profound hypovolemia and strenu-
ous exercise.8,9 In contrast with the subepicardial and subendocardial 
layers, most fibers within the midmyocardium are circumferentially 
oriented around the diameter of the LV cavity, and their contraction 
reduces chamber diameter.

The LV free walls are thickest near the base and gradually thin 
toward the apex because of a progressive decline in relative number of 
midmyocardial fibers. Subendocardial layers of both the left and right 
ventricles and combine with LV midmyocardium extending from the 
LV free wall to create the interventricular septum.1 Thus, structural ele-
ments derived primarily from the LV form the septum and, as a result, 
the septum normally thickens toward the LV chamber during contrac-
tion. Nevertheless, systolic movement of the interventricular septum 
toward the RV chamber may be observed in pathologic conditions, such 
as acute RV distention or chronic pressure-overload RV hypertrophy. 
Similar to the LV free wall, a gradual decrease in the number of mid-
myocardial fibers produces a characteristic basal-to-apical reduction in 
interventricular septum thickness. The LV apical free wall is composed 
of subendocardial and subepicardial fibers, but the apical interventric-
ular septum contains only LV and RV  subendocardium. These regional 
differences in LV wall thickness and laminar myocardial fiber orienta-
tion have been shown to contribute to load-dependent alterations in 
LV mechanics.10 Irregular ridges of subendocardium, termed trabecu-
lae carneae, are commonly observed along the apical LV chamber bor-
der and within the RV, but the precise physiologic implications of these 
structural features remain unclear. Endocardial endothelium lines the 
subendocardium on the LV chamber surface and may play a minor role 
in the regulation of myocardial function.11

The LV apex and interventricular septum remain relatively fixed in 
three-dimensional (3D) space within the mediastinum during con-
traction. In contrast, the lateral and posterior walls move toward the 
anterior and the right during contraction, thereby displacing the LV 
longitudinal axis from a plane oriented toward the mitral valve (which 
favors LV filling during diastole) to a position more parallel to the LV 
outflow tract (which facilitates ejection during systole). The anterior-
right movement of lateral and posterior LV walls during contraction 
also produces the point of maximum impulse, which is normally pal-
pated on the anterior chest wall in the left fifth or sixth intercostal 
space in the midclavicular line. Subendocardial and subepicardial fiber 
shortening, papillary muscle contraction, and mechanical recoil result-
ing from ejection of blood into the aortic root also cause the LV base 
to descend toward the apex during systole. Thus, synchronous con-
traction of LV myocardium shortens the LV long axis, decreases the 
LV chamber diameter, and rotates the apex in an anterior-right direc-
tion toward the chest wall. LV ejection is also associated with an apex-
to-base gradient in wall tension, thereby creating the intraventricular 
pressure gradient required to efficiently transfer stroke volume (SV) 
from the left ventricle into the proximal aorta.

The right ventricle is located in a more right-sided, anterior posi-
tion than the left ventricle within the mediastinum. Unlike the thicker-
walled, ellipsoidal-shaped left ventricle that propels oxygenated blood 
from the pulmonary venous circulation into the high-pressure sys-
temic arterial vascular tree, the thinner-walled, crescent-shaped right 
ventricle pumps deoxygenated venous blood into a substantially lower 
pressure, more compliant pulmonary arterial bed. The right ventri-
cle is composed of embryologically distinct inflow and outflow tracts 
and, as a result, contracts in a peristaltic manner, whereas the activa-
tion sequence of the left ventricle is temporally uniform. The right 
ventricle moves toward the interventricular septum with a “bellows-
like” action. The interventricular septum and left ventricle provide a 
“splint” against which the RV free wall shortens during contraction. 
LV contraction also makes an important contribution to RV systolic 
function (systolic ventricular interdependence).12 These factors give 
the less muscular right ventricle the mechanical advantage necessary 

to propel an SV equivalent to that of the left ventricle. However, the 
right ventricle is substantially more vulnerable than the left ventricle to 
acutely decompensate with modest increases in afterload because the 
more muscular left ventricle is able to generate pressure-volume work 
(stroke work [SW]) that is five- to seven-fold greater in magnitude 
than that produced by the right ventricle. Conversely, the right ventri-
cle is more compliant and accommodates volume overload more easily 
than the left ventricle. The atrioventricular (AV) groove separating the 
RA and the RV and the adjacent tricuspid valve annular plane shorten 
toward the RV apex during contraction. This motion may be used as an 
index of RV contractile function by echocardiographic quantification 
of RV free-wall tricuspid annular plane systolic excursion.13

Valves
Two pairs of valves assure unidirectional blood flow through the right 
and left sides of the heart. The pulmonic and aortic valves are trileaflet 
structures located at RV and LV outlets, respectively, and operate pas-
sively with changes in hydraulic pressure gradients. The pulmonic valve 
leaflets are identified by their simple anatomic positions (right, left, and 
anterior), whereas the name of each aortic valve leaflet is derived from 
the presence or absence of an adjacent coronary artery ostium (right 
coronary cusp located adjacent to the right coronary artery [RCA] 
ostium, left coronary cusp located adjacent to the left main coronary 
artery ostium, and noncoronary cusp without a coronary ostium). The 
pulmonic and aortic valves open as a consequence of RV and LV ejec-
tion, respectively. The effective orifice area of each of these valves during 
maximal systolic blood flow is only modestly less than total cross-sec-
tional area of the respective valve annulus. The proximal aortic root 
contains dilated segments, known as the sinuses of Valsalva, located 
immediately behind each leaflet. The sinuses of Valsalva prevent the 
aortic valve leaflets from closely approaching or adhering to the aortic 
wall by facilitating the formation of eddy currents of blood flow dur-
ing ejection, thereby preventing the right and left coronary leaflets from 
occluding their respective coronary ostia. The eddy currents within 
the sinuses of Valsalva also assist with aortic valve closure at the end of 
ejection by assuring that the leaflets remain fully mobile during early 
diastole.14 In addition, the normal velocity of blood flow through the 
aortic valve (approximately 1.0 m/sec) creates vortices of flow between 
the aortic valve leaflets and the sinuses of Valsalva that serve to further 
prevent leaflet-aortic wall contact.15 In contrast with the aortic root, the 
proximal pulmonary artery does not contain sinuses.

The thin, flexible, and very strong mitral valve separates the LA from 
the LV. The mitral valve is a saddle-shaped structure containing two 
leaflets, identified as anterior and posterior on the basis of their ana-
tomic location. The valve leaflets coapt in the middle of the annulus in a 
simple central curve in which the anterior mitral leaflet forms the con-
vex border. The anterior mitral leaflet is oval and occupies a greater cen-
tral diameter across the annulus, whereas the posterior mitral  leaflet is 
crescent shaped and extends farther around the annular circumference. 
As a result, the cross-sectional area of each leaflet is similar. The leaflets 
are physically joined at anterior-lateral and posterior-medial commis-
sures that are located superior to corresponding papillary  muscles. The 
leaflets thicken slightly along the line of coaptation. The pressure gra-
dient between the LA and LV chambers near the end of LV relaxation 
combined with LV mechanical recoil cause opening of the mitral valve, 
whereas retrograde blood flow toward the valve during LV contrac-
tion forces the previously open valve leaflets in a superior direction and 
produces coaptation. Thin fibrous threads, termed chordae tendineae, 
attach to the papillary muscles and prevent inversion of the valve leaflets 
during contraction. Primary and secondary chordae tendineae insert 
into the valve edges and the clear and rough zones of the valve bodies 
(located approximately one third of the distance between the valve edge 
and the annulus), respectively, of the leaflets. Tertiary chordae tendineae 
extend from the posteromedial papillary muscle and insert into the pos-
terior mitral leaflet or the adjacent myocardium near the annulus. Each 
papillary muscle is an outpouching of subendocardial myocardium that 
provides chordae tendineae to both mitral valve leaflets and contracts 
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synchronously with the main LV. Papillary muscle contraction tight-
ens the chordae tendineae, thereby inhibiting excessive leaflet motion 
beyond the normal coaptation zone and preventing regurgitation of 
blood into the LA.16 The mitral annular circumference also decreases 
modestly during LV contraction through a sphincter-like action of the 
surrounding subepicardial myocardium that reduces the total orifice 
area and assists in valve closure.17 The importance of the functional 
integrity of the mitral valve apparatus to overall cardiac performance 
cannot be overemphasized. The apparatus not only assures unidirec-
tional blood flow from the LA to the LV by preventing regurgitant flow 
into the LA and proximal pulmonary venous circulation, but also con-
tributes to LV systolic function through papillary muscle contributions 
to LV apical posteromedial and anterolateral contraction. For example, 
loss of native chordae tendinea- papillary muscle attachments associated 
with mitral valve replacement is invariably associated with a modest 
decrease in global LV contractile function. Similarly, papillary muscle 
ischemia or infarction frequently causes mitral regurgitation and also 
may contribute to the development of LV systolic dysfunction.

The anterior (also known as anterosuperior), posterior (inferior 
or mural), and septal (medial) leaflets and their corresponding chor-
dae tendineae and papillary muscles comprise the tricuspid valve that 
regulates blood flow from the RA to the RV. The anterior and septal 
leaflets are usually larger than the posterior leaflet. The presence of a 
septal papillary muscle distinguishes the morphologic RV from the LV 
in patients with certain forms of congenital heart disease (e.g., trans-
position of the great vessels). A lateral band of myocardium, known as 
the moderator band, connects the apical anterior and septal papillary 
muscles, and demarcates the RV inflow and outflow tracts. Relatively 
fine trabeculations characterize the LV subendocardial surface, but the 
RV contains a large quantity of coarse trabeculae carneae through-
out the chamber. The reasons for this difference in trabeculation are 
unknown. Unlike the mitral valve, the tricuspid valve does not have 
a clearly defined collagenous annulus. Instead, the RA myocardium is 
separated from the RV by the AV groove that lies immediately above, 
may fold into the origin of the tricuspid leaflets, and contains the prox-
imal portion of the RCA.

Blood Supply
Blood flow to the heart is supplied by the left anterior descending, 
left circumflex, and right coronary arteries (LAD, LCCA, and RCA, 
respectively). Most of the blood flow to the LV occurs in diastole when 
aortic blood pressure exceeds the LV chamber pressure, thereby estab-
lishing a positive-pressure gradient in each coronary artery. All three 
major coronary arteries contribute to the blood supply of the LV. As 
a result, acute myocardial ischemia resulting from a critical coronary 
artery stenosis or abrupt occlusion causes a predictable pattern of 
LV injury based on the known distribution of blood supply. In brief, 
the LAD and its branches (including septal perforators and diago-
nals) supply the medial half of the LV anterior wall, the apex, and the 
anterior two thirds of the interventricular septum. The LCCA and its 
obtuse marginal branches supply the anterior and posterior aspects 
of the lateral wall, whereas the RCA and its distal branches supply the 
medial portions of the posterior wall and the posterior one third of 
the interventricular septum. The coronary artery that supplies blood 
to the posterior descending coronary artery (PDA) defines the right or 
left “dominance” of the coronary circulation. Right dominance (PDA 
supplied by the RCA) is observed in approximately 80% of patients, 
whereas left dominance (PDA supplied by the LCCA) occurs in the 
remainder. Anastomoses between the distal regions of the coronary 
arteries or collateral blood vessels between the major coronary arteries 
also may exist that provide an alternative route of blood flow to myo-
cardium distal to a severe coronary artery stenosis or complete occlu-
sion. Either the RCA (approximately two thirds of patients) or the 
LCCA provides the sole blood supply to the posteromedial papillary 
muscle, which renders this crucial structure particularly vulnerable 
to acute ischemia or infarction. However, one third of patients may 
have a dual blood supply (RCA and LCCA) to the posterior  papillary  

muscle.18 Both the LAD and the LCCA usually provide coronary blood 
flow to the anterolateral papillary muscle, and as a result, ischemic 
dysfunction of this papillary muscle is relatively uncommon.

In contrast with the LV, coronary blood flow to the RA, LA, and RV 
occurs throughout the cardiac cycle because both systolic and diastolic 
aortic blood pressures are greater than the pressure within these cham-
bers. The RCA and its branches supply the majority of the RV, but the 
RV anterior wall also may receive blood from branches of the LAD. As 
a result, RV dysfunction may occur because of RCA or LAD ischemia. 
Coronary arterial blood supply to the LA is derived from branches of 
the LCCA.19,20 Thus, augmented LA contractile function usually occurs 
in the presence of acute myocardial ischemia or infarction resulting 
from LAD occlusion,21 but such a compensatory response may not be 
observed during compromise of LCCA blood flow concomitant with 
LA ischemia.22 Branches of the RCA and the LCCA provide coronary 
blood flow to the RA.19 For example, a nodal artery from the RCA (55% 
of patients) or the LCCA (45%) supplies blood to the sinoatrial (SA) 
node. Similarly, the RCA or, less commonly, the LCCA branches sup-
ply blood flow to the AV node concomitant with the right or left domi-
nance of the coronary circulation. As a result, a critical stenosis or acute 
occlusion in either of these two perfusion territories may adversely 
affect the proximal conduction system of the heart and produce hemo-
dynamically significant bradyarrhythmias.

Conduction
The mechanism by which the heart is electrically activated plays a 
crucial role in its mechanical performance.23 The SA node is the pri-
mary cardiac pacemaker in the absence of marked decreases in firing 
rate, conduction delays or blockade, or accelerated firing of second-
ary pacemakers (e.g., AV node, bundle of His). The anterior, middle 
(Wenckebach), and posterior (Thorel) internodal pathways transmit 
the initial SA node depolarization rapidly through the RA myocar-
dium to the AV node (Table 5-1). A branch (Bachmann’s bundle) of 
the anterior internodal pathway also transmits the SA node depolar-
ization from the RA to the LA across the atrial septum. The internodal 
pathways may be demonstrated in the electrophysiology laboratory, 
but microscopic examination of tissue histology usually fails to differ-
entiate anatomically discernible bundles of morphologically distinct 
cardiac cells capable of more rapid impulse conduction than the atrial 
myocardium itself. The cartilaginous skeleton of the heart isolates the 
atria from the ventricles by acting as an electrical insulator. Thus, atrial 
depolarization is not indiscriminately transmitted throughout the 
heart, but instead is directed solely to the ventricles through the AV 
node and its distal conduction pathway, the bundle of His. This elec-
trical isolation between the atrial and ventricular chambers and the 
temporal transmission delay occurring within the slowly conducting 
AV node establishes the normal sequential pattern of atrial followed 
by ventricular contraction. Abnormal accessory pathways (e.g., bun-
dle of Kent) between the atria and ventricles may bypass the AV node 
and contribute to the development of reentrant supraventricular tach-
yarrhythmias (e.g., Wolff–Parkinson–White syndrome). The bundle 
of His pierces the connective tissue insulator of the cartilaginous car-
diac skeleton and transmits the AV depolarization signal through the 

Katz AM: Physiology of the Heart, 3rd ed. Lippincott Williams and Wilkins, 2001.

Cardiac Electrical Activation Sequence

 
Structure

Conduction Velocity  
(m/sec)

Pacemaker Rate 
(beats/min)

Sinoatrial node < 0.01 60–100
Atrial myocardium 1.0–1.2 None
Atrioventricular node 0.02–0.05 40–55
Bundle of His 1.2–2.0 25–40
Bundle branches 2.0–4.0 25–40
Purkinje network 2.0–4.0 25–40
Ventricular myocardium 0.3–1.0 None

TABLE  
5-1
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right and left bundle branches to the RV and LV myocardium, respec-
tively, via an extensive Purkinje network located within the inner third 
of the ventricular walls. The bundle of His, the bundle branches, and 
the Purkinje network are composed of His-Purkinje fibers that assure 
rapid, coordinated distribution of depolarization throughout the RV 
and LV myocardium. This ingenious electrical design allows synchro-
nous ventricular contraction and efficient, coordinated ejection. In 
contrast, artificial cardiac pacing that bypasses the normal conduc-
tion system (e.g., epicardial RV pacing) produces dyssynchronous LV 
activation, causes a contraction pattern that may result in suboptimal 
LV systolic function, and is a frequent cause of a new regional wall 
motion abnormality after cardiopulmonary bypass in cardiac surgical 
patients. This form of contractile dyssynchrony is also associated with 
chronic RV apical pacing (e.g., used for the treatment of sick-sinus syn-
drome or an AV conduction disorder) and is known to cause detri-
mental effects on LV chamber geometry and function.24 Furthermore, 
recognition of the crucial relation between a normal electrical activa-
tion sequence and LV contractile synchrony forms the basis for the suc-
cessful use of cardiac resynchronization therapy in some patients with 
congestive HF.25

CARDIAC MYOCYTE ANATOMY 
AND FUNCTION

Ultrastructure
The ultrastructure of the cardiac myocyte is a remarkably elegant exam-
ple of the architectural principle “form follows function.” The external 
membrane of the cardiac muscle cell is known as the sarcolemma. This 
bilayer lipid membrane contains ion channels (e.g., Na+, K+, Ca2+, Cl−), 
active and passive ion transporters (e.g., Na+-K+ ATPase, Ca2+-ATPase, 
Na+-Ca2+ or -H+ exchangers), receptors (e.g., 

1
-adrenergic, muscarinic 

cholinergic, adenosine, opioid), and transport enzymes (e.g., glucose 
transporter) that modulate intracellular ion concentrations, regulate 
homeostasis of electrophysiology, mediate signal transduction, and 
provide substrates for metabolism. Deep sarcolemmal invaginations, 
termed transverse (“T”) tubules, penetrate the myoplasm and facilitate 
rapid, synchronous transmission of cellular depolarization (Figure 5-3). 
The myocyte contains very large numbers of mitochondria responsible 
for the generation of high-energy phosphates (e.g., adenosine triphos-
phate [ATP], creatine phosphate) required for contraction and relax-
ation. The sarcomere is the contractile unit of cardiac myocyte and 
contains myofilaments arranged in parallel cross-striated bundles of 
thin (containing actin, tropomyosin, and the troponin complex) and 

thick (primarily composed of myosin and its supporting proteins) 
fibers. Sarcomeres are connected in series, and as a result, the long and 
short axes of each myocyte simultaneously shorten and thicken, respec-
tively, during contraction. Light and electron microscopic observations 
form the basis for the description of sarcomere structure. Thick and 
thin fibers functionally interact in an area known as the “A” band that 
becomes wider (indicating more pronounced overlap) as the sarcom-
ere shortens. The sarcomere region containing thin filaments alone is 
termed the “I” band; the width of this band is reduced during myo-
cyte contraction. A “Z” (derived from the German zuckung, meaning 
“twitch”) line bisects each “I” band. The “Z” line denotes the border at 
which two adjacent sarcomeres are joined. Thus, an “A” band and two 
half “I” bands (between the “Z” lines) describe the length of each sar-
comere. The “A” band also contains a central “M” band composed of 
thick filaments oriented in a cross-sectional hexagonal arrangement by 
myosin binding protein C.

Each cardiac myocyte contains a highly intertwined sarcoplasmic 
reticulum (SR) network that surrounds the contractile protein bundles. 
The SR serves as the primary calcium (Ca2+) reservoir of the cardiac 
myocyte, and its extensive distribution assures almost homogenous 
dispersal and subsequent reaccumulation of activator Ca2+ through-
out the myofilaments during contraction and relaxation, respectively. 
The SR contains specialized structures, known as subsarcolemmal cis-
ternae, located adjacent to the sarcolemma and T tubules. These sub-
sarcolemmal cisternae contain a dense concentration of ryanodine 
receptors that function as the SR’s primary Ca2+ release channel and 
facilitate Ca2+-induced Ca2+ release immediately on sarcolemmal depo-
larization. The contractile apparatus and the mitochondria that sup-
ply its energy comprise more than 80% of the myocyte’s total volume, 
whereas the cytosol and nucleus occupy less than 15%. This observa-
tion emphasizes that contraction, and not de novo protein synthesis, 
is the predominant function of the cardiac myocyte. Intercalated disks 
not only mechanically join adjacent myocytes via the fascia adherens 
(which links actin molecules at each Z line) and desmosomes, but also 
create electrical transparency between myocytes through gap junctions 
that allow diffusion of ions and small molecules.

Proteins of the Contractile Apparatus
The contractile apparatus is composed of six major components: 
myosin, actin, tropomyosin, and the three-protein troponin complex. 
Myosin (molecular weight = 500 kDa; length = 0.17 m) contains 
a pair of intertwined -helical proteins (tails), each with a globular 
head that binds the actin molecule, and two adjoining pairs of light 
chains. Enzymatic digestion of myosin reveals the presence of “light” 
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( composed of the tail sections) and “heavy” (containing the globular 
heads and the light chains) meromyosin. The primary structural sup-
port of the myosin molecule is the elongated tail section (“light” mero-
myosin). The globular heads of the myosin dimer contain two “hinges” 
that are located at the distal light chain tail-double helix junction. 
These hinges are responsible for myofilament shortening during con-
traction. The binding of the myosin head to the actin molecule stim-
ulates a cascade of events initiated by activation of a myosin ATPase 
that mediates both hinge rotation and actin release during contraction 
and relaxation, respectively. The activity of this actin-activated myosin 
ATPase is a major determinant of the maximum velocity of sarcom-
ere shortening. Of note, several different myosin ATPase isoforms have 
been identified in adult and neonatal atrial and ventricular myocar-
dium that are distinguished by their relative ATPase activity. Myosin 
molecules are oriented in series along the length of the thick filament 
and are joined “tail to tail” in the filament’s center at the M line. Such 
an orientation produces equivalent shortening of each half of the sar-
comere as the actin molecules are pulled toward the center.

The four light chains in the myosin complex are considered “regula-
tory” or “essential.” Regulatory myosin light chains affect the interaction 
between myosin and actin by modulating the phosphorylation state 
of Ca2+-dependent protein kinases. In contrast, essential light chains 
serve vital, but currently undefined, roles in myosin activity because 
their removal denatures the myosin molecule. Notably, LV hypertrophy 
is characterized by myosin light chain isoform alterations from ven-
tricular to atrial forms that may play an important role in the con-
tractile dysfunction associated with this disorder.26 These interesting 
data suggest that genetic modulation of light-chain isoform expression 
may form the basis for pathologic changes in function in some car-
diac disease states. Thick filaments are not only composed of myosin 
and its binding protein, but also contain titin, a long elastic molecule 
that attaches myosin to the Z lines. Titin is an important contribu-
tor to myocardial elasticity and, similar to a bidirectional spring, acts 
as a “length sensor” by establishing greater passive restoring forces as 
sarcomere length approaches its maximum or minimum.27 Titin com-
pression and stretching are observed during decreases and increases in 
load that serve to limit additional shortening and lengthening of the 
sarcomere, respectively. Thus, titin is another important elastic element 
(in addition to actin and myosin) that mediates the stress-strain bio-
mechanical properties of cardiac muscle.28

Actin is the major component of the thin filament and is composed 
of a 42-kDa oval-shaped, globular protein (known as the “G” form; 
diameter = 5.5 nm). Actin exists in a polymerized filamentous configu-
ration (“F” form) wound in double-stranded helical chains of G-actin 
monomers that resemble two intertwined strands of pearls. Each com-
plete helical revolution of F-actin contains 14 G-actin monomers and 
is 77 nm in length. F-actin does not directly hydrolyze high-energy 
nucleotides (e.g., ATP), but the molecule does bind adenosine diphos-
phate (ADP) and divalent cations such as Ca2+ and Mg2+. Actin func-
tions as the “activator” (hence its name) of myosin ATPase through its 
reversible binding with myosin. This actin-myosin complex is capable 
of hydrolyzing ATP, thereby supplying the energy required to cause the 
conformational changes in the myosin heads that mediate the cycle of 
contraction and relaxation within the sarcomere. Tropomyosin (weight 
= 68 and 72 kDa; length = 40 nm) is a major inhibitor of the interac-
tion between actin and myosin, and consists of a rigid double-stranded 

-helix protein linked by a single disulfide bond. Human tropomyo-
sin contains both  and  isoforms (34 and 36 kDa, respectively), and 
may exist as either a homodimer or heterodimer.29 The Ca2+-dependent 
interaction of tropomyosin with the troponin complex is the primary 
mechanism by which excitation-contraction coupling occurs; that is, 
the association between sarcolemmal membrane depolarization and 
the resultant binding of actin and myosin that is responsible for con-
traction of the cardiac myocyte. Tropomyosin also stiffens the thin fil-
ament through its position within the longitudinal cleft between the 
interwoven F-actin helices. Several cytoskeletal proteins (e.g., - and 

-actinin, nebulette) anchor the thin filaments to the Z lines of the 
sarcomere.30

The troponin complex consists of three proteins that are critical regu-
lators of the contractile apparatus. Each troponin protein serves a dis-
tinct role.31 Troponin complexes are interspersed at 40-nm intervals 
along the thin filament. A highly conserved, single isoform of troponin C 
(named for the molecule’s Ca2+ binding ability) exists in cardiac muscle. 
The structure of this protein consists of a central nine-turn  helix sep-
arating two globular regions that contain four discrete divalent cation-
binding amino acid sequences, two of which (termed “sites I and II”) 
are Ca2+ specific. As a result, the troponin C molecule is able to directly 
respond to the acute changes in intracellular Ca2+ concentration that 
accompany contraction and relaxation. Troponin I (“I” for “inhibitor”; 
23 kDa) exists in a single isoform in cardiac muscle. Troponin I alone 
weakly interferes with actin-myosin interaction, but becomes the major 
inhibitor of actin-myosin binding when combined with tropomyosin. 
This inhibition is responsive to receptor-operated signal transduction, 
as the troponin I molecule contains a serine residue that is susceptible to 
protein kinase A (PKA)–mediated phosphorylation through the intrac-
ellular second messenger cyclic adenosine monophosphate. Such phos-
phorylation of this serine residue reduces the ability of troponin C to 
bind Ca2+, an action that facilitates relaxation during administration of 
positive inotropic drugs including -adrenoceptor agonists (e.g., dobu-
tamine) and phosphodiesterase fraction III (PDE III) inhibitors (e.g., 
milrinone). Troponin T (the “T” identifies the protein’s ability to bind 
other troponin molecules and tropomyosin) is the largest of the tro-
ponin proteins and has four major human isoforms. Troponin T serves 
as an anchor for the other troponin molecules and also may influence 
the relative Ca2+ sensitivity of the troponin C.32

Ca2+-Myofilament Interaction
Ca2+-troponin C binding produces a sequence of conformational 
changes in the troponin-tropomyosin complex that expose the specific 
myosin-binding site on actin (Figure 5-4). Small amounts of Ca2+ are 
bound to troponin C when intracellular Ca2+ concentration is low dur-
ing diastole (10−7 M). Under these conditions, the troponin complex 
confines each tropomyosin molecule to the outer region of the groove 
between F-actin filaments, thereby effectively preventing the interac-
tion of myosin and actin by blocking the formation of cross-bridges 
between these proteins. This resting inhibitory state is rapidly trans-
formed by the 100-fold increase in intracellular Ca2+ concentration 
(to 10−5 M) occurring as a consequence of sarcolemmal depolariza-
tion that opens L- and T-type Ca2+ channels, allows Ca2+ influx from 
the extracellular space, and stimulates ryanodine receptor– mediated, 
Ca2+-induced Ca2+ release from the SR. Ca2+-troponin C binding occurs 
under these conditions, and this action not only elongates the troponin 
C protein but enhances its interactions with troponin T and I. Such 
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Figure 5-4 Cross-sectional schematic illustration demonstrates the 
structural relationship between the troponin-tropomyosin complex 
and the actin filament under resting conditions (diastole; left) and after 
Ca2+ binding (systole; right). Ca2+ binding produces a conformational 
shift in the troponin-tropomyosin complex toward the groove between 
the actin molecules, thereby exposing the myosin binding site on actin. 
TnC, troponin C; TnI, troponin I; TnT, troponin T. Katz AM: Physiology of 
the Heart, 3rd ed. Lippincott Williams and Wilkins, 2001.



104 SECTION II Cardiovascular Physiology, Pharmacology, Molecular Biology, and Genetics

Ca2+-mediated allosteric alterations in the structure of the troponin 
complex weaken the interaction between troponin I and actin, pro-
mote repositioning of the tropomyosin molecule relative to the F-actin 
filaments, and minimize the previously described inhibition of actin-
myosin binding by tropomyosin that is observed during low intracel-
lular Ca2+ concentrations.33 Thus, Ca2+-troponin C binding stimulates 
a sequence of alterations in the chemical conformation of the regu-
latory proteins that reveal the binding site for myosin on the actin 
molecule and allow cross-bridge formation and contraction to occur. 
Subsequent dissociation of Ca2+ from troponin C fully reverses this 
antagonism of inhibition, prevents further myosin-actin interaction, 
and facilitates relaxation by rapidly restoring of the original conforma-
tion of the  troponin-tropomyosin complex on F-actin.

An energy-dependent ion pump (Ca2+-ATPase) located in the SR 
membrane (abbreviated as “SERCA” for SR Ca2+-ATPase) removes 
most Ca2+ ions from the myofilaments and the myoplasm after the sar-
colemmal membrane is repolarized. This activator Ca2+ is stored in the 
SR at a concentration of approximately 10−3 M and is transiently bound 
to calsequestrin and calrectulin until the next sarcolemmal depolariza-
tion occurs and ryanodine receptor–activated SR channels open again. 
Another Ca2+-ATPase and a Na+/Ca2+ exchanger passively driven by ion 
concentration gradients, each located in the sarcolemmal membrane, 
also play roles in the removal of substantially smaller amounts of Ca2+ 
from the myoplasm after repolarization. Phospholamban is a small pro-
tein (6 kDa) located in the SR membrane that modulates the activity 
of SERCA by partially inhibiting the dominant form (type 2a) of this 
main Ca2+ pump under baseline conditions. However, PKA-induced 
phosphorylation of phospholamban antagonizes this baseline inhibi-
tion and enhances SERCA-mediated Ca2+ uptake into the SR.34 Thus, 
drugs such as dobutamine and milrinone that act by modifying PKA-
mediated signal transduction enhance the rate and extent of relaxation 
by facilitating Ca2+ reuptake (positive lusitropic effect), while simulta-
neously increasing the amount of Ca2+ available for the next contractile 
activation (positive inotropic effect).

Biochemistry of Myosin-Actin Interaction
A four-component kinetic model is most often used to describe the 
biochemistry of cardiac muscle contraction (Figure 5-5).35 High-affinity 
binding of ATP to the catalytic domain of myosin initiates a  coordinated 

sequence of events that results in sarcomere shortening. The myosin 
ATPase enzyme hydrolyzes the ATP molecule into ADP and inorganic 
phosphate. These products remain bound to myosin, thereby form-
ing an “active” complex that retains the reaction’s chemical energy as 
potential energy. In the absence of actin, ADP and phosphate eventually 
dissociate from myosin and the muscle remains relaxed. The activity 
of myosin ATPase is substantially enhanced when the myosin-ADP-
phosphate complex is bound to actin, and under these conditions, the 
energy released by ATP hydrolysis is translated into mechanical work. 
Myosin binding to actin releases the phosphate anion from the myosin 
head, thereby producing a tension-inducing molecular conformation 
within the cross-bridge.36 Release of ADP and potential energy from 
this “activated” orientation combine to rotate the cross-bridge (“power 
stroke”) at the hinge point separating the helical tail from the globu-
lar head of the myosin molecule. Each cross-bridge rotation generates 
approximately 3.5 × 10−12 newtons of force, and myosin moves 11 nm 
along the actin molecule.37 The myosin-active complex does not imme-
diately dissociate after rotation of the myosin head rotation and ADP 
release, but instead remains in a low-energy bound (“rigor”) state. 
Subsequent dissociation of the myosin and actin molecules occurs only 
when a new ATP molecule binds to myosin. This four-step process is 
then repeated, assuming an adequate ATP supply and lack of inhibi-
tion of the myosin-binding site on actin by the troponin-tropomyosin 
complex.

Several factors may affect cross-bridge biochemistry and the sar-
comere shortening that it produces. There is a direct relation between 
the maximal velocity of unloaded muscle shortening (V

max
) and myo-

sin ATPase activity. The 100-fold increase in intracellular Ca2+ concen-
tration associated with sarcolemmal depolarization enhances myosin 
ATPase activity by a factor of 5 before it interacts with actin, thereby 
increasing V

max
. The extent of sarcomere shortening during contraction 

is also dependent on sarcomere length before sarcolemmal depolariza-
tion. This length-dependent activation is known as the Frank–Starling 
effect in the intact heart, and may be related to an increase in myofila-
ment Ca2+ sensitivity, more optimal spacing between actin and myosin, 
or titin-induced elastic recoil. Abrupt increases in load during shorten-
ing (termed the Anrep effect) or after an extended pause between a series 
of contractions (known as the Woodworth phenomenon) cause transient 
increases in contractile force through such a length- dependent activa-
tion mechanism. An increase in stimulation frequency also  augments 
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shortening through enhanced myofilament Ca2+ sensitivity and more 
pronounced release of Ca2+ from the SR.

LAPLACE’S LAW
It is clear based on the previous discussion that the sarcomere generates 
tension and shortens during contraction, and thereafter it releases this 
developed tension and lengthens during relaxation. However, the intact 
heart produces pressure on and causes ejection of a volume of blood. 
Thus, the alterations in muscle tension and length observed in the sar-
comere require transformation into the phasic changes in pressure and 
volume that occur in the intact heart.38 Laplace’s law facilitates this con-
version of the contractile behavior of individual sarcomeres or isolated, 
linear cardiac muscle preparations in vitro into three- dimensional 
(3-D) chamber function in vivo, thereby permitting a systematic exam-
ination of the intact heart’s ability to function as a hydraulic pump. 
The relation between myocyte length and chamber volume (V) may 
be modeled as a pressurized, spherical shell (Figure 5-6),39 where volume 
is proportional to the cube of the radius (r) such that V = 4 r3/3. This 
model may be pedagogically useful and will be used for the follow-
ing discussion, but the LV and the atria are more precisely described 
using prolate ellipsoidal geometry, which defines three axes corre-
sponding to the anterior-posterior, septal-lateral, and long-axis diam-
eters (D

AP
, D

SL
, and D

LA
, respectively), such that V = D

AP
D

SL
D

LA
/6. This 

technique of measuring LV or atrial volume more closely approxi-
mates anatomic reality and has been validated extensively in experi-
mental animals40,41 and humans.42,43 However, such a method does not 
apply when attempting to describe RV volume because of the unique  
bellows-shaped structure of this chamber.44

The relation between wall stress (defined as tension exerted over a 
cross-sectional area) and pressure within a cardiac chamber is com-
plex. Laplace’s law relates wall stress to pressure and chamber geometry, 
which may be determined based on three major suppositions38: First, 
the chamber is assumed to be spherical with a uniform wall thickness 
(h) and an internal radius (r); second, the stress ( ) throughout the 
thickness of the chamber wall is assumed to be constant; and finally, the 
chamber remains in static equilibrium (i.e., is not actively contracting). 
Tension development within each sarcomere causes a corresponding 
increase in wall stress that is translated into the generation of hydrau-
lic pressure within the chamber. Within this context, internal pressure 
(P) is defined as an orthogonal distending force exerted against the 
chamber walls, whereas wall stress is a shear force exerted around the 

circumference of the chamber.38 Bisecting the chamber into two equal 
halves exposes the internal forces within it (see Figure 5-6). The product of 
internal pressure and wall cross-sectional area ( r2) represents the total 
force tending to repel the chamber hemispheres. In contrast, the total 
force within the chamber walls resists this distracting force and is equal 
to the  times the cross-sectional wall area. The two forces must bal-
ance for the chamber to remain in equilibrium such that P r2 = [ (r 
+ h)2 − r2]. This equation may be algebraically simplified to the form 
Pr = h(2 + h/r) by removal of the redundant terms. The chamber wall 
is normally thin relative to its internal radius. As a result, the h/r term 
may be neglected and the remaining expression may be rearranged to 
become the more familiar  = Pr/2h. This simple derivation of Laplace’s 
law indicates that wall stress varies directly with internal pressure and 
radius, and inversely with wall thickness. Despite the observation that 
the ratio of wall thickness to radius is not entirely negligible at LV end-
diastole (h/r = 0.4),45 Laplace’s law for a thin-walled sphere provides 
a useful description of the factors that contribute to changes in LV 
or atrial wall stress. For example, LV dilation associated with chronic 
aortic insufficiency increases global LV wall stress that reflects greater 
tension on each sarcomere within the chamber wall.46 Similarly, the per-
sistent increase of LV pressure observed in the presence of severe aor-
tic stenosis also produces greater stress on the LV wall. Such increases 
in wall stress resulting from chronic volume or pressure overload are 
directly translated into greater myocardial oxygen demand because the 
myofilaments require more energy to develop this degree of enhanced 
tension. In contrast, an increase in wall thickness causes a reduction 
in global wall stress and tension developed by individual sarcomeres. 
Thus, Laplace’s law predicts that hypertrophy is a critically important 
compensatory response to chronically altered chamber load that serves 
to reduce the tension generated by each muscle fiber. Prolate ellipsoi-
dal models of chamber geometry and those incorporating orthogo-
nal radial, circumferential, and meridional components of wall stress 
require more complex derivations of Laplace’s law47 that may be cor-
rected with dimensional measurements obtained using echocardiogra-
phy.48 Formal derivations of these models are beyond the scope of the 
current chapter but are available elsewhere.49,50

In contrast with the assumption used in the derivation of Laplace’s 
law for a simple sphere, wall stress is not uniformly distributed across 
LV thickness in the intact heart,51 but instead is greatest in the sub-
endocardium and progressively declines to a minimum at the epicar-
dial surface. These regional differences in wall stress become especially 
important in LV pressure overload hypertrophy (e.g., aortic stenosis, 
severe hypertension),52 as the subendocardium is exposed to more 
pronounced increases in intraventricular pressure concomitant with 
greater myocardial oxygen demand that make it more susceptible to 
ischemia. The combination of increased subendocardial wall stress and 
oxygen demand is particularly deleterious in the presence of a flow-
limiting coronary artery stenosis and may contribute to the relatively 
common occurrence of subendocardial myocardial infarction in the 
absence of complete coronary occlusion in patients with severe LV 
hypertrophy.

CARDIAC CYCLE
The cardiac cycle describes a highly coordinated, temporally related 
series of electrical, mechanical, and valvular events (Figure 5-7).53 A single 
cardiac cycle occurs in 0.8 second at a HR of 75 beats/min. Synchronous 
depolarization of RV and LV myocardium (as indicated by the elec-
trocardiogram QRS complex) initiates contraction of and produces a 
rapid increase in pressure within these chambers (systole). Closure of 
the tricuspid and mitral valves occurs when RV and LV pressures exceed 
the corresponding atrial pressures and cause the first heart sound (S

1
). 

LV systole is divided into isovolumic contraction, rapid ejection, and 
slower ejection phases. LV isovolumic contraction describes the time 
interval between mitral valve closure and aortic valve opening during 
which LV volume remains constant. Nevertheless, global LV geome-
try is transformed from an ellipsoidal shape at end-diastole to a more 
spherical configuration during isovolumic  contraction because the 

P

r h

Figure 5-6 Schematic diagram depicts the opposing forces within a 
theoretical left ventricular (LV) sphere that determine Laplace‘s law. LV 
pressure (P) tends to push the sphere apart, whereas wall stress ( ) holds 
the sphere together. h, LV thickness; r, LV radius.
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length of the longitudinal axis (base-apex) shortens and LV wall thick-
ness increases.54 The maximum rate of increase of LV pressure (dP/
dt

max
) occurs during LV isovolumic contraction and may be used to 

estimate myocardial contractility in vivo. True isovolumic contraction 
most likely does not occur in the RV because of the sequential nature of 
contraction of the inflow and outflow tracts.55 The pressures in the aor-
tic and pulmonic roots decline to their minimum value immediately 
before the corresponding valves open. Rapid ejection occurs when 
LV and RV pressures exceed aortic and pulmonary arterial pressures, 
respectively. Approximately two thirds of the end-diastolic volume of 
each ventricle is ejected during this rapid-ejection phase. Dilation of 
the elastic aorta and proximal great vessels, and to a lesser extent, the 
pulmonary artery and its proximal branches, occurs concomitant with 
this rapid increase in volume as the kinetic energy of LV and RV con-
traction is transferred to the aorta and pulmonary artery, respectively, 
as potential energy. The compliance of the proximal systemic and pul-
monary arterial vessels determines the amount of potential energy that 
may be stored and subsequently released to their respective distal vascu-
lar beds during diastole. Further ejection of additional blood from the 
LV and RV declines precipitously as the pressures within the aorta and 
pulmonary artery reach their maximum values. Ejection ceases entirely 
when the LV and RV begin to repolarize and the arterial forces  resisting 

 further ejection are greater than the ventricular forces  continuing to 
drive blood flow forward. As the period of slower ejection comes to 
an end, aortic and pulmonary artery pressures briefly exceed LV and 
RV pressures. These pressure gradients cause the aortic and pulmonic 
valves to close, an action that produces the second heart sound (S

2
), 

signifying the end of systole and the beginning of diastole. The aor-
tic valve closes slightly before the pulmonic valve during inspiration 
because RV ejection is modestly prolonged by augmented venous 
return, thereby causing normal physiologic splitting of S

2
. The normal 

end-diastolic and end-systolic volumes (V
ed

 and V
es
) are approximately 

120 and 40 mL, respectively. Thus, SV (the difference between V
ed

 and 
V

es
) is 80 mL and EF (the ratio of SV to V

ed
) is 67%.56

LV diastole is divided into isovolumic relaxation, early ventricular 
filling, diastasis, and atrial systole. LV isovolumic relaxation defines the 
period between aortic valve closure and mitral valve opening during 
which LV volume remains constant. LV pressure rapidly declines as the 
myofilaments relax. When LV pressure declines to less than LA pressure, 
the mitral valve opens, and blood volume stored in the LA enters the LV 
driven by the initial pressure gradient between the chambers. Notably, 
LV pressure continues to decline after mitral valve opening as sarcom-
ere relaxation is completed and myocardial elastic components recoil 
(Figure 5-8).57–59 These factors contribute to the creation of a time-
dependent pressure gradient between the LA and LV that extends to the 
apex.58 The rate and extent of LV pressure decline and the LA pressure 
when the mitral valve opens determine the initial magnitude of the pres-
sure gradient between these chambers.60 Early LV filling occurs rapidly, 
as indicated by the observation that the peak blood flow velocity across 
the mitral valve during this phase of diastole may exceed the flow rate 
across the aortic valve during LV contraction.61 Vortex formation from 
the primary mitral blood flow jet also facilitates selective filling of the 
LV outflow tract.62,63 Delays in LV relaxation may occur as a consequence 
of age or disease processes (e.g., ischemia, hypertrophy) and are a com-
mon cause of attenuated early LV filling because the initial LA-LV pres-
sure gradient is reduced under these circumstances.64 After the mitral 
valve opens, the pressure gradient between the LA and the LV is tempo-
rally dependent on the relative pressure in each chamber. Notably, most 
of the increase in LV volume observed during early ventricular filling 
occurs while LV pressure continues to decrease. In fact, LV pressure has 
been shown to decrease to a subatmospheric level if blood flow across 
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Figure 5-7 Carl Wiggers‘ original figure depicts the electrical, mechani-
cal, and audible events of the cardiac cycle including the electrocardio-
gram (ECG); aortic, left ventricular, and left atrial pressure waveforms; left 
ventricular volume waveform; and heart tones associated with mitral and 
aortic valve closure. Wiggers CJ: The Henry Jackson Memorial Lecture. 
Dynamics of ventricular contraction under abnormal conditions, Circulation 
5:321–348, 1952.
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a pressure gradient between the chambers that causes early LV filling. 
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the mitral valve is completely obstructed.8,65 These data imply that the 
LV ventricle will continue to fill through this “diastolic suction” mech-
anism even if LA pressure is zero.66,67 The early filling phase of dias-
tole normally provides 70% to 75% of the total SV ejected during the 
subsequent LV contraction and ends when LA and LV pressures equili-
brate or the gradient between these chambers transiently reverses. The 
mitral valve remains open and pulmonary venous blood flow directly 
traverses the LA into the LV after the LA and LV pressures have equal-
ized. Thus, the LA acts as a simple conduit during this diastasis phase 
of diastole, and LV filling markedly slows as a result. The small amount 
of blood flow from pulmonary veins occurring during diastasis usu-
ally adds less than 5% to the total LV SV.68 Progressive increases in HR 
shorten and may completely eliminate diastasis, but such a response to 
tachycardia has little, if any, effect on overall LV filling. Atrial systole is 
the final phase of diastole. LA contraction increases the pressure in this 
chamber, thereby again creating a positive pressure gradient for blood 
flow from the LA and the LV. The peristaltic pattern of LA contraction 
and the unique anatomy of the pulmonary venous-LA junction largely 
prevent retrograde blood flow into the pulmonary veins during atrial 
systole at normal LA pressures.69 Atrial systole usually accounts for 
between 15% and 25% of total left ventricular stroke volume (LVSV), 
but this LA “kick” becomes especially important to the maintenance of 
LV filling in pathologic states characterized by delayed LV relaxation 
or reduced LV compliance.70 Similarly, improperly timed LA contrac-
tion or the onset of atrial tachyarrhythmias (e.g., atrial fibrillation) may 
cause profound hemodynamic compromise in patients with myocardial 
ischemia or pressure-overload hypertrophy who are particularly depen-
dent on atrial systole for LV filling. Descriptions of RV diastole are simi-
lar to those used to characterize LV diastole, with the exception that true 
isovolumic relaxation most likely does not occur in the RV.

The LA pressure waveform is composed of three major deflections 
during normal sinus rhythm. The LA contracts immediately after the P 
wave of atrial depolarization is recorded on the electrocardiogram, pro-
ducing the “a” wave of atrial systole. This a wave may be enhanced by an 
increase in LA preload or contractile state. The rate of deceleration of the 
a wave has been shown to be an index of LA relaxation.71 LV contraction 
with the onset of systole causes a pressure wave to be transmitted to the 
LA in retrograde fashion by closure of the mitral valve, resulting in a small 
increase in LA pressure. This “c” wave may become more pronounced in 
the presence of mitral valve prolapse. During late LV isovolumic contrac-
tion, LV ejection, and the majority of LV isovolumic relaxation, pulmo-
nary venous blood progressively fills the LA and gradually increases LA 
pressure, resulting in the LA “v” wave. This v wave may be augmented in 
the presence of mitral regurgitation or reductions in LA compliance.72 
RA pressure waveform deflections are similar to those observed in the 
LA. This RA a-c-v waveform morphology is transmitted to the jugular 
veins and may be clinically observed in the neck during routine phys-
ical examination in the supine position. In contrast with the biphasic 
nature of LA and RA pressure waveforms, the volume waveforms of 
these chambers are essentially monophasic. For example, minimum LA 
volume occurs immediately after the completion of LA contraction and 
corresponds closely to the mitral valve closure, whereas maximal LA vol-
ume is observed immediately before the mitral valve opens.

PRESSURE-VOLUME DIAGRAMS
A time-dependent, two-dimensional (2D) plot of continuous LV pres-
sure and volume throughout a single cardiac cycle creates a phase space 
diagram that provides a useful framework for the analysis of LV systolic 
and diastolic function in the ejecting heart (Figure 5-9). Otto Frank ini-
tially described the theoretic foundations of this technique at the end of 
the 19th century,73,74 but Hiroyuki Suga and Kiichi Sagawa† were the first 

to widely apply pressure-volume analysis after  technologic advances 
enabled the continuous measurement of high-fidelity LV pressure (e.g., 
using a miniature micromanometer implanted in the chamber) and LV 
volume (e.g., sonomicrometry, conductance  catheter).75–77 Alterations 
in LV pressure with respect to volume occur in a counterclockwise fash-
ion over time. The cardiac cycle begins at  end-diastole (point A, Figure 
5-9). An abrupt increase in LV pressure at constant LV volume occurs 
during isovolumic contraction. Opening of the aortic valve occurs when 
LV pressure exceeds aorta pressure (point B, Figure 5-9) and ejection 
begins. LV volume decreases rapidly as blood is ejected from the LV into 
the aorta and proximal great vessels. When LV pressure declines below 
aortic pressure at the end of ejection, the aortic valve closes (point C, 
Figure 5-9). This event is immediately followed by a rapid decline in 
LV pressure in the absence of changes in LV volume (isovolumic relax-
ation). The mitral valve opens when LV pressure decreases to less than 
LA pressure (point D, Figure 5-9), thereby initiating LV filling. The LV 
pressure-volume diagram is completed as the LV refills its volume for 
the next contraction concomitant with relatively small increases in pres-
sure during early filling, diastasis, and LA systole.

The steady-state LV pressure-volume diagram provides advantages 
over temporal plots of individual LV pressure and volume waveforms 
when recognizing major cardiac events without electrocardiographic 
correlation (e.g., aortic or mitral valve opening or closing) or identifying 
acute alterations in LV loading conditions. For example, end-diastolic 
and end-systolic volumes may immediately be recognized as the lower 
right (point A) and upper left (point C) corners of Figure 5-9, respec-
tively, allowing rapid calculation of SV and EF. Movement of the right 

†The reader should consult the definitive textbook by these investigators and their 
collaborators for a detailed description of pressure-volume analysis of cardiac function: 
Sagawa K, Maughan L, Suga H, Sunagawa K: Cardiac Contraction and the Pressure-Volume 
Relationship. New York: Oxford University Press, 1988.
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Figure 5-9 Steady-state left ventricular (LV) pressure-volume 
 diagram. The cardiac cycle proceeds in a time-dependent counter-
clockwise direction (arrows). Points A, B, C, and D correspond to LV 
end-diastole (closure of the mitral valve), opening of the aortic valve, 
LV end-systole (closure of the aortic valve), and opening of the mitral 
valve, respectively. Segments AB, BC, CD, and DA represent isovolu-
mic contraction, ejection, isovolumic relaxation, and filling, respectively. 
The LV is constrained to operate within the boundaries of the end-sys-
tolic and end-diastolic pressure-volume relations (ESPVR and EDPVR, 
respectively). The area inscribed by the LV pressure-volume diagram is 
stroke work (SW; kinetic energy) performed during the cardiac cycle. 
The area to the left of the LV pressure-volume diagram between ESPVR 
and EDPVR is the remaining potential energy (PE) of the system. The 
sum of SW and PE is pressure-volume area.
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side of the pressure-volume diagram to the right is characteristic of an 
increase in preload concomitant with larger SV, whereas an increase in 
afterload causes the pressure-volume diagram to become taller (greater 
LV pressure) and narrower (decreased SV; Figure 5-10). The area of the 
diagram precisely defines the LV pressure-volume (stroke) work (kinetic 
energy) for a single cardiac cycle. As illustrative as a single LV pressure-
volume diagram may be for obtaining basic physiologic information, it 
is the dynamic changes of a series of these LV pressure-volume diagrams 
occurring during an acute alteration in LV load over several consecutive 
cardiac cycles that truly provide unique insight into LV systolic and dia-
stolic function. Such a series of differentially loaded LV pressure-volume 
diagrams may be generated by transient changes in preload or afterload 
using mechanical (e.g., vena caval or aortic constriction, respectively) or 
pharmacologic (e.g., sodium nitroprusside or phenylephrine infusions, 
respectively) techniques. This nested set of diagrams allows calculation 
of relatively HR- and load-insensitive estimates of myocardial contrac-
tility in vivo such as the end-systolic pressure-volume relation (ESPVR; 
the slope of the relation is termed end-systolic elastance [E

es
])77 and the 

SW–end-diastolic volume relation (a linear Frank–Starling analog also 
known as “preload recruitable stroke work”78). This family of pressure-
volume diagrams also describes the end-diastolic pressure-volume 
relation (EDPVR) that characterizes LV compliance and is a primary 
determinant of LV filling.38 Thus, the ESPVR and EDPVR define the 
operative constraints of the LV (see Figures 5-9 and 5-10). The ESPVR and 
the EDPVR are determined by the intrinsic properties of the LV dur-
ing systole and diastole, respectively, but the relative positions of the 
end-diastolic and end-systolic points that lie along these lines for any 
given cardiac cycle are established primarily by venous return and arte-
rial vascular tone (i.e., preload and afterload).79 This essential unifying 
concept emphasizes that analysis of overall cardiovascular performance 
in vivo must not consider the LV or the systemic circulation with which 
it interacts as an independent entity.80 The area to the left of the steady-
state LV pressure-volume diagram that lies between the ESPVR and the 
EDPVR is the remaining potential energy of the system (see Figure 5-9) 
and is an important factor in determining the LV mechanical energetics 
and efficiency.81 RV systolic and diastolic function also may be quanti-
fied using the principles of this pressure-volume theory.82

The pressure-volume plane also provides a valuable illustration 
of the pathophysiology of LV systolic or diastolic dysfunction as 
underlying causes for congestive HF.83 For example, a decrease in the 
ESPVR slope indicates that a reduction in myocardial contractility has 
occurred consistent with pure LV systolic dysfunction. Such an event is 
accompanied by a compensatory LV dilation (movement of the pres-
sure-volume diagram to the right) along a normal EDPVR (Figure 5-11). 
This increase in preload may preserve SV and cardiac output (CO) but 
occurs at the cost of greater LV filling and pulmonary venous pres-
sures.79 In contrast, an increase in the EDPVR denotes a reduction in 
LV compliance such that LV diastolic pressure is greater at each LV vol-
ume. Under these circumstances, myocardial contractility may remain 
relatively normal (the ESPVR does not change), but LV filling pres-
sures are increased, thereby producing pulmonary venous conges-
tion and clinical symptoms (see Figure 5-11). Simultaneous depression 
of the ESPVR and elevation of the EDPVR indicate the presence of 
both LV systolic and diastolic dysfunction. SV and CO may be severely 
reduced because available compensatory changes in preload or after-
load, depicted by movement of the steady-state LV pressure-volume 
diagram within the ESPVR and the EDPVR boundaries, are quite lim-
ited under such conditions.

The pressure-volume plane may be extrapolated to a single region 
or dimension of the LV, and analogous LV pressure-dimension rela-
tionships may then be analyzed.84–86 For example, ultrasonic trans-
ducers placed within the LV wall may be used in the laboratory to 
measure changes in segment length87 or LV diameter88 during the 
cardiac cycle. Such transducers also may be placed on the LV epicar-
dial and endocardial surfaces to measure continuous changes in wall 
thickness.86 The time for ultrasound to be transmitted between a pair 
of these transducers is directly proportional to the length between 
them (Doppler principle). Thus, segment length or chamber diam-
eter normally increases during diastole and shortens during systole 
analogous to changes in continuous LV volume, whereas myocar-
dial wall thickness decreases in diastole and increases during systole. 
Acute changes in LV loading conditions may then be used to gen-
erate a series of diagrams for measurement of LV end-systolic and 
end-diastolic pressure-segment length, pressure-wall thickness, or 
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Figure 5-10 Schematic illustrations demonstrate alterations in the steady-state left ventricular (LV) pressure-volume diagram produced by a pure 
theoretical increase in LV preload (left) and afterload (right). Additional preload causes direct increases in stroke volume and LV end-diastolic pressure, 
whereas an acute increase in afterload produces greater LV pressure but also reduces stroke volume. EDPVR, end-diastolic pressure-volume relation; 
ESPVR, end-systolic pressure-volume relation.
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pressure-dimension relationships. The use of regional compared with 
global LV pressure-volume analysis is particularly advantageous when 
studying the mechanical consequences of myocardial ischemia.89 For 
example, acute occlusion of a major  coronary artery produces a time-
 dependent collapse of the steady-state LV pressure-length diagram in 

the central ischemic zone consistent with a rapidly progressing decline 
and eventual complete absence of effective regional SW (Figure 5-12). In 
contrast, the LV pressure-segment length diagram tilts to the right in 
a moderately ischemic area such as a border zone surrounding a cen-
tral ischemic region. This diagram may be divided into three regions 
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Figure 5-11 Schematic illustrations demonstrate alterations in the steady-state left ventricular (LV) pressure-volume diagram produced by a reduc-
tion in myocardial contractility as indicated by a decrease in the slope of the end-systolic pressure-volume relation (ESPVR; right) and a decrease in LV 
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Figure 5-12 Differentially loaded left ventricular (LV) pres-
sure-segment length diagrams resulting from abrupt occlu-
sion of the inferior vena cava in the left anterior descending 
(LAD) and left circumflex coronary artery (LCCA) perfusion 
territories before (left panels) and during (right panels) 
a 2-minute occlusion of the LAD in a conscious, chroni-
cally instrumented dog. Aneurysmal systolic lengthening, 
postsystolic shortening, loss of effective stroke work, and 
diastolic creep (segment expansion) occur in the LAD LV 
pressure-segment length diagram in response to ischemia 
in this region. Corresponding isovolumic shortening and 
early diastolic lengthening in the LCCA LV pressure-seg-
ment length diagram also occur as the contraction and 
relaxation of nonischemic zone myocardium and partially 
compensate for the adjacent dyskinetic region. Pagel et al. 
Anesthesiology 83:1021–1035, 1995.
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that correspond to systolic lengthening (because of paroxysmal sys-
tolic aneurysmal bulging of the ischemic zone), postsystolic shorten-
ing (shortening in the ischemic zone that occurs after ejection as a 
result of tethering to adjacent normal myocardium), and a variable 
area between the two that contributes to functional regional LV SW 
(Figure 5-13). These parameters may be used to quantify the relative 
intensity of regional myocardial ischemia.90

Pressure-volume analysis also may be applied to the study of atrial 
function. In contrast with the nearly rectangular shape of the LV pres-
sure-volume diagram, the steady-state LA (or RA) pressure-volume 
diagram is composed of two intersecting loops arranged in a horizon-
tal “figure-of-eight” pattern that incorporates active (“A” loop) and pas-
sive (“V” loop) components of LA function (Figure 5-14).91 The unusual 
shape of the LA pressure-volume diagram results primarily from the 
biphasic morphology of the LA pressure waveform. Beginning at the 
end of LV diastasis (corresponding to LA end-diastole), the active 
component of the diagram traces a counterclockwise outline dur-
ing atrial systole as the LA ejects its contents into the LV through the 
open mitral valve. LA end-systole (corresponding to LV end-diastole) 
marks the end of atrial contraction and is defined by minimum LA 
volume. Thus, identification of LA end-diastole and end-systole on 
the LA pressure-volume diagram facilitates calculation of LASV and 
emptying fraction (analogous to LVEF). After the mitral valve closes, 
LA filling occurs during LV systole and isovolumic relaxation. LA 
pressure and volume gradually increase as the chamber is filled with 
pulmonary venous blood during this reservoir phase, thereby form-
ing the bottom portion of the A loop and the upper portion of the V 
loop. The area of the A loop represents active LA SW92 (analogous to 
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Figure 5-13 Steady-state left ventricular (LV) pressure-segment length dia-
gram measured within the border zone of the central ischemia region during 
acute occlusion of the left anterior descending coronary artery in a dog. Areas 
of systolic lengthening (right) and postsystolic shortening (left) produced by 
partial ischemia and tethering to the central ischemia zone do not contribute 
to segmental work, but a small area of the diagram (center) demonstrates 
effective segment shortening that contributes to global LV stroke work.

0.0

0.5

0.0

0.5

1.0

10

8

12
8

12

16 15

13

11

9

7

1.0
–0.5

6

Le
ft 

at
ria

l
pr

es
su

re
(m

m
 H

g)

Le
ft 

at
ria

l
vo

lu
m

e
(m

l)

P
ul

m
on

ar
y

ve
no

us
 b

lo
od

flo
w

 v
el

oc
ity

(m
/s

)

Tr
an

sm
itr

al
bl

oo
d 

flo
w

ve
lo

ci
ty

(m
/s

)

Le
ft 

at
ria

l p
re

ss
ur

e
(m

m
 H

g)

7 8 9 10

Left atrial volume (ml)

Reservoir volume

Stroke
volume

Conduit
volume

MVO

V
A

MVC

ED
ES

MVOMVC
v

c
a

S
D

AR

A
E

Figure 5-14 Left atrial (LA) pressure and volume waveforms (left) and the corresponding steady-state LA pressure-volume diagram (right) inscribed in phase 
space by these waveforms during a single cardiac cycle. The corresponding schematic pulmonary venous and transmitral blood flow velocity waveforms are 
also depicted (left). The “a” wave of LA pressure corresponds to atrial systole, the “c” wave represents the small increase in LA pressure that occurs during 
early left ventricular (LV) isovolumic contraction, and the “v” wave identifies the increase in LA pressure associated with LA filling. In contrast with this biphasic 
LA pressure waveform, the morphology of the LA volume waveform is monophasic. The resulting LA pressure-volume diagram is shaped in a horizontal figure-
of-eight pattern. Arrows indicate the time-dependent direction of movement around the diagram. The “A” portion of the diagram (left loop of the figure of 
eight) incorporates active LA contraction and temporally proceeds in a counterclockwise fashion. The “V” portion of the diagram (right loop) represents pas-
sive LA reservoir function and proceeds in a clockwise manner over time. Mitral valve closure and opening (MVC and MVO, respectively) also are depicted on 
the individual waveforms and the LA pressure-volume diagram. Left atrial end-diastole (ED) is defined as the time point immediately before LA contraction 
at which LA pressure corresponds to LA end-systolic (ES) pressure (horizontal dashed line). LV isovolumic contraction, ejection, and the majority of isovolumic 
relaxation occur between MVC and MVO illustrated on the LA pressure-volume diagram. The pulmonary venous blood flow velocity waveform consists of 
an atrial reversal (“AR”) wave, a biphasic “S” wave that occurs during LV systole, and a “D” wave that is observed with opening of the mitral valve. The corre-
sponding atrial systole (A) and early LV filling (E) waves of transmitral blood flow velocity are also illustrated. The AR and D waves of pulmonary venous blood 
flow velocity occur in conjunction with the A and E waves of transmitral blood flow velocity, respectively. Pagel PS, Kehl F, Gare M, et al: Mechanical function of 
the left atrium: New insights based on analysis of pressure-volume relations and Doppler echocardiography, Anesthesiology 98:975–994, 2003.
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LV SW defined as the area inscribed by the LV pressure-volume dia-
gram). The passive component (V loop) of the LA pressure-volume 
diagram proceeds in a clockwise direction as a consequence of exter-
nal forces acting on the LA during this period of the cardiac cycle. 
Total LA reservoir volume is easily determined from the steady-state 
LA pressure-volume diagram as the difference between maximum and 
minimum LA volumes.71 The V loop area represents the total passive 
elastic energy stored by the LA during the reservoir phase and, thus, is 
an index of reservoir function.93 The slope of the line between mini-
mum LA pressure of the A loop and maximum LA  pressure in the 
V loop has been used as an index of static LA compliance. Regional 
myocardial ischemia22 or severe LV dysfunction94 increase the slope of 
this line, indicating that a decrease in compliance is present. LA emp-
tying after mitral valve opening causes a rapid decline in LA volume 
that forms the bottom portion of the V loop. Additional pulmonary 
venous return also enters the LA during LV diastasis, but this blood 
flow does not alter LA volume because the mitral valve is open. Thus, 
the LA conduit phase is defined between mitral valve opening and 
LA end diastole, and LA conduit volume is calculated as the differ-
ence between maximum and end-diastolic volumes (see Figure 5-14). 
The interrelation among LA loading conditions, LA and LV contrac-
tile state, the rate and extent of LA relaxation, LA elastic properties, 
and pulmonary venous blood flow combine to determine the rela-
tive areas of the A and V loops and the point of intersection between 
them.91 Analogous to the observations in the LV, acute alterations in 
LA loading conditions may be used to assess LA myocardial contractil-
ity and dynamic compliance using LA end-systolic and end-reservoir 
pressure-volume relations.41,95,96

DETERMINANTS OF PUMP PERFORMANCE
The ability of each cardiac chamber to function as a hydraulic pump 
depends on how effectively it is able to collect (diastolic function) 
and eject (systolic function) blood. For the sake of this discussion, the 
focus is on the LV, but the principles that determine LV pump per-
formance are equally applicable to the RA, LA, and RV as well. From 
a clinical perspective, LV systolic function is most often quantified 
using CO (the product of HR and SV) and EF. These variables are 
dependent not only on the intrinsic contractile properties of the LV 
myocardium itself, but the quantity of blood the chamber contains 
immediately before contraction commences (preload) and the exter-
nal resistance to emptying with which it is confronted (afterload). This 
complex interaction among preload, afterload, and myocardial con-
tractility establishes the SV and EF generated during each cardiac cycle 
(Figure 5-15). When combined with HR and rhythm, preload, afterload, 
and myocardial contractility determine the volume of blood that the 
LV is capable of pumping per minute (CO) assuming adequate venous 
return. Malfunction of the mitral and aortic valves (e.g.,  regurgitation) 
or the presence of an anatomically abnormal route of intra cardiac 
blood flow (e.g., ventricular septal defect with left-to-right shunt) 
reduces effective forward flow, thereby limiting the use of SV, CO, 

and EF as indices of LV systolic performance. Thus, the structural 
integrity of the LV is also a key determinant of its systolic function. 
Pulmonary venous blood flow, LA function, mitral valve integrity, 
pericardial restraint, and the active (relaxation) and passive elastic 
(compliance) mechanical properties of the LV during diastole deter-
mine its ability to properly fill. LV diastolic function is considered to 
be normal when these factors combine to provide the LV preload that 
is adequate to establish sufficient CO required for cellular metabo-
lism while maintaining normal pulmonary venous and mean LA pres-
sures (approximately 10 mm Hg for each).97 In contrast, LA or mitral 
valve dysfunction, delayed LV relaxation, reduced LV compliance, or 
increased pericardial pressure may substantially restrict the ability of 
the LV to properly fill unless pulmonary venous and LA pressures are 
increased. Thus, LV diastolic dysfunction is invariably associated with 
increases in pulmonary venous and LA pressures, and may lead to the 
development of signs and symptoms of congestive HF independent of 
changes in LV systolic function.

Heart Rate
An alteration in the stimulation frequency of isolated cardiac mus-
cle produces a parallel change in LV contractile state. The Bowditch, 
“staircase,” or “treppe” (German for “stair”) phenomenon or “force-
frequency” relation has been demonstrated in the isolated98 and intact 
LV.99 Enhanced Ca2+ cycling efficiency and myofilament Ca2+ sensitiv-
ity are responsible for this stimulation-rate dependence of contrac-
tile state. Maximal contractile force occurs at 150 to 180 stimulations 
per minute during isometric contraction of isolated cardiac muscle. 
From a clinical perspective, this “treppe”-induced increase in LV con-
tractility is especially important during exercise by matching CO to 
venous return at HRs approaching 175 beats/min in highly trained 
endurance athletes. However, contractility deteriorates above this HR 
because the intracellular mechanisms responsible for Ca2+ removal 
from the contractile apparatus are overwhelmed and LV diastolic fill-
ing time is markedly attenuated.100 These factors directly contribute 
to the  development of hypotension during tachyarrhythmias or very 
rapid pacing. An increase in HR within the normal physiologic range 
has little effect on overall pump performance despite the modestly 
associated increase in LV contractile state,101 but tachycardia and its 
resultant “treppe”-induced enhanced contractility are essential com-
pensatory mechanisms that serve to maintain CO during disease 
states characterized by severely restricted LV filling (e.g., pericar-
dial tamponade, constrictive pericarditis).102 Myocardial hypertro-
phy decreases the stimulation rate at which the peak “treppe” effect 
occurs, whereas this phenomenon may be completely abolished in 
failing myocardium. Another example of the force-frequency relation 
occurs when a prolonged delay is observed between beats (e.g., associ-
ated with an AV conduction abnormality) or after an LV extrasystole. 
Under these conditions, the force of the subsequent LV contraction 
is enhanced. This phenomenon is termed the interval-strength effect. 
A time-dependent increase in the amount of Ca2+ available for con-
tractile activation and an increase in preload resulting from greater 
diastolic filling are most likely responsible for the interval-strength 
effect.103,104

Preload
A definition of preload as sarcomere length immediately before the 
onset of myocyte contraction is certainly useful, but such a defini-
tion may be of limited practical utility in an ejecting heart because 
of the dynamic, 3D changes in geometry that occur in each chamber 
during the cardiac cycle. As a result, preload is most often defined 
as the volume of blood contained within each chamber at its end-
 diastole.‡ This blood volume effectively establishes the length of 
each LV sarcomere immediately before isovolumic contraction and 
is directly related to LV end-diastolic wall stress.105 Nevertheless, 
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   PV blood flow
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   Mitral valve
   LA relaxation
   LV compliance

Preload
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Stroke volume
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mechanics
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Figure 5-15 The major factors that determine left ventricular (LV) 
diastolic (left) and systolic (right) function. Note that pulmonary 
venous (PV) blood flow, left atrial (LA) function, mitral valve integrity, LA 
relaxation, and LV compliance combine to determine LV preload. ‡The author refers primarily to the LV for the purposes of this discussion of preload.
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precise real-time measurement of continuous LV volume through-
out the cardiac cycle (including LV volume at end-diastole) remains 
technically challenging.106 Continuous LV volume may be approxi-
mated using ultrasonic sonomicrometers implanted in a 3D orthog-
onal array in the LV subendocardium,107 and mathematical models 
may then be applied to generate remarkably accurate estimates of 
LV volume in the laboratory. The conductance catheter is another 
extensively validated method of measuring continuous LV volume 
in experimental animals108 and patients in the cardiac catheteriza-
tion laboratory.109,110 This technique involves placement of a mul-
tiple-electrode catheter within the LV cavity to establish a series of 
cylindrical electric current fields and measure time-varying voltage 
potentials from which intraventricular conductance is determined 
and LV volume is estimated.111 As discussed later, continuous LV vol-
ume waveforms derived using either sonomicrometry or conduc-
tance catheter techniques are beneficial for formal pressure-volume 
analysis of LV systolic and diastolic function in vivo, but the use of 
such invasive methods to determine LV end-diastolic volume is obvi-
ously impractical in patients undergoing cardiac surgery. Similarly, 
LV volume may be accurately measured using noninvasive meth-
ods such as radionuclide angiography or dynamic magnetic reso-
nance imaging (MRI), but these techniques also cannot be used in 
the operating room. Instead, cardiac anesthesiologists most often 
rely on dimensional approximations of LV end-diastolic volume 
using 2D transesophageal echocardiography (TEE). The transgastric 
LV midpapillary short-axis imaging plane is particularly useful for 
estimating LV end-diastolic area or diameter. For example, an acute 
decrease in LV preload may be easily recognized by a correspond-
ing reduction in the end-diastolic area and diameter of the chamber 
concomitant with physical contact (“kiss”) between the anterior-lat-
eral and posterior-medial papillary muscles. Real-time 3D TEE also 
may be used to quantify LV end-diastolic volume, but this technol-
ogy has only recently become commercially available.

LV preload may be estimated using a variety of other methods, 
each of which has inherent limitations (Figure 5-16). LV end-diastolic 
pressure may be measured invasively in the cardiac catheterization 
laboratory or during surgery by advancing a fluid-filled or pressure 
transducer-tipped catheter from the aorta across the aortic valve 
or through the LA across the mitral valve into the LV chamber. LV 
end-diastolic pressure is related to end-diastolic volume based on 
the nonlinear EDPVR and, as a result, may not accurately quantify 
end-diastolic volume.112 Other estimates of LV end-diastolic volume 
commonly used by  cardiac anesthesiologists are dependent on mea-
surements obtained further “upstream” from the LV. Mean LA, pul-
monary capillary occlusion (wedge), pulmonary arterial diastolic, 
RV end-diastolic, and RA (central venous) pressures may be used to 
approximate LV preload. These estimates of LV end-diastolic  volume 
are affected by functional integrity of the structures that separate each 

measurement location from the LV itself. For example, a correlation 
between RA and LV end-diastolic pressures assumes that the fluid 
column between the RA and LV has not been adversely influenced by 
pulmonary disease, airway pressure during respiration, RV or pulmo-
nary vascular pathology, LA dysfunction, mitral valve abnormalities, 
or LV compliance. The complex relation between these structures 
may be fully intact in healthy subjects, but this may not be the case in 
patients with significant pulmonary or cardiac disease who, in partic-
ular, may require accurate assessment of LV preload to assure optimal 
cardiac performance. The correlation among LV end-diastolic vol-
ume, pulmonary artery occlusion pressure, and RA pressure is noto-
riously poor in patients with compromised LV systolic function,113 
and measurement of such pressures “upstream” from the LV may be 
of limited clinical use in the assessment of LV preload under these 
circumstances. The author uses the terms preload and end-diastolic 
volume as synonyms in the remainder of this chapter unless other-
wise noted.

Afterload
Afterload is defined as the additional load to which cardiac muscle is 
subjected immediately after the onset of contraction. This definition of 
afterload is intuitively clear and easily quantified in an isolated cardiac 
muscle preparation, but is more difficult to envision and measure in 
the intact cardiovascular system even under tightly controlled exper-
imental conditions (Table 5-2). Impedance to LV or RV ejection by 
the mechanical properties of the systemic or pulmonary arterial vas-
culature provides the foundation for a definition of afterload in vivo. 
Several approaches have been used to quantify afterload. Aortic input 
impedance [Z

in
( ); the complex ratio of aortic pressure (the forces act-

ing on the blood) to blood flow (the resultant motion)] is derived from 
power spectral or Fourier series analysis of simultaneous, high-fidel-
ity measurements of aortic pressure and blood flow, and provides a 
comprehensive description of LV afterload that incorporates arterial 
viscoelasticity, frequency dependence, and wave reflection.114,115 Z

in
( ) 

is characterized by modulus and phase angle spectra expressed in the 
frequency domain (Figure 5-17).116 Z

in
( ) is most often interpreted using 

an electrical three-element Windkessel model117 of the arterial circu-
lation that describes characteristic aortic impedance (Z

c
), total arte-

rial compliance (C), and total arterial resistance (R; Figure 5-18).118 Z
c
 

represents aortic resistance to LV ejection; C is determined primarily 
by the compliance of the aorta and proximal great vessels; and rep-
resents the energy storage component of the arterial circulation, and 
R equals the combined resistances of the remaining arterial vascula-
ture. The three-element Windkessel model has been shown to closely 
approximate Z

in
( ) under a variety of physiologic conditions.117–119 RV 

afterload also has been described using pulmonary input impedance 
spectra interpreted using a similar Windkessel model.
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Figure 5-16 Schematic diagram depicts factors that influence experimental and clinical estimates of sarcomere length as a pure index of the pre-
load of the contracting left ventricular (LV) myocyte. EDPVR, end-diastolic pressure-volume relation; LAP, left atrial pressure; LVEDV, left ventricular 
end-diastolic volume; LVEDP, left ventricular end-diastolic pressure; PAOP, pulmonary artery occlusion pressure; RAP, right atrial pressure; RV, right 
ventricle; RVEDP, right ventricular end-diastolic pressure.
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The mechanical forces to which the LV is subjected during ejec-
tion also may be used to define LV afterload as LV end-systolic wall 
stress. Increases in LV pressure and wall thickness occur during iso-
volumic contraction and are accompanied by a large reduction in LV 
volume (radius) after the aortic valve opens. These factors combine 

to cause a dramatic increase in LV systolic wall stress as predicted 
by Laplace’s law. LV systolic wall stress reaches a maximum during 
early LV ejection and declines thereafter.47 Such changes in continu-
ous LV systolic wall stress have several important physiologic conse-
quences. For example, peak LV systolic wall stress is a major stimulus 
of LV concentric hypertrophy in disease states characterized by 
chronic pressure overload (e.g., poorly controlled essential hyper-
tension, aortic stenosis).47,120 The integral of LV systolic wall stress 
with respect to time is an important determinant of myocardial oxy-
gen demand.121 The relation between LV end-systolic wall stress and 
the HR-corrected maximal velocity of circumferential fiber short-
ening (V

cfs
) during contraction has been used as a relatively HR- 

and load-independent index of contractile state in humans because 
each parameter may be derived noninvasively using echocardiogra-
phy.122 LV end-systolic wall stress identifies the magnitude of force 
that prevents further fiber shortening at the end of ejection, thereby 
determining the degree of LV emptying that may occur at a fixed 
inotropic state. Thus, LV end-systolic wall stress defines the maximal 
isometric value of instantaneous myocardial force at end ejection for 
each chamber size, thickness, and pressure, and incorporates both 
internal cardiac forces and those external to the heart (the arterial 
system) that oppose it.123–125 As suggested in the previous discussion 
of Laplace’s law, the use of LV end-systolic wall stress as a quan-
titative index of LV afterload may be complicated by LV geometry 
assumptions, the nonlinear force distribution between the subendo-
cardium and subepicardium, and the nonuniformity of wall thick-
ness throughout the LV.51 Such difficulties may become especially 
important when abnormal regional wall motion is present (e.g., 
critical coronary artery stenosis or occlusion, LV remodeling after 
infarction).

Optimal transfer of energy from the LV to the arterial circulation 
during ejection requires coupling of these mechanical systems and 
provides another interpretation of LV afterload.126,127 LV-arterial cou-
pling most often has been described using a series elastic chamber 
model of the cardiovascular system in which LV elastance (E

es
) and 

effective arterial elastance (E
a
) are determined in the pressure-vol-

ume plane using the slopes of the LV ESPVR and aortic end-systolic 
pressure-SV relation, respectively (Figure 5-19).128 The ratio of E

es
 to 

E
a
 formally defines coupling between the LV and the arterial circu-

lation,129,130 identifies the SV that may be transferred between these 
elastic components, and provides a useful foundation from which to 
study energetics and myocardial efficiency.81 As such, E

a
 is strictly a 

composite coupling variable that is affected by total arterial resistance 
and total arterial compliance, but this parameter also has been sug-
gested as a measure of LV afterload that is somewhat analogous to LV 
end-systolic wall stress.126 The product of E

a
 and HR also approxi-

mates systemic vascular resistance (SVR). Nevertheless, E
a
 alone most 

likely should not be used to quantify LV afterload because this vari-
able does not strictly incorporate alterations in characteristic aor-
tic impedance, an important high-frequency component of arterial 
mechanical behavior, nor does it consider arterial wave reflection 
properties.

The magnitude of Z
in

( ) is primarily dependent on total arterial 
resistance131 and, thus, may be reasonably approximated by SVR, 
the most commonly used estimate of LV afterload in clinical anes-
thesiology. SVR is a simple ratio of pressure to flow (analogous to 
Ohm’s law) that is calculated using the familiar formula (MAP − 
RAP)80/CO, where MAP and RAP are mean arterial and right atrial 
pressures, respectively, CO is cardiac output, and 80 is a constant 
that converts mm Hg/min/L to dynes  sec  cm−5. However, SVR is 
an inadequate quantitative description of LV afterload because this 
parameter ignores the mechanical characteristics of the blood (e.g., 
viscosity, density) and arterial walls (e.g., compliance); does not 
consider the frequency-dependent, phasic nature of arterial blood 
pressure and blood flow; and fails to incorporate arterial wave 
reflection. The phasic contributions to arterial load become espe-
cially important in the presence of advanced age, peripheral vascu-
lar disease, and tachycardia.132,133 As a result, SVR cannot be reliably 
used to quantify changes in LV afterload produced by  vasoactive 
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Figure 5-17 A typical aortic input impedance [Zin( )] spectrum 
obtained from a conscious, chronically instrumented dog. Zin( ) has 
 frequency-dependent magnitude (top) and phase (bottom) components. 
The Zin( ) magnitude at 0 Hz is equal to total arterial resistance. The 
average of the Zin( ) magnitude spectrum between 2 and 15 Hz deter-
mines characteristic aortic impedance (Zc). Nichols WW, O’Rourke MF: 
McDonald’s Blood Flow in Arteries: Theoretic, Experimental and Clinical 
Principles, Philadelphia, 1990, Lea & Febiger.
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Figure 5-18 Electrical analog of the three-element Windkessel model 
of aortic input impedance [Zin( )]. The diode “A” represents the aor-
tic valve. Time-dependent blood flow [F(t)] entering the arterial system 
from the LV first encounters the resistance of the proximal aorta and 
great vessels [characteristic aortic impedance (Zc)]. Total arterial resis-
tance (R) and total arterial compliance (C; the energy storage compo-
nent of the arterial vasculature) determine further arterial blood flow, 
which is associated with a time-dependent change in arterial pressure 
[P(t)] from the aortic root to the capillary bed. Nichols WW, O’Rourke 
MF: McDonald’s Blood Flow in Arteries: Theoretic, Experimental and 
Clinical Principles, Philadelphia, 1990, Lea & Febiger.
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drugs or cardiovascular disease and, instead, should be used as a 
nonparametric estimate of LV afterload.134

It is clear based on the previous discussion that four major com-
ponents mediate LV afterload in the intact cardiovascular system: 
(1) the physical properties (e.g., diameter, elasticity) of arterial 
blood vessels; (2) LV end-systolic wall stress (determined by LV 
pressure development and the geometric changes in the LV cham-
ber required to produce it); (3) total arterial resistance (determined 
primarily by arteriolar smooth muscle tone); and (4) the volume 
and physical properties (e.g., rheology, viscosity, density) of blood. 
An acute increase in LV afterload is most often well tolerated in 
the presence of normal LV systolic function, but the performance 
of the failing LV is more sensitive to an increase in afterload (Figure 
5-20),135,136 and such an event may precipitate further LV dysfunc-
tion. Reflex activation of the sympathetic nervous system occurs in 
response to LV systolic dysfunction, but this compensatory mech-
anism also inadvertently increases LV afterload and may further 
decrease CO, especially when combined with pathologic abnor-
malities that reduce arterial compliance (e.g., atherosclerosis). LV 
hypertrophy is an important adaptive response to chronic increases 
in LV afterload that serves to reduce LV end-systolic wall stress by 
increasing wall thickness and thereby may preserve LV systolic func-
tion, but the greater mass of LV myocardium associated with hyper-
trophy also substantially increases the risk for myocardial ischemia 
and contributes to the development of LV diastolic dysfunction 
(Figures 5-21 and 5-22). Thus, the primary therapeutic objective in 
the management of acutely or chronically increased LV afterload is 
directed at reduction of the inciting stress.

Descriptions of RV afterload are similar to those described for 
the LV with two important differences: The pulmonary arterial vas-
culature is more compliant than its systemic arterial counterpart, 
and the RV is more sensitive to acute changes in afterload than the 
LV. The  ability of the AV valves to open freely and the  compliance 
of the LV and RV are the primary determinants of LA and RA 

 afterload, respectively. A model of LA afterload based on analo-
gous descriptions of LV-arterial coupling also has been developed 
using combined LA and LV pressure-volume analysis and has been 
used to characterize LA compensatory responses to alterations in 
LA afterload.94,96
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Figure 5-20 Linear relation between the time constant of isovolumic 
relaxation ( ) and left ventricular (LV) end-systolic pressure during infe-
rior vena caval occlusion (left) in a conscious dog before (purple squares) 
and after (green squares) the development of rapid LV pacing-induced 
cardiomyopathy. The histogram illustrates the slope (R) of the -LV end-
systolic pressure relation before (purple) and after (green) chronic rapid 
pacing and indicates that the LV isovolumic relaxation is more sensitive 
to alterations in LV pressure in this model of heart failure. Pagel et al. 
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Figure 5-21 Left ventricular (LV) pressure and volume overload pro-
duce compensatory responses based on the nature of the inciting stress. 
Wall thickening reduces (−), whereas chamber dilation (+) increases, 
end-systolic wall stress as predicted by Laplace‘s law. LV pressure-over-
load hypertrophy has been linked to heart failure with normal ejection 
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Figure 5-19 Schematic diagram illustrates the left ventricular (LV) end-
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Myocardial Contractility
Rigid control of loading conditions and measurement of the velocity, 
force, and extent of muscle shortening facilitate accurate determina-
tion of myocardial contractility in isolated cardiac muscle prepara-
tions, but quantifying inotropic state in the intact heart has proved to 
be challenging. The ability to precisely assess LV or RV contractility 
remains an important objective that may allow the cardiac anesthesiol-
ogist to reliably evaluate the effects of pharmacologic interventions or 
pathologic processes on LV or RV systolic performance. To date, a “gold 
standard” of myocardial contractility in vivo has yet to be developed, 
and all contractile indices proposed, including those derived from 
pressure-volume analysis, have significant limitations because contrac-
tile state and loading conditions are fundamentally interrelated at the 
level of the sarcomere.137,138 Many indices of myocardial contractility 
have been suggested that may be classified into four broad categories 
(Table 5-3): pressure-volume relations, isovolumic contraction, ejec-
tion phase, and power analysis.

End-Systolic Pressure-Volume Relations
The relation between LV pressure and volume may be described in 
terms of time-varying elastance (the ratio of pressure to volume).75,76 LV 
elastance increases during systole as LV pressure increases and LV vol-
ume declines. Maximum LV elastance (E

max
) occurs at or very near end-

systole for each cardiac cycle and usually corresponds to the left upper 
corner of the steady-state LV pressure-volume diagram. Analogously, 
minimum LV elastance is observed at end-diastole. Thus, E(t) = P(t)/
[V(t) − V

0
], where E(t) is the time-varying elastance, P(t) and V(t) are 

the time-dependent changes in LV pressure and volume, respectively, 
during the cardiac cycle, and V

0
 is LV volume at 0 mm Hg LV pres-

sure (unstressed volume). The relation between each E
max

 of a differen-
tially loaded series of LV pressure-volume diagrams is linear within the 
normal physiologic range at a constant inotropic state and establishes 
the ESPVR. The slope (E

es
; designating “end-systolic elastance”) of the 

ESPVR is a quantitative index of LV contractile state that incorporates 
afterload because the analysis is conducted at end-systole (Figure 5-23). 
As a result, the time-varying elastance equation may be rewritten at 

end-systole as P
es
 = E

es
(V

es
 − V

0
), where P

es
 and V

es
 are LV end-systolic 

pressure and volume, respectively. Thus, an increase in the magnitude 
of E

es
 produced by a positive inotropic drug (e.g., epinephrine) quanti-

fies the increase in LV contractility that has occurred. Regional LV con-
tractility may also be determined using pressure-dimension relations 
based on determinations of continuous segment length, LV midpap-
illary short-axis diameter, or wall thickness,84,86,139 and usually reflects 
global LV systolic function in the absence of wall motion abnormal-
ities.107 LV ESPVR or dimension relations have been derived nonin-
vasively using radionuclide angiography140 or 2D echocardiography141 
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Figure 5-22 Left ventricular (LV) pressure (red circles), wall thickness (purple circles), and wall stress (green circles) during the cardiac cycle. Compared 
with the normal LV (A), LV pressure-overload hypertrophy (B) occurs concomitant with dramatic increases in LV pressure, but compensatory increases in wall 
thickness maintain wall stress in the reference range and configuration. In contrast, end-diastolic stress is markedly increased in LV volume-overload hypertro-
phy (C). Grossman W, Jones D, McLaurin LP: Wall stress and patterns of hypertrophy in the human left ventricle, J Clin Invest 56:56–64, 1975.
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End-systolic pressure-volume relation (E

es
)

Stroke work—end-diastolic volume relation (M
sw

)
Isovolumic Contraction
dP/dt

max

dP/dt
max

/50
dP/dt

max
/P

dP/dt
max

/end-diastolic volume relation (dE/dt
max

)
Ejection Phase
Stroke volume
Cardiac output
Ejection fraction
Fractional area change
Fractional shortening
Wall thickening
Velocity of shortening
Ventricular Power
PWR

max

PWR
max

/EDV2

TABLE  
5-3
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with automated border detection142 to measure continuous LV volume 
or area. In addition, single-beat estimates of E

es
 (determined as the sim-

ple ratio of P
es
 to V

es
 or derived using a modified time-varying elastance 

method) were proposed that may provide quantitative information 
about contractile state assuming that the value V

0
 remains small.143,144 

The principle of time-varying elastance also has been successfully 
applied to the study of RV82 and atrial contractility41 (Figure 5-24) in the 
intact heart.

The simplicity and elegance of time-varying elastance model of LV 
contractility may be particularly attractive from an engineering perspec-
tive, but a number of potential pitfalls were subsequently identified after 
its initial description that may limit the use of E

es
 as a clinical index of 

inotropic state. The position of unstressed volume (V
0
) does not consis-

tently remain constant during alterations in contractility.77,145 For exam-
ple, administration of dobutamine not only increases E

es
, but also shifts 

the ESPVR to the left (decrease in V
0
),145 whereas acute coronary artery 

occlusion-induced regional LV dysfunction has the opposite effect.146 

Thus, both E
es
 and V

0
 may reflect alterations in LV contractility, and an 

index of inotropic state based on the combined effects of these variables 
was proposed as a result.147 Several consecutive LV pressure diagrams 
must be obtained over a range of LV loading conditions to accurately 
define E

es
 and V

0
, but this necessary intervention may inadvertently pro-

duce baroreceptor reflex–mediated increases in HR and contractility 
during generation of the ESPVR by activating the sympathetic nervous 
system.148 E

max
 or aortic valve closure may not occur precisely at end-sys-

tole in the presence of markedly increased or reduced LV afterload and 
may be delayed or occur earlier, respectively.149 Thus, E

max
 may deviate 

from its normal position in the left upper corner of the LV pressure-vol-
ume diagram, thereby introducing errors into the derivation of ESPVR. 
The units of E

es
 are millimeters of mercury per milliliter (mm Hg/mL), 

and as a result, E
es
 is inherently dependent on chamber size despite efforts 

to standardize its measurement.150,151 This volume dependence of E
es
 may 

complicate direct comparison of contractile state between patients with 
different LV sizes. Other potential limitations of the use of E

es
 as an index 

of contractile state include lack of measurement precision,152 nonlinear-
ity,153 load sensitivity,154 dependence on underlying autonomic nervous 
system balance155 or ejection-mediated alterations on LV pressure gen-
eration,156 and interaction with LV diastolic function.157 Despite these 
concerns, the ESPVR is a superb conceptual tool with which to examine 
contractile state and its interactions with loading conditions in vivo.

Stroke Work–End-Diastolic Volume Relations
Early studies by Frank73 and Starling158 initially defined a fundamental 
relation between LV pump performance (e.g., CO) and preload deter-
mined using indirect indices of LV filling (e.g., central venous pres-
sure). Sarnoff and Berglund159 extended these seminal investigations in 
his landmark description of LV or RV function curves that relate esti-
mates of SW to filling pressures. In this familiar framework, movement 
of an LV function curve upward or to the left indicated that an increase 
in contractile state had occurred because the LV was now able to effec-
tively generate more SW at an equivalent preload. Unfortunately, 
these LV function curves were inherently nonlinear and difficult to 
quantify because the technology available to Sarnoff at the time pre-
cluded his ability to precisely measure LV SW and end-diastolic vol-
ume. Glower et al78 used a high-fidelity LV micromanometer and 3D 
orthogonal endocardial sonomicrometers to measure continuous LV 
pressure and volume, respectively, in a pressure-volume reexamination 
of Sarnoff ’s original hypothesis. These investigators demonstrated that 
the relationship between each LV SW–end-diastolic volume (V

ed
) pair 

obtained from a series of differentially loaded LV pressure-volume dia-
grams was indeed linear such that SW = M

sw
(V

ed
 − V

sw
), where M

sw
 and 

V
sw

 were the slope and volume intercept of the relation (Figure 5-25). 
Thus, M

sw
 was shown to quantify alterations in LV inotropic state in a 

relatively load-independent manner because preload is already incor-
porated and, unlike the ESPVR, its determination does not occur solely 
at end-systole. Similar linear relations between regional work and 
dimensional measurements (e.g., segment length, wall thickness) also 
may be used to quantify changes in regional contractile state. Notably, 
LV SW-V

ed
 relations may be calculated with the same series of pressure-

volume diagrams used to determine the ESPVR.
The SW-V

ed
 relation offers several advantages over the ESPVR for the 

determination of LV or RV contractility. The SW-V
ed

 relation is highly 
linear and reproducible over a wide variety of loading conditions, arte-
rial blood pressures, and contractile states because LV pressure and 
volume data from the entire cardiac cycle are incorporated into its cal-
culation.78,152 Conversely, the ESPVR displays more pronounced cur-
vilinear behavior and may be more susceptible to instrument noise 
because it is determined at a single instantaneous time point (end-sys-
tole).154 The ESPVR may also demonstrate some degree of afterload 
sensitivity,160 but the SW-V

ed
 relation is essentially afterload-indepen-

dent over a wide physiologic range.78 Unlike E
es
, the unit of M

sw
 is milli-

meters of mercury (mm Hg); therefore, quantification of LV contractile 
state may be performed independent of chamber size. Thus, M

sw
 allows 

direct comparisons of contractility to be made between patients with 
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Figure 5-23 Illustration depicts method used to derive the left ventric-
ular (LV) end-systolic pressure-volume relation (ESPVR) from a series of 
differentially loaded LV pressure-volume diagrams generated by abrupt 
occlusion of the inferior vena cava in a canine heart in vivo. The maximal 
elastance (Emax; pressure/volume ratio) for each pressure-volume diagram 
is identified as its left upper corner, and a linear regression analysis is used 
to define the slope (Ees; end-systolic elastance) and volume intercept of 
the ESPVR (top). Bottom, Effects of isoflurane (0.6, 0.9, and 1.2 minimum 
alveolar concentration) on the ESPVR. C1, control 1 (before isoflurane); C2, 
control 2 (after isoflurane). Hettrick DA, Pagel PS, Warltier DC: Desflurane, 
sevoflurane, and isoflurane impair canine left ventricular-arterial coupling 
and mechanical efficiency, Anesthesiology 85:403–413, 1996.
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varying LV size. Nevertheless, the SW-V
ed

 relation has two disadvan-
tages compared with the ESPVR. First, integration of data from the 
entire cardiac cycle implies that the SW-V

ed
 relation does not strictly 

separate LV systolic events from those that occur during diastole. Thus, 
a reduction in LV compliance without a simultaneous change in the 
ESPVR (as may be observed in the presence of LV pressure-overload 
hypertrophy) may introduce errors into the calculation of LV contrac-
tile state using the SW-V

ed
 relation.138 Second, partial collapse of the 

LV pressure-volume diagram during regional myocardial ischemia90 
makes calculation of LV contractility more difficult using the SW-V

ed
 

relation compared with the ESPVR.161 Despite these relatively minor 
potential shortcomings, the SW-V

ed
 relation provides a useful index of 

LV or RV contractile function in the intact heart that has been success-
fully applied in a variety of laboratory settings and in patients with 
heart disease.

Isovolumic Indices of Contractility
The maximum rate of increase of LV pressure (dP/dt

max
) is the most 

commonly derived index of global LV contractile state during isovolu-
mic contraction. Precise determination of LV dP/dt

max
 requires high-

fidelity, invasive measurement of continuous LV pressure and usually 
is performed in the cardiac catheterization laboratory. LV dP/dt

max
 also 

may be noninvasively estimated using TEE in patients undergoing car-
diac surgery by analysis of the continuous-wave Doppler mitral regur-
gitation waveform.162 LV dP/dt

max
 is very sensitive to acute alterations 

in contractile state163 but is probably most useful when quantifying 
directional changes in contractility rather than establishing an abso-
lute baseline value.164 LV dP/dt

max
 is essentially afterload-independent 

because the peak rate of increase of LV pressure occurs before the aortic 
valve opens unless severe myocardial depression or pronounced  arterial 

 vasodilation is present.165 However, LV preload profoundly affects dP/
dt

max
, and an increase in LV dP/dt

max
 produced by either greater pre-

load or enhanced contractile state may be virtually indistinguishable. 
LV mass, chamber size, and mitral or aortic valve disease also affect LV 
dP/dt

max
. In addition, LV dP/dt

max
 may not detect changes in contractile 

state produced by regional myocardial ischemia because LV dP/dt
max

 is 
an index of global LV systolic function. The failure of LV dP/dt

max
 to 

detect such an alteration in regional dysfunction resulting from com-
promised coronary perfusion may occur because of a compensatory 
increase in contractility in the remaining normal myocardium through 
activation of the Frank–Starling mechanism or an increase in sympa-
thetic nervous system activity. The rate of increase of LV pressure at a 
fixed developed pressure [e.g., dP/dt measured at 50 mm Hg (dP/dt

50
)] 

and the ratio of dP/dt to peak developed LV pressure (dP/dt/P) also have 
been proposed as isovolumic indices of contractility. These measures of 
LV contractile state may be somewhat less preload dependent than LV 
dP/dt

max
, but neither provides any truly unique additional information 

compared with LV dP/dt
max

.
The preload dependence of LV dP/dt

max
 may be used to derive another 

index of myocardial contractility based on the pressure-volume frame-
work. Similar to the SW-V

ed
 relation, the relation between each pair of 

LV dP/dt
max

 and V
ed

 values obtained from a differentially loaded series 
of LV pressure-volume diagrams was shown to be linear such that LV 
dP/dt

max
 = dE/dt

max
(V

ed
 − V

0
), where dE/dt

max
 is the slope and V

0
 is the 

volume intercept of the relation.166 Like E
es
 and M

sw
, alterations in dE/

dt
max

 produced by inotropic drugs or cardiac disease may be used to 
quantify changes in LV contractile state. For example, the LV dP/dt

max
-

V
ed

 relation was shown to precisely determine alterations in contractil-
ity in the normal and regionally ischemic LV.166,167 Furthermore, LV dE/
dt

max
 and E

es
 are mathematically related,166 and interventions that shift 
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Figure 5-24 Continuous left ventricular (LV) pressure, LV dP/dt, aortic pressure, left atrial (LA) pressure, LA short- and long-axis dimensions, and LA 
volume waveforms (left) and corresponding LA pressure-volume diagrams (right) resulting from intravenous administration of phenylephrine (200 g) 
in a canine heart in vivo. The LA maximal elastance (solid circles) and end-reservoir pressure and volume (solid squares) for each pressure-volume dia-
gram were used to obtain the slopes (Ees and Eer) and extrapolated volume intercepts of the LA end-systolic and end-reservoir pressure-volume rela-
tions to quantify LA contractile state and chamber stiffness, respectively. Pagel PS, Kehl F, Gare M, et al: Mechanical function of the left atrium: New 
insights based on analysis of pressure-volume relations and Doppler echocardiography, Anesthesiology 98:975–994, 2003.
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the ESPVR without altering E
es
 also shift the volume intercept of the 

LV dP/dt
max

-V
ed

 relation without changing dE/dt
max

 as well.138 Similar 
to the ESPVR, the LV dP/dt

max
-V

ed
 relation becomes more curvilinear 

at greater LV volumes or contractile states, a finding that is predicted 
based on isolated cardiac muscle mechanics.168 Direct comparison 
among the ESPVR, the SW-V

ed
 relations, and the LV-dP/dt

max
 relation 

also indicated that dE/dt
max

 may be more variable than either E
es
 or M

sw
 

during acute changes in contractile state.152 RV dP/dt
max

-V
ed

 relations 
also have been described.44

Ejection Phase Indices of Contractility
Examination of the degree (e.g., EF, SV) or the rate (e.g., velocity of 
shortening) of LV ejection forms the basis of all currently used ejection 
phase indices of LV contractile state, including newer echocardiog-
raphy parameters derived from tissue Doppler imaging, myocardial 
stress-strain relations, speckling tracking technology, and endocardial 
color kinesis. From a clinical perspective, the most common ejection 
phase index of LV contractility is EF, where EF = V

ed
-V

es
/V

ed
. LVEF may 

be calculated using a variety of noninvasive techniques (e.g., radionu-
clide angiography, functional MRI, echocardiography). Cardiac anes-
thesiologists most often measure LVEF using 2D TEE. Midesophageal 
four- or two-chamber images are obtained at LV end-systole and end-
diastole and are subsequently analyzed by applying Simpson’s rule of 
disks (Figure 5-26). This method of measuring LVEF is simple, but it is 
rather time-consuming and may be impractical during rapidly chang-
ing hemodynamic conditions. As a result, two closely related parame-
ters, fractional shortening (FS) and fractional area of change, are often 
calculated as surrogate measures of LVEF in the midpapillary short-
axis plane using images obtained at end-systole and end-diastole. FS 
is calculated from endocardial measurements of anterior-posterior (or 
septal-lateral) wall diameter as FS = D

ed
 − D

es
/D

ed
, where D

ed
 and D

es
 

are endocardial end-diastolic and end-systolic diameters, respectively 
(Figure 5-27). Fractional area change (FAC) may be determined using the 
same midpapillary short-axis images by manually tracing the endo-
cardial borders (the papillary muscles are most often excluded) at 
end-systole and end-diastole (see Figure 5-27). Computer software auto-
matically integrates the end-systolic and end-diastolic areas (A

es
 and 

A
ed

, respectively) within each endocardial tracing, and FAC is calcu-
lated as A

ed
 − A

es
/A

ed
. These and all other ejection phase indices are 

inherently dependent on both LV contractile state and loading condi-
tions.80 Because preload is incorporated into the denominators of EF, 
FAC, and FS (V

ed
, A

ed
, and D

ed
, respectively), these indices are relatively 

unaffected by moderate preload alterations in the presence of normal 
mitral and aortic valve function.169 Myocardial stress-strain relations 
or speckle tracking techniques also may include similar modifications 
(e.g., Lagrangian or natural strain) designed to minimize such  intrinsic 
preload dependency. Nevertheless, EF, FAC, FS, and related variables 
derived from newer technologies decrease linearly with increases in 
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Figure 5-25 Illustration demonstrates the method used to derive the 
left ventricular (LV) stroke work (SW)-end-diastolic volume (Ved) relation 
from a series of differentially loaded LV pressure-volume diagrams gen-
erated by abrupt occlusion of the inferior vena cava in a canine heart in 
vivo. The area of each LV pressure-volume diagram (shaded area corre-
sponding to SW) is plotted against the corresponding Ved (top), and a 
linear regression analysis is used to define the SW-Ved relation (bottom). 
Bottom, Effects of isoflurane (0.6, 0.9, and 1.2 minimum alveolar concen-
tration) on the SW-Ved relation. C1, control 1 (before isoflurane); C2, con-
trol 2 (after isoflurane). Hettrick DA, Pagel PS, Warltier DC: Desflurane, 
sevoflurane, and isoflurane impair canine left ventricular-arterial cou-
pling and mechanical efficiency, Anesthesiology 85:403–413, 1996.

Figure 5-26 Calculation of ejection fraction from midesophageal four-chamber images obtained at left ventricular (LV) end-diastole (left) and end-systole 
(right) using Simpson‘s rule. After the LV endocardial border is identified in each image, the software generates a series of thin cylindrical disks and deter-
mines the volume based on their sum. LV ejection fraction is then calculated using the standard formula. In this example, the LV ejection fraction is 47%.
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afterload and also vary inversely with HR, and as a result, are relatively 
insensitive indices of LV contractile state. Similar to the observations 
with LV dP/dt

max
, EF and FAC are global measures of pump perfor-

mance that may not adequately reflect regional contractile dysfunc-
tion produced by myocardial ischemia or infarction. Ejection phase 
indices also may provide inaccurate information about contractility in 
the presence of mitral or aortic valvular disease, LV chamber enlarge-
ment, or LV hypertrophy.120,170,171 Similar difficulties with load and HR 
dependency are encountered when ejection phase indices are used in 
an attempt to quantify RV or atrial contractile state.

The rate of myocardial fiber shortening also provides information 
about the LV contractile state during ejection. Maximal or mean veloc-
ity of circumferential fiber shortening may be determined using a vari-
ety of invasive and noninvasive techniques. The midpapillary short-axis 
view on TEE is especially useful for cardiac anesthesiologists measuring 
these variables in the operating room. Maximal velocity of circumfer-
ential fiber shortening (V

cfs
) is calculated as the ratio of FS to ejection 

time and may be more sensitive to changes in contractile state than EF 
because the velocity, rather than the magnitude, of shortening is evalu-
ated. Nevertheless, V

cfs
 also varies directly with HR and inversely with 

changes in afterload similar to other ejection phase indices.165 Methods 
for correcting the inherent HR and afterload dependency of V

cfs
 have 

been proposed that are based on the force-velocity behavior of iso-
lated cardiac muscle. For example, a linear relation was demonstrated 
between LV end-systolic wall stress and HR-corrected V

cfs
, and the slope 

of this relation provided a relatively HR- and afterload- independent 
index of LV contractile state in healthy patients123 and those with 
hypertension or valve disease.120,122 A similar relation between EF and 
effective arterial elastance also was described.172 Unfortunately, these 
and other analogous techniques173 have not achieved widespread clini-
cal application because extensive analysis is required after data have 
been acquired.

Contractile Indices Based on Ventricular Power
The product of LV or RV pressure and aortic or pulmonary blood flow 
defines LV or RV power, respectively. Maximal LV power (PWR

max
) and 

the rate of increase of LV power during ejection are sensitive to alter-
ations in contractile state,174,175 but these indices are also profoundly 
affected by LV preload. In contrast, the ratio of LV PWR

max
 to the 

square of end-diastolic volume (PWR
max

/V
ed

2) largely eliminates this 
preload dependence and allows the rapid calculation of LV contractile 
state from data obtained during a single cardiac cycle.176 Alterations 
in LV contractile state determined using this preload-adjusted maxi-
mal power technique correlate with those calculated with the ESPVR 
(E

es
) and the LV dP/dt

max
-V

ed
 relation (dE/dt

max
), and also may be 

measured using noninvasive arterial blood pressure (e.g., tonometry, 
 oscillometry) concomitant with 2D and Doppler echocardiography to 
define its pressure, flow, and dimension variables without the need for 

formal pressure-volume analysis.177,178 A regional power quotient using 
end-diastolic segment length (SL

ed
) also correlated with the regional 

SW-SL
ed

 (M
sw

) and accurately quantified depression of LV contractility 
produced by volatile anesthetics.179

COUPLING, ENERGETICS,  
AND EFFICIENCY
The pressure-volume framework is useful for the description of the 
sequential transfer of kinetic energy (SW) between two elastic cham-
bers. This mechanical “coupling” defines the blood volume that may be 
actively ejected from one chamber into the next. Coupling between the 
LV and arterial circulation is most often described, but similar relation-
ships between the LA and the LV96 or analogous structures on the right 
side of the heart180 also have been characterized. As described previ-
ously in the discussion of afterload, LV-arterial coupling is defined by 
the ratio of the slopes of the ESPVR (E

es
) and the aortic end-systolic 

pressure-SV relation (E
a
; see Figure 5-19) that denote their respective 

elastances.127 Ideal coupling between the normal LV and the arterial 
circulation indicates optimal transfer of SW between the chambers and 
occurs when their elastances are equal (E

es
/E

a
 = 1) under resting condi-

tions129 and during exercise.181,182 LV contractile dysfunction (indicated 
by a decrease in E

es
) or greater resistance to LV ejection (an increase in 

E
a
) reduce the E

es
/E

a
 ratio to less than 1, indicating that the efficiency of 

kinetic energy transfer between these chambers is no longer optimal.183 
An E

es
/E

a
 ratio less than 1 often occurs in the presence of a large acute 

myocardial infarction because global LV contractile state is depressed 
and compensatory activation of the sympathetic nervous system pro-
duces arterial vasoconstriction.184 In fact, the severity of abnormal 
LV-arterial coupling correlates with serum B-type natriuretic peptide 
concentration (a biochemical marker of LV systolic dysfunction), and 
an E

es
/E

a
 ratio less than 0.68 predicts long-term mortality in patients 

after myocardial infarction.185 Tachycardia also increases E
a
 and wors-

ens LV-arterial coupling in the failing heart.186 In contrast, positive ino-
tropic drugs and vasodilators improve LV-arterial coupling in HF by 
increasing E

es
 and reducing E

a
, respectively.187 LV-arterial coupling is 

relatively preserved in the presence of a low end-tidal concentration 
of desflurane, sevoflurane, or isoflurane (0.6 minimum alveolar con-
centration; Figure 5-28), but kinetic energy transfer from the LV to the 
proximal arterial vasculature degenerates when greater concentrations 
are used because the magnitude of anesthetic-induced vasodilation 
(decrease in E

a
) is unable to compensate for more profound LV con-

tractile depression (decrease in E
es
).128 Interestingly, the ratio of E

es
 to E

a
 

may be mathematically related to EF such that E
es
/E

a
 = EF/(1 − EF), and 

as a result, optimal LV-arterial coupling occurs when EF equals 50%.188 
This simple relation between the coupling ratio and EF predicts that EF 
will be reduced when E

es
/E

a
 is less than 1 because SW is less efficiently 

transferred from the LV to the arterial vasculature.

Figure 5-27 Calculation of fractional area change and fractional shortening from left ventricular (LV) midpapillary short-axis images obtained at end-
diastole (left) and end-systole (right). The LV endocardial border is manually traced (excluding the papillary muscles). The software integrates the area 
inscribed and determines the diameter of the LV chamber. In this example, fractional area change is 56% and fractional shortening is 31%.
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LV energetics also has been modeled in pressure-volume phase 
space. Total mechanical energy is defined as the sum of the SW gener-
ated during a single cardiac cycle and the potential energy that remains 
in the chamber wall at end-systole as a result of compression of myo-
cardial elastic elements.81 The triangular area bounded above by the 
ESPVR, below by the EDPVR, and to the right by the isovolumic relax-
ation portion of the steady-state LV pressure-volume diagram defines 
the remaining potential energy (see Figure 5-9). This potential energy has 

−4 joules) and is con-
verted into heat during diastole.189 The sum of the kinetic and poten-
tial energy components is termed pressure-volume area (PVA)190 and 
linearly related to measured myocardial oxygen consumption (MVO

2
) 

such that MVO
2
 = (PVA) + , where  is the slope of the relation 

and  denotes basal metabolism in the absence of contraction (MVO
2
 

when PVA equals zero).191–193 Thus, the area beneath the MVO
2
-PVA 

line includes the sum of kinetic and potential energies associated with 
contraction and relaxation (excitation-contraction coupling) com-
bined with the energy required for the maintenance of vital cellular 
function. Alterations in LV contractile state produced by positive or 
negative inotropic drugs cause the MVO

2
-PVA relation to shift up 

or down, respectively, in a parallel manner without a change in the 

slope of the relation.192,194 This intriguing observation allows the rela-
tion between MVO

2
 and PVA to be rewritten as MVO

2
 = (PVA) +  

(E
es
) + , where  is the sensitivity of the MVO

2
-PVA relation to E

es
 

and indicates that the total energy consumed for excitation-contrac-
tion coupling increases or decreases during enhanced or reduced LV 
contractile state, respectively.192 Notably, the relative contribution of 
kinetic and potential energy (PVA) to MVO

2
 remains constant because 

the slope ( ) of the relation does not change, suggesting that the actual 
biochemistry of conversion of high-energy phosphates (e.g., ATP) into 
mechanical activity at the myofilament level is not affected by altera-
tions in inotropic state.192 Perhaps not surprisingly, alterations in LV 
compliance (as indicated by the EDPVR) do not substantially affect 
MVO

2
 even though PVA may be modestly affected because kinetic and 

potential energy generated during systole are the predominant factors 
that determine MVO

2
.189

LV efficiency also may be accurately described using pressure- volume 
analysis.129,195 The SW/PVA ratio indicates the mechanical energy 
that is converted into external work and is an index of energy trans-
fer efficiency.130,196 The SW/PVA ratio responds predictably to altera-
tions in LV contractile state and afterload. For example, an increase 
in E

es
 produced by a positive inotropic drug or exercise enhances the 

amount of mechanical energy that is converted into work, and hence 
the SW/PVA ratio becomes larger.182 In contrast, an increase in LV 
afterload decreases SW and energy transfer efficiency.196 These obser-
vations make it readily apparent that LV-arterial coupling is the pri-
mary determinant of the SW/PVA ratio,197 such that SW/PVA = 1/[1 
+ 0.5(E

a
/E

es
)].198 Administration of a volatile anesthetic causes a dose-

related decrease in SW/PVA because LV E
es
 is depressed to a greater 

extent than E
a
 (see 5-28).128 Because E

es
/E

a
 is related to EF,188 the ratio 

of SW to PVA may be rewritten as 2/[(1/EF) − 1]. This simple equa-
tion demonstrates that a decrease in EF is associated with less efficient 
conversion of total mechanical energy into external work regardless of 
the underlying cause. The ratio of PVA to measured MVO

2
 provides 

a useful index of the conversion of metabolic to mechanical energy,199 
whereas the product of SW/PVA and PVA/MVO

2
 (SW/MVO

2
) indi-

cates the efficiency with which the LV transfers its metabolic energy 
into physical work. The ratio of SW to MVO

2
 increases in the presence 

of positive inotropic drugs200 and during exercise182 but is substantially 
reduced201 and predicts mortality202 in patients with HF.

EVALUATION OF DIASTOLIC FUNCTION
The ability of each chamber to efficiently fill under normal pressure 
conditions is essential to assure the best possible overall cardiac perfor-
mance. LV diastolic function has been studied most extensively, but the 
relaxation, filling, and distensibility characteristics of the more compli-
ant RV and the atrial chambers also have been described. This section 
focuses almost exclusively on LV diastolic function, but many of the 
techniques used to quantify LV diastolic function also may be applied 
to the study of RV “diastology.” As previously discussed, LV diastole 
encompasses a complicated sequence of temporally related, heteroge-
neous events (see Figure 5-15; Table 5-4), and as such, no single index 
of LV diastolic function devised to date is capable of comprehensively 
describing this period of the cardiac cycle in its entirety or selectively 
identifying patients at greatest risk for development of clinical signs 
and symptoms of HF resulting from filling abnormalities.203 In addi-
tion, most indices of LV diastolic function are dependent on HR, load-
ing conditions, and myocardial contractility, and as a result, alterations 
in these variables require interpretation within the constraints of these 
limitations. Despite such inherent difficulties, the crucial nature of 
LV diastolic function is emphasized by the striking observation that 
as many as 50% of patients with HF do not have a substantial reduc-
tion in LVEF.204,205 This “heart failure with normal ejection fraction” 
(HFNEF; previously termed “diastolic heart failure”) occurs most fre-
quently in hypertensive elderly women concomitant with obesity, renal 
insufficiency, anemia, general deconditioning, or atrial fibrillation.206 
Many of these risk factors contribute to the progressive development 
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Figure 5-28 Histograms illustrating the effects of isoflurane (0.6, 0.9, 
and 1.2 minimum alveolar concentration [MAC]) on left ventricular (LV)-
arterial coupling (LV end-systolic elastance/effective arterial elastance 
[Ees/Ea]; top) and energy transfer efficiency (stroke work/pressure vol-
ume area [SW/PVA]; bottom). Isoflurane reduces LV-arterial coupling 
and energy transfer efficiency in a dose-related manner. C1, control 1 
(before isoflurane); C2, control 2 (after isoflurane). Hettrick DA, Pagel PS, 
Warltier DC: Desflurane, sevoflurane, and isoflurane impair canine left 
ventricular-arterial coupling and mechanical efficiency, Anesthesiology 
85:403–413, 1996.
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of LV hypertrophy and fibrosis that adversely affect LV filling charac-
teristics and increase the risk for overt HF.206 The pathophysiology of 
HFNEF appears to be multifactorial (Table 5-5), and involves not only 
delayed LV relaxation and reduced compliance,207,208 but also abnormal 
ventricular-arterial stiffening.209,210 Regardless of the underlying cause 
(Table 5-6), diastolic dysfunction is a ubiquitous feature in HFNEF and 
also is observed in all patients with HF resulting from LV contractile 
dysfunction.211 Notably, the severity of LV diastolic dysfunction with 
or without LV systolic compromise and its response to medical therapy 
are important determinants of exercise tolerance212 and mortality213 in 
patients with chronic HF. From the perspective of the cardiac anesthe-

siologist, LV diastolic dysfunction has significant implications in deter-
mining the LV response to acute alterations in loading conditions that 
commonly occur during the perioperative setting. Cardiopulmonary 
bypass temporally exacerbates preexisting LV diastolic dysfunction in 
cardiac surgical patients.214 Further, volatile and intravenous anesthet-
ics are known to alter LV relaxation and filling properties in the normal 
and failing heart.215 Thus, assessing the presence and severity of LV dia-
stolic dysfunction remains an important objective in the management 
of patients undergoing cardiac surgery.

Invasive Evaluation of Diastolic Function
Isovolumic Relaxation
Based on the previous discussions of intracellular Ca2+ homeostasis 
and myosin-actin interaction, it is readily apparent that relaxation of 
the cardiac myocyte is an active, energy-dependent process requiring 
removal of activator Ca2+ from the myoplasm, resulting in rapid dis-
sociation of contractile proteins and recoil of elastic elements com-
pressed during contraction. Delays in relaxation may be envisioned as a 
form of “active” elasticity because failure of actin-myosin cross-bridges 
to dissociate occurs when energy supply is inadequate or intracellu-
lar Ca2+ homeostasis is dysfunctional.216,217 Such a delay in relaxation 
is of paramount importance because early LV filling may be substan-
tially attenuated and, thus, overall LV filling may become increasingly 
dependent on LA systole. In fact, the subsequent loss of LA contrac-
tion occurring with the onset of atrial fibrillation often precipitates 
acute signs and symptoms of congestive HF in patients with diseases 
in which delayed LV relaxation is an especially prominent feature 
(e.g., severe pressure-overload hypertrophy, hypertrophic obstructive 
cardiomyopathy [HCM]). Delayed global LV relaxation produced as 
a consequence of hypoxemia218 or regional myocardial ischemia in a 
relatively large perfusion territory also may translate into reduced LV 
compliance (upward shift of the EDPVR).219,220 In addition, LV relax-
ation delays have been shown to compromise early diastolic subendo-
cardial coronary blood flow because failure to complete actin-myosin 
dissociation and facilitate elastic recoil prolong the compression of 
intramyocardial coronary arterioles.221 Thus, evaluation of LV isovolu-
mic relaxation provides essential information about early diastolic 
mechanical behavior that directly influences subsequent events dur-
ing filling.

An invasively implanted, high-fidelity pressure transducer is 
required to precisely determine the rate and extent of LV pressure 
decline during isovolumic relaxation. Analogous to the use of LV  
dP/dt

max
 as an index of inotropic state during isovolumic contrac-

tion, the peak rate of LV pressure decrease (dP/dt
min

) has been used to 
quantify isovolumic relaxation during this early phase of diastole. LV  
dP/dt

min
 is generally regarded as an unreliable index of relaxation 

because the parameter is highly dependent on the magnitude of LV 
end-systolic pressure222 and examines only a single time point near the 
onset of relaxation. Instead, LV relaxation is most often described based 
on the observation that LV pressure decline follows an  exponential time 
course between  aortic valve closure and mitral valve opening, and thus 

LA, left atrium; LV, left ventricle; RV, right ventricle.

Determinants of Left Ventricular Diastolic Function

Heart rate and rhythm
LV systolic function
Wall thickness
Chamber geometry
Duration, rate, and extent of myocyte relaxation
LV untwisting and elastic recoil
Magnitude of diastolic suction
LA-LV pressure gradient
Passive elastic properties of LV myocardium
Viscoelastic effects (rapid LV filling and atrial systole)
LA structure and function
Mitral valve structure and function
Pulmonary venous blood flow
Pericardial restraint
RV loading conditions and function
Ventricular interdependence
Coronary blood flow and vascular engorgement
Compression by mediastinal masses

TABLE  
5-4

, myocardial stiffness constant; , time constant of LV isovolumic relaxation; dP/dt
max

, 
maximum rate of increase of LV pressure; E

es
, slope of the LV end-systolic pressure-

volume relation; LV, left ventricle; M
sw

, slope of the LV stroke work-end-diastolic 
volume relation.

Aurigemma GP. et al. Circulation 113:296–304, 2006.

Left Ventricular Structure and Function in Chronic 
Heart Failure

Characteristics LV Systolic Heart Failure LV Diastolic Heart Failure

Remodeling
End-diastolic 

volume
Increased Normal

End-systolic volume Increased Normal
LV mass Increased Increased
Geometry Eccentric Concentric
Cardiac myocyte Increased length Increased diameter
Extracellular matrix Decreased collagen Increased collagen
LV Systolic 
Properties
Stroke volume Decreased (or normal) Normal (or decreased)
Stroke work Decreased Normal
M

sw
Decreased Normal

E
es

Decreased Normal (or increased)
Ejection fraction Decreased Normal
dP/dt

max
Decreased Normal

Preload reserve Exhausted Limited
LV Diastolic 
Properties
End-diastolic 

pressure
Increased Increased

Increased Increased
Normal (or increased) Increased

TABLE  
5-5

Common Causes of Left Ventricular Diastolic 
Dysfunction

Age > 60 yr
Acute myocardial ischemia (supply or demand)
Myocardial stunning, hibernation, or infarction
Ventricular remodeling after infarction
Pressure-overload hypertrophy (e.g., aortic stenosis, hypertension)
Volume-overload hypertrophy (e.g., aortic or mitral regurgitation)
Hypertrophic obstructive cardiomyopathy
Dilated cardiomyopathy
Restrictive cardiomyopathy (e.g., amyloidosis, hemochromatosis)
Pericardial diseases (e.g., tamponade, constrictive pericarditis)

TABLE  
5-6
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may be described using a time constant ( ) derived from the equation 
P(t) = P

0
e−t/ , where P(t) is time-dependent LV pressure, P

0
 is LV pres-

sure at end-systole, e is the natural exponent, and t is time (msec) after 
LV end-systole. This simple model mathematically constrains LV pres-
sure to decline to 0 mm Hg, but LV pressure may decrease to subatmo-
spheric pressures during marked hypovolemia or intense exercise,65 or 
remain greater than 0 mm Hg when forces outside the LV are acting on 
it (e.g., pericardial tamponade, constrictive pericarditis).223 As a result, 
a more physiologically relevant model of isovolumic relaxation allows 
the calculation of  assuming a nonzero asymptote of LV pressure decay 
such that P(t) = P

0
e−t/  + P

a
, where P

a
 is the true asymptote to which 

pressure declines.224 Regardless of the method used to derive the time 
constant, increases in  quantify delays in LV relaxation that occur dur-
ing disease processes such as myocardial ischemia,225 pressure-overload 
hypertrophy,226 or HCM,227 or as a consequence of negative inotropic 
drugs including volatile anesthetics.228 Conversely, reductions in  indi-
cate that more rapid LV relaxation may be observed during tachycardia, 
sympathetic nervous system activation, or administration of positive 
inotropic drugs. Interpretation of alterations in  produced by drugs or 
disease requires qualification because LV loading conditions affect the 
time constant.38 For example, LV preload and  are directly related224,229 
unless arterial pressure remains relatively constant.230 Similarly,  is lin-
early related to afterload because afterload affects the duration, rate, 
and extent of LV ejection.38 The afterload dependence of LV relaxation 
is enhanced in the failing heart (see Figure 5-20).136,231 This observation 
has important clinical ramifications because afterload reduction may 
not only enhance LV systolic function, but may facilitate LV relaxation 
and improve early LV filling dynamics in patients with HF.135 These 
findings emphasize that interpretation of changes in the time con-
stant of LV isovolumic relaxation requires consideration of the load-
ing conditions under which  is measured.232 Invasive quantification of 
LA relaxation also has been described using methods similar to those 
characterized in the LV.71

Filling
Invasive measurement of continuous LV volume is useful for the cal-
culation of indices of LV filling. Accurate LV volume waveforms also 
may be obtained noninvasively using echocardiography with auto-
mated border detection, radionuclide angiography, and dynamic MRI. 
The first derivative of the LV volume signal with respect to time (dV/
dt) produces a biphasic waveform characterized by peaks correspond-
ing to early LV filling and LA systole (E and A waves, respectively). 
This dV/dt waveform is closely related to the transmitral blood flow 
and annular velocity signals obtained using conventional pulse-wave 
and tissue Doppler echocardiography, respectively. In fact, it is eas-
ily demonstrated using the continuity equation that products of the 
time-velocity integrals of transmitral blood flow velocity E and A sig-
nals (TVI

E
 and TVI

A
) and the mitral valve area are identical to the 

areas inscribed by the E and A waves obtained from differentiation of 
the LV volume waveform, respectively. A wide variety of filling param-
eters may be determined using the dV/dt waveform, including E and 
A wave peak filling rates, E/A ratio, the areas (obtained by integration) 
of the E and A waves (corresponding to early LV filling and LA systole 
blood volumes, respectively), the ratio of early LV filling to total LV 
end-diastolic volumes (percentage of early LV filling), and measure-
ments of time intervals of these events. Notably, progressive develop-
ment of congestive HF produces similar changes in the morphology 
of the dV/dt compared with the transmitral blood flow velocity wave-
forms as indicated by the transition of “delayed relaxation” through 
“pseudonormal” to “restrictive” filling patterns (Figure 5-29).233 An anal-
ogous set of parameters also may be derived from continuous mea-
surement of LV dimension (e.g., segment length, wall thickness),234 
but the relative accuracy with which such variables describe global LV 
filling characteristics are dependent on implicit geometric assump-
tions, the LV region that is examined, and the absence of regional wall 
motion abnormalities.203

Passive Mechanical Behavior
Derived from a series of differentially loaded LV pressure-volume dia-
grams, the EDPVR describes the overall passive elastic compliance of the 
LV. This relation between end-diastolic pressure (P

ed
) and volume (V

ed
) 

is nonlinear and may be described using an exponential  relationship 
such that P

ed
 = AeKVed + B, where K is the modulus of chamber stiff-

ness (end-diastolic elastance) and A and B are curve-fitting constants 
(Figure 5-30). Thus, an increase in K produced by a disease process such 
as pressure-overload hypertrophy indicates that the LV chamber has 
become less compliant; that is, it demonstrates a greater LV pressure 
for a given filling volume. The modulus of chamber stiffness also may 
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Figure 5-29 Illustration depicts the simultaneous relationships 
between left atrial (LA) and left ventricular (LV) pressures (PLA and PLV, 
respectively; top), LV filling rate during early filling (E) and atrial systole 
(A; middle), and early mitral annular velocity (e ; bottom) under normal 
conditions and during evolving diastolic dysfunction (impaired relax-
ation, pseudonormal, and restrictive). Note the initial lengthening of 
E-wave deceleration time (DT) during impaired relaxation and the sub-
sequent shortening of DT as diastolic function worsens. Little WC, Oh 
JK: Echocardiographic evaluation of diastolic function can be used to 
guide clinical care, Circulation 120:802–809, 2009.
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Figure 5-30 Illustration demonstrates the method used to derive the 
left ventricular (LV) end-diastolic pressure-volume relation (EDPVR) from 
a series of differentially loaded LV pressure-volume diagrams generated 
by abrupt occlusion of the inferior vena cava in a canine heart in vivo. 
The end-diastolic pressure and volume data from of each diagram (right 
bottom corner) are related by a monoexponential relationship such that 
Ped = AeKVed + B, where Ped and Ved are end-diastolic pressure and vol-
ume, respectively, K is the modulus of stiffness, and A and B are curve-
fitting constants.
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be derived from a single LV pressure-volume diagram by using pairs 
of diastolic pressure and volume data points obtained after relaxation 
is complete (during diastasis and LA systole) to avoid viscoelastic 
effects235 and also may be estimated noninvasively using the decelera-
tion time of the transmitral blood flow velocity E wave.236 The EDPVR 
provides a simple model of LV compliance that is intuitively useful, 
but its interpretation is subject to important limitations. LV geometry, 
mass, and wall thickness influence the modulus of chamber stiffness, 
and comparison of changes in K between patients requires appropriate 
normalization of these variables as a result.232 Because the relationship 
between end-diastolic pressure and end-diastolic volume is exponen-
tial, comparisons of the modulus of chamber stiffness between patients 
or interventions should be made using a similar range of pressure and 
volume. Notably, measurements of the modulus of chamber stiffness 
do not strictly consider parallel shifts in the EDPVR.38 For example, an 
acute increase in pericardial pressure causes a parallel upward shift of 
the EDPVR, thereby indicating that LV pressure is greater at each LV 
volume.83 Thus, the relative position of the EDPVR, and not the mag-
nitude of the modulus of chamber stiffness per se, is probably more 
important in defining overall LV passive mechanical characteristics 
because shifts in the relation up or to the left indicate that a greater 
LV pressure is required to distend the LV to a given volume.237 Similar 
descriptions of LA compliance also have been reported using differen-
tially loaded end-reservoir pressure-volume diagrams.96

The distinct material properties of the myocardium itself indepen-
dent of size, geometry, and external forces may also be determined by 
the derivation of stress-strain relations from the EDPVR. Myocardium 
exhibits the physical characteristics of an elastic material (Hooke’s law) 
by developing a resisting force (stress; ) as muscle length (strain; ) 
increases during LV filling. Thus, the forces resisting further increases 
in length increase as the muscle is stretched. Strain is defined as the 
percentage change in muscle length (L) from unstressed muscle length 
(L

0
) determined at LV pressure of 0 mm Hg. Lagrangian [  = (L − L

0
)/

L
0
] or natural (  = L/L

0
) strain is most often used to normalize muscle 

lengths. The stress-strain relation is exponential such that  = (e
 

− 1), where  is the coefficient of gain and  is the modulus of myo-
cardial stiffness.235 A shift of the nonlinear stress-strain relationship 
up and to the left is consistent with an increase in  that is known 
to occur in diseases such as HCM, amyloidosis, and hemochromato-
sis. Myocardium is not only an elastic material, but also demonstrates 
viscous properties. Viscoelasticity is observed when the forces resist-
ing further alterations in length are dependent on both the magni-
tude of the change in length and rate with which this change occurs. 
Viscoelastic effects are most evident in the intact heart during early 
LV filling when the rate of change of LV volume is greatest, but also 
may be observed during LA systole. Stress-strain relations incorpo-
rating viscoelastic properties may be described using the equation  
= (e  − 1) + (d /dt), where  is the viscoelastic constant and d /
dt is the rate of change of strain.238 An increase in viscous effects may 
modestly attenuate but certainly is not a major determinant of early 

LV  filling in the normal heart.239 The clinical use of myocardial stress-
strain relations (with or without viscous corrections) for the invasive 
evaluation of passive mechanical behavior in vivo has been quite lim-
ited because analysis is complicated and time-consuming.

Noninvasive Evaluation of Diastolic 
Function
Isovolumic Relaxation
Isovolumic relaxation time (IVRT) is defined as the duration between 
aortic valve closure and mitral valve opening and is the most com-
monly used noninvasive surrogate of invasively derived indices of LV 
relaxation (e.g., dP/dt

min
, ). IVRT may be measured with M-mode 

echocardiography or continuous wave Doppler echocardiography as 
the interval between the cessation of aortic blood flow and the onset of 
transmitral blood flow in the modified midesophageal five-chamber or 
deep transgastric TEE imaging planes. The rate of LV relaxation and the 
difference between LV end-systolic pressure and LA pressure at mitral 
valve opening are the major determinants of IVRT in the absence of 
mitral or aortic valve disease.240 As a result, IVRT is dependent on not 
only the relaxation behavior of LV myocardium, but also LV loading 
conditions. For example, an increase in LV afterload prolongs IVRT by 
increasing LV pressure at aortic valve closure, whereas an increase in LA 
pressure shortens IVRT. In an attempt to partially circumvent this load 
dependence of IVRT, Doppler echocardiographic analysis of mitral or 
aortic regurgitant jet velocity has been used in combination with the 
modified Bernoulli equation ( P = 4v2, where P is the pressure gradi-
ent and v is regurgitant blood flow velocity in m/sec) to noninvasively 
estimate the time constant of LV relaxation.241 However, this technique 
has not been widely applied in clinical echocardiography because, as 
previously discussed,  is also load dependent.

Transmitral Blood Flow Velocity
Pulse-wave Doppler echocardiographic evaluation of the pattern of 
transmitral blood flow velocity is the foundation on which noninva-
sive analysis of LV diastolic function is based.242 RV filling properties 
also may be assessed using pulse-wave Doppler analysis of transtricus-
pid blood flow velocity. Cardiac anesthesiologists most often use the 
midesophageal four-chamber view to record the transmitral blood flow 
velocity profile by placing a small (1 to 3 mm3) pulse-wave Doppler 
echocardiography sample volume between the tips of the mitral leaf-
lets during diastole to obtain a sharp, high-quality spectral envelope. 
Similar to the invasively derived dV/dt waveform described earlier, the 
normal pattern of transmitral blood flow velocity contains two peaks 
associated with early LV filling and LA systole (E and A waves, respec-
tively; Figure 5-31).243 The ratio of peak E to peak A wave velocities (E/A 
ratio) is used to characterize the relative contributions of early and late 
filling to final LV end-diastolic volume. Time-velocity integrals of the E 

Figure 5-31 Transmitral blood flow velocity waveforms obtained using pulse-wave Doppler echocardiography under normal conditions (left) and 
during delayed relaxation (right).
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and A waves (TVI
E
 and TVI

A
, respectively) may be combined with mea-

surements of mitral valve area to quantify the magnitude of blood flow 
(volume) by application of the continuity equation. The time required 
for deceleration of the E wave (deceleration time) also is commonly 
measured as an indicator of the influence of LV relaxation on the pres-
sure gradient between the LA and LV that determines the magnitude 
and extent of early LV filling. The normal values of these variables are 
age dependent and demonstrate a gradual slowing of LV relaxation as 
age increases (Table 5-7). Thus, E-wave velocity and E/A ratio decrease 
with advancing age, whereas IVRT, deceleration time, and A-wave 
velocity increase.244 These changes predispose elderly patients to the 
development of HF and occur because of progressive stiffening of the 
myocardial cartilaginous structure, loss of myocyte elasticity, increased 
LV muscle mass, and increased arterial pressure.245,246

The alterations in transmitral blood flow velocity related to age are 
indicative of “delayed relaxation,” the least severe of three major abnor-
mal LV filling patterns that characterize the continuum of LV diastolic 
dysfunction (see Figure 5-29). Clinical symptoms, exercise tolerance, New 
York Heart Association (NYHA) functional class, and mortality are 
closely correlated with the relative severity of LV diastolic dysfunction 
demonstrated using this simple method.247 A reduction in early LV fill-
ing and a greater contribution of LA systole to overall LV filling are the 
pathognomonic findings in this “delayed relaxation” pattern. Thus, the 
E/A ratio is less than 1, and deceleration time is prolonged because a 
delay in LV relaxation reduces the initial LV-LA pressure gradient and 
extends the duration of early LV filling, respectively.233 The enhanced 
contribution of LA systole occurs primarily through a Frank–Starling 
mechanism, increases A-wave size, and compensates for the reduc-
tion in early LV filling, thereby preserving relatively normal LV end-
diastolic volume. In addition to advanced age, the “delayed relaxation” 
pattern frequently is observed in patients with essential hypertension, 
pressure-overload LV hypertrophy, and ischemic heart disease.

A “pseudonormal” pattern of transmitral blood flow velocity 
appears after the “delayed relaxation” profile as the underlying dis-
ease worsens. The E/A ratio increases to a value greater than 1 and, in 
fact, this “pseudonormal” pattern may be virtually indistinguishable 
from a normal LV filling pattern when other indices of diastolic dys-
function (e.g., pulmonary venous blood flow velocity pattern, tissue 
Doppler imaging, color M-mode echocardiography) are not exam-
ined or maneuvers to acutely alter loading conditions (e.g., Valsalva, 
nitroglycerin infusion) are not performed.248 Increased LA pressure 
restores the normal LA-LV pressure gradient on mitral valve open-
ing and thereby increases E-wave velocity to a normal value despite 
the continued presence of an LV relaxation abnormality. The “pseudo-
normal” pattern of LV filling may be recognized by the presence of 
a shorter E-wave deceleration time (< 200 msec; consistent with a 
reduction in early diastolic LV compliance236) or by the reappearance 
of the “delayed relaxation” pattern during a decrease in preload.249 In 
contrast, the “delayed relaxation” profile does not appear when pre-
load is reduced in patients with normal LV diastolic function. The 
“restrictive pattern” denotes the presence of severe, end-stage LV 

 diastolic  dysfunction. LA pressure is  profoundly increased, and the 
LA-LV pressure gradient is augmented far beyond what is necessary 
to compensate for the LV relaxation delay as a result. This LA hyper-
tension also contributes to progressive LA contractile dysfunction and 
eventual failure. Thus, the peak E-wave velocity becomes markedly 
greater than its A-wave counterpart, and the E/A exceeds a value of 2. 
E-wave deceleration time also becomes very rapid (< 150 msec) as LV 
compliance is further reduced (see Table 5-7).

The “restrictive” filling pattern frequently is observed in patients with 
NYHA Class IV HF resulting from a variety of underlying causes,250,251 
and is also a characteristic finding in those with severe constrictive peri-
carditis,252 restrictive cardiomyopathy,253 or rejection of a transplanted 
heart254 independent of changes in LV systolic function. Failure of such 
a “restrictive” filling pattern to revert to a less severe “pseudonormal” 
or “delayed relaxation” profile in response to a diuretic or a vasodilator 
is associated with a particularly grim prognosis.242 Thus, two opposing 
parabolic curves describing changes in E/A ratio and deceleration time 
may be used to illustrate changes in LV diastolic function related to age 
or progressive deterioration from “delayed relaxation” to “restrictive” 
physiology (Figure 5-32).
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Figure 5-32 Schematic diagram illustrates changes in the ratio of trans-
mitral blood flow velocity during early left ventricular filling and atrial sys-
tole (E/A ratio; left axis; purple curve) and deceleration time (right axis; 
green curve) associated with age and the development of left ventricular 
diastolic dysfunction. Dashed line represents left ventricular preload, which 
increases as diastolic dysfunction worsens. The accompanying diagram 
depicted in the lower right demonstrates impaired relaxation (A), pseudo-
normal (B), and restrictive (C) left ventricular filling patterns of diastolic 
dysfunction measured using pulse-wave Doppler echocardiography.

*Unless left atrial failure is present.
Ar, pulmonary venous atrial reversal blood flow velocity; DT, early left ventricular filling deceleration time; e , peak early diastolic annular myocardial velocity; E/A, transmitral early left 

ventricular filling-to-atrial systole blood flow velocity ratio; IVRT, isovolumic relaxation time; S/D, pulmonary venous systolic-to-diastolic blood flow velocity ratio; V
p
, color M-mode 

transmitral blood flow propagation velocity.
Garcia MJ, Thomas JD, Klein AL: New Doppler echocardiographic applications for the study of diastolic function, J Am Coll Cardiol 32:865–875, 1998.

Stages of Left Ventricular Diastolic Dysfunction

Normal Age 21–49 Normal Age >50 Delayed Relaxation Pseudonormal Filling Restrictive Filling

E/A > 1  1 < 1 1–2 > 2
DT (msec) < 220 < 220 > 220 150–200 < 150
IVRT (msec) < 100 < 100 > 100 60–100 < 60
S/D < 1  1  1 < 1 < 1
Ar (cm/sec) < 35 < 35 < 35  35*  25*
V

p
 (cm/sec) > 55 > 45 < 45 < 45 < 45

e  (cm/sec) > 10 > 8 < 8 < 8 < 8

TABLE  
5-7
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In addition to load dependence, several other factors, including HR, 
abnormal AV conduction, atrial arrhythmias, and mitral valve disease, 
may adversely affect evaluation of transmitral blood flow velocity pat-
terns. For example, sinus tachycardia and first-degree AV block pro-
duce partial or complete fusion of E and A waves, thereby complicating 
assessment of individual peak velocities, time-velocity integrals, or 
deceleration time. Atrial flutter produces variably loaded LA contrac-
tions depending on the extent of the accompanying AV block, whereas 
atrial fibrillation eliminates the active LA contribution to LV filling 
altogether. Severe mitral stenosis clearly limits LV filling and the trans-
mitral blood flow velocity measurements obtained in the presence of 
this pathology are obviously unreliable for LV diastolic function analy-
sis. Mitral regurgitation increases LA pressure independent of changes 
in LV diastolic function, and this action makes isolated recognition of 
LV diastolic dysfunction difficult, if not impossible. Thus, normal sinus 
rhythm and the absence of hemodynamically significant mitral valve 
disease are most often required when the morphology of transmitral 
blood flow velocity is used for the analysis of LV diastolic function.

Pulmonary Venous Blood Flow Velocity
Analysis of the pulmonary venous blood flow velocity pattern is used to 
noninvasively determine LV diastolic dysfunction,255 quantify the degree 
of mitral regurgitation,256 or estimate pulmonary capillary occlusion 
and mean LA pressures.257 Analogously, the pattern of hepatic venous 
blood flow velocity provides important information about the relative 
severity of RV diastolic dysfunction or tricuspid regurgitation. Cardiac 
anesthesiologists most often interrogate pulmonary venous blood flow 
velocity by placing a small pulse-wave Doppler sample volume between 
0.5 and 1.0 cm into the right or left superior pulmonary vein in a mod-
ified midesophageal bicaval or four-chamber TEE imaging plane, 
respectively, to obtain a crisp velocity profile.258 Color-flow Doppler 
mapping is especially useful to identify the best position to place the 
pulse-wave Doppler sample volume. TEE is the preferred method for 
pulmonary venous blood flow velocity analysis because the anatomic 
proximity of the right and left upper pulmonary veins to the esopha-
gus provides optimal imaging windows with minimal ultrasound scat-
ter by intervening tissue compared with a transthoracic approach.259 As 
observed when using transmitral blood flow velocity patterns to evalu-
ate LV diastolic function, it is important to recognize that the pulmo-
nary venous blood flow velocity profile is highly dependent on not only 
LV relaxation, filling, and compliance, but also HR, LA and LV loading 
conditions, and LA function.260 Thus, conclusions about LV diastolic 
function derived using this methodology require interpretation with 
these potential limitations in mind. In general, the pulmonary venous 
blood flow velocity profile is used primarily as an adjunctive tool in 
combination with the transmitral LV filling pattern and not as an inde-
pendent prognostic indicator of disease progression.261

The normal pulmonary venous blood flow velocity pattern is com-
posed of a single small negative deflection that indicates retrograde 
flow from the LA chamber into the pulmonary veins, termed the atrial 
reversal (“Ar”) wave, and two large positive deflections that demon-
strate forward flow from the pulmonary veins into the LA.262 LA pre-
load, LA contractile state, and LV pressure during late diastole affect 
the magnitude and duration of the Ar wave.263 The first positive deflec-
tion is known as the “S” (systolic) wave and occurs during LV systole 
and isovolumic relaxation when the mitral valve is closed. This S wave 

displays a biphasic morphology (“S
1
” and “S

2
”; these notations are not 

equivalent to the first and second heart sounds) originating from a 
series of LA, LV, and RV events.264 LA relaxation after contraction and 
the consequent reduction in LA pressure facilitates forward blood flow 
from the pulmonary veins into the LA during early LV isovolumic con-
traction.263 Mitral annular descent toward the apex during LV systole 
(approximately 1.3 cm in healthy individuals) also causes a piston-like 
effect that acts to draw additional blood from the pulmonary veins 
into the LA.265 These actions combine to produce S

1
. Mitral annular 

descent may be markedly attenuated in patients with reduced LV sys-
tolic function, emphasizing that LV contractility directly influences the 
degree of LA filling.266 Transmission of the RV systolic pressure pulse 
through the pulmonary circulation contributes to additional LA fill-
ing later during LV contraction to produce S

2
. S

1
 and S

2
 are most often 

combined into a single S wave when using pulmonary venous blood 
flow velocity patterns to assess LV diastolic function. The second posi-
tive deflection (“D” wave) of the pulmonary venous blood flow veloc-
ity pattern occurs immediately after the opening of the mitral valve 
because the rapid decline in LA pressure that accompanies early LV 
filling allows subsequent blood flow from the pulmonary veins into the 
LA to occur (Figure 5-33). The peak velocity and time-velocity integral of 
the D wave are dependent on LV compliance and the extent of early LV 
filling.267 As a result, factors that attenuate early LV filling (e.g., delayed 
LV relaxation, reduced LV compliance, mitral stenosis) cause decreases 
in D-wave velocity.268

Similar to the pattern of transmitral blood flow velocity, the pulmo-
nary venous blood flow velocity profile is also age dependent. The S/D 
ratio, the peak Ar velocity, and the Ar duration increase with age,243 con-
sistent with the enhanced importance of LA systole to LV filling during 
the gradual development of delayed LV relaxation. However, the com-
pensatory increase in LA pressure that serves to restore E-wave velocity 
and E/A ratio in “pseudonormal” physiology attenuates systolic pulmo-
nary venous blood flow and begins to produce pulmonary venous con-
gestion. As a result, the S wave becomes progressively blunted and the 
S/D ratio declines to less than 1, whereas the magnitude and duration 
of the Ar wave continue to increase, thereby allowing an easily recog-
nizable distinction between otherwise morphologically similar “nor-
mal” and “pseudonormal” transmitral blood flow velocity patterns.255 
As “restrictive” LV diastolic dysfunction develops, these changes are 
more pronounced concomitant with further increases in LV diastolic 
and LA pressures. The S/D ratio declines as systolic LA filling is fur-
ther attenuated and the D-wave deceleration time becomes more rapid 
as the LV becomes less compliant (see Figure 5-33). The Ar blood flow 
velocity exceeds 35 cm/sec, and the duration of the Ar wave becomes 
greater than that of the corresponding transmitral A wave unless overt 
LA failure occurs.269 An Ar-A duration greater than 30 msec is strongly 
predictive of increased LV end-diastolic pressure.270 As observed with 
transmitral blood flow velocity profiles, atrial arrhythmias, AV conduc-
tion abnormalities, and mitral valve disease limit the use of pulmonary 
venous blood flow patterns for the evaluation of LV diastolic function.

Tissue Doppler Imaging
Interrogation of septal or lateral mitral annular motion using low-
velocity (10 to 15 cm/sec) pulse-wave Doppler echocardiography pro-
vides additional information about the relative severity of LV diastolic 
dysfunction (see Figure 5-29).271 Mitral annular motion is an index of the 

Figure 5-33 Pulmonary venous blood flow velocity waveforms obtained using pulse-wave Doppler echocardiography under normal conditions (left) 
and in the presence of increased left atrial pressure (right).
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relative LV long-axis lengthening rate during filling. Averaging of septal 
and lateral tissue Doppler imaging is recommended to account for the 
effects of regional differences in function.272 Cardiac anesthesiologists 
most often use the midesophageal four-chamber TEE view to acquire 
tissue Doppler waveforms during LV filling. Similar to the transmitral 
blood flow velocity profile, the tissue Doppler waveform demonstrates 
peak velocities associated with early LV filling and LA systole (e  and a , 
respectively), and the e /a  ratio demonstrates the relative contributions 
of these events to final LV end-diastolic volume. The ratio of transmi-
tral E to tissue Doppler e  waves (E/e ) has been shown to be a reliable 
estimate of LV filling pressure.273 For example, a septal E/e  ratio less 
than 8 strongly suggests that LV filling pressure is normal, but an E/e  
ratio greater than 15 usually indicates that LV end-diastolic pressure is 
markedly increased.274 The E/e  ratio is especially useful for establish-
ing the diagnosis of HFNEF.275,276 The determinants of tissue Doppler e  
and a  velocities are similar to those described for transmitral E and A 
velocities, respectively. The rate and extent of LV isovolumic relaxation, 
LV systolic function, and LV preload are the major hemodynamic fac-
tors that determine tissue Doppler e  velocity in humans. Notably, tissue 
Doppler e  velocity appears to be less affected by preload than transmi-
tral E velocity, especially when LV relaxation is delayed.277 As a result, 
the e /a  ratio is less likely to display overt “delayed relaxation” and sub-
sequent “pseudonormal” profiles than its transmitral E/A counterpart 
as LV diastolic dysfunction progresses and LA pressure increases. This 
relative Doppler e  preload independence during abnormal LV relax-
ation also increases the time interval between the onset of the trans-
mitral E and tissue Doppler e  velocities (T

E-e
), which has been shown 

to be a noninvasive estimate of the time constant ( ) of LV isovolu-
mic relaxation in humans.278 Unlike transmitral E-wave velocity, tissue 
Doppler e  velocity is also particularly useful in distinguishing between 
constrictive pericarditis (e  is normal) and restrictive cardiomyopathy 
(e  is decreased).279 LA contractile function and LV diastolic pressure 
are the primary factors that influence the magnitude of tissue Doppler 
a  velocity. As observed with transmitral and pulmonary venous blood 
flow velocities, tissue Doppler velocities are age dependent such that e  
velocity and e /a  ratio decrease, whereas a  velocity and E/e  increase 
with age. In addition to age, the use of tissue Doppler imaging to quan-
tify LV diastolic dysfunction also may be limited by mitral annular cal-
cification, the presence of a prosthetic mitral valve or ring, or mitral 
valve disease, as well as technical difficulties obtaining a reproducible, 
clean envelope of low-velocity annular motion during diastole.243

Color M-Mode Propagation Velocity
The flow propagation velocity (V

p
) of the blood column extending 

from the mitral valve to the apex during early LV filling is reliably 
obtained using color M-mode echocardiography and is another fre-
quently measured index of LV diastolic function.280 V

p
 is relatively pre-

load insensitive,281 is particularly useful for evaluating LV relaxation 
abnormalities,282 and correlates with invasively derived indices of LV 
relaxation (e.g., ).280 The midesophageal four-chamber imaging plane 
allows the cardiac anesthesiologist to acquire a color Doppler M-mode 
envelope by placing the M-mode scan line into the center of LV inflow 
aligned from base to apex. After adjusting the Nyquist limit to assure 
that the highest velocity is blue, V

p
 is determined as the slope of the 

first aliasing velocity (Figure 5-34).243 A V
p
 value greater than 50 cm/sec 

is normal and quantifies the rapid movement of blood from the mitral 
valve to the apex, mediated by the pressure gradient between these 
intraventricular regions (termed apical suction) during early LV fill-
ing.280,283 The extent of relaxation and the elastic recoil of the LV are the 
primary determinants of V

p
. Thus, clinical conditions (e.g., myocar-

dial ischemia, HCM) in which these factors are attenuated reduce V
p
 

by decreasing the apical suction during early LV filling.284,285 However, 
the use of V

p
 as a quantitative index of LV diastolic dysfunction may 

be limited by other factors, including alterations in chamber geom-
etry, contractile dyssynchrony, and blood flow vortex formation, that 
become increasingly important in determining the magnitude of apical 
suction as HF progresses.286 The ratio of transmitral E-wave velocity to 

V
p
 (E/V

p
) is related to LV filling pressure and has been used as a non-

invasive surrogate of pulmonary capillary occlusion pressure.283 For 
example, an E/V

p
 ratio greater than 2.5 indicates that “wedge” pressure 

is greater than 15 mm Hg and is common in the presence of “restric-
tive” physiology.278

PERICARDIAL FORCES
The pericardium is a sac that encloses the heart, proximal great ves-
sels, and distal vena cavae and pulmonary veins. The smooth surface 
of the visceral pericardium combined with the lubrication provided by 
between 15 and 35 mL pericardial fluid (composed of plasma ultrafil-
trate, myocardial interstitial fluid, and a small quantity of lymph) and 
surfactant phospholipids reduce friction and facilitate normal cardiac 
movement during systole and diastole. The pericardium also acts as 
a mechanical barrier that separates the heart from other mediastinal 
structures and limits abnormal displacement of the heart through its 
inferior (diaphragmatic) and superior (great vessels) attachments. The 
fibrous layer of the parietal pericardium determines the J-shaped peri-
cardial pressure-volume relation (Figure 5-35), which indicates that the 
pericardium is substantially less compliant than the LV myocardium. 
As a result of this lack of elasticity, the pericardium has limited volume 
reserve and thus is capable of accommodating only a small increase in 
volume before a large increase in pressure occurs.287 Pericardial pres-
sure is usually subatmospheric (range, −5 to 0 mm Hg), varies with 
changes in intrathoracic pressure, and produces little, if any, mechani-
cal effect in a normal heart under euvolemic conditions.288 However, 
the pericardium exerts a critical restraining force on the filling of all 
four cardiac chambers,289 and this effect is exaggerated during pericar-
dial compression (e.g., tamponade, constrictive pericarditis) or acute 
increases in chamber dimension (e.g., volume loading). Pericardial 
restraint is most apparent in the thinner-walled atria and RV and is 
the primary determinant of the diastolic pressure and volume of these 
chambers. Thus, the pericardium resists further increases in atrial and 
RV chamber size during volume loading, and pressure within these 
chambers increases more rapidly than predicted on the basis of myo-
cardial elastic properties alone. The pericardium also plays an impor-
tant role in LV filling,290 as an acute increase in pericardial pressure 
causes a parallel upward shift of the LV EDPVR.291 The elevation of 
the EDPVR combined with more pronounced diastolic ventricular 
interdependence (interaction) is responsible for the severely restricted 
LV filling observed during pericardial tamponade. Conversely, atrial 

Figure 5-34 Determination of color M-mode mitral valve blood flow 
propagation velocity (Vp). A color Doppler M-mode envelope is obtained 
by placing the M-mode scan line into the center of LV inflow aligned 
from base to apex, and Vp is determined as the slope of the first aliasing 
velocity. A value of Vp less than 45 cm/sec suggests that early left ven-
tricular (LV) filling is attenuated consistent with LV diastolic dysfunction.
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volume, RV and LV end-diastolic volumes, SV, and CO increase after 
pericardiectomy because pericardial restraining forces are no longer 
present and the myocardium solely determines the compliance of each 
chamber. In contrast with the effects of an acute increase in pericardial 
or cardiac chamber volume, a chronic pericardial effusion or chamber 
enlargement progressively stretches the pericardium, thereby increas-
ing its compliance and attenuating or abolishing its restraining effects. 
This compensatory response to a gradual, chronic increase in pericar-
dial load explains why hemodynamic instability does not occur in the 
presence of a very large (> 1000 mL) pericardial effusion or profound 
biventricular dilatation that would otherwise precipitate severe hemo-
dynamic instability.

The pericardium plays an essential role in ventricular interdepen-
dence (the influence of the pressure and volume of one ventricle on 
the mechanical behavior of the other). The pericardium restrains both 
the RV and the LV equally despite the inherent differences in compli-
ance between the chambers. Hence, an increase in RV size (e.g., isch-
emia, volume overload) causes pericardial pressure to increase, thereby 
reducing LV compliance and restricting LV filling.292 Similarly, acute 
LV distention (e.g., application of an aortic cross clamp) encroaches 
on the RV, shifts its EDPVR up and to the left, and limits RV filling.293 
These observations emphasize that the relative position and direction 
of movement of the interventricular septum are not the only factors 
that determine ventricular interdependence. Evidence for diastolic 
ventricular interaction is readily apparent using pulse-wave Doppler 
echocardiography to determine changes in RV and LV filling during 
spontaneous ventilation.294 Inspiration decreases intrathoracic pres-
sure, enhances systemic venous return, and causes modest RV disten-
tion. These actions mildly reduce LV filling by decreasing compliance 
of the chamber, resulting in small declines in CO and mean arterial 
pressure. Conversely, RV filling is attenuated and LV filling is aug-
mented during expiration through a similar ventricular interaction 
mechanism. Compression of the ventricular chambers during peri-
cardial tamponade295 or constrictive pericarditis296 markedly exagger-
ates these respiratory changes in RV and LV filling and causes pulsus 
paradoxus. Nevertheless, maintenance of spontaneous ventilation 

is  critical under these circumstances because negative intrathoracic 
pressure preserves venous return to some degree. In contrast, posi-
tive-pressure ventilation of the lungs may rapidly cause cardiovascular 
collapse during acute pericardial tamponade by profoundly limiting 
venous return.

DETERMINANTS OF ATRIAL FUNCTION
The maximum velocity of shortening of LA myocardium is equiva-
lent to or greater than LV myocardium under similar loading condi-
tions.297,298 LA emptying fraction is primarily dependent on LA preload 
and contractile state in vivo unless the LA dilates and its myofilaments 
are extended beyond optimal operating length.299 Under these circum-
stances, emptying fraction falls precipitously and LA contraction no 
longer makes a meaningful contribution to final LV end-diastolic vol-
ume. Alterations in the activity of the autonomic nervous system pro-
duce similar changes in LA compared with LV contractile state.300 For 
example, increases in LA emptying fraction and the LA contribution 
to LV filling occur as a result of sympathetic nervous system activa-
tion,301 whereas parasympathetic stimulation causes a direct nega-
tive inotropic effect. Volatile anesthetics also cause a similar degree 
of myocardial depression in LA compared with LV myocardium in 
vivo.96,302 LV compliance and pressure during late diastole determine 
the afterload to which the LA is subjected during its contraction. 
Thus, LV diastolic dysfunction increases LA afterload and the amount 
of energy the LA must expend to perform similar pressure-volume 
work. Analogous to the changes in myofilament composition occur-
ring in response to chronic increases in LV afterload, upregulation of 
the -myosin isoform in atrial myocardium serves as an important 
compensatory response to increased LA afterload that preserves LA 
emptying fraction.303 However, the LA, like the RV, has less muscle 
mass and operates at lower pressures than the LV. Thus, the LA is sub-
stantially more susceptible to afterload mismatch than the LV, and as 
a result, increases in LA afterload and energy utilization produced by 
impaired LV filling often lead to LA contractile failure.268 For example, 
an initial increase in LA emptying fraction may be observed early in 
the course of developing LV failure, but LA contractile dysfunction 
eventually occurs as LV compliance declines and end-diastolic pres-
sure increases.304 Conversely, drug therapy for chronic hypertension 
reduces LA and LV afterload, and improves the active contribution of 
the LA to LV filling.305 Notably, remodeling and reduced compliance 
of the LA also occur in response to LV diastolic dysfunction. These 
effects further restrict pulmonary venous blood flow into the LA dur-
ing the reservoir and conduit phases, and may lead to the development 
of pulmonary edema.

Several factors determine LA reservoir and conduit function. LA 
relaxation after contraction normally facilitates forward flow from the 
pulmonary veins during early LV isovolumic contraction,263 whereas 
relaxation abnormalities produced by LA ischemia, hypertrophy, or 
dilation attenuate the ability of the chamber to function effectively 
as a reservoir. Descent of the LV base toward the apex during LV sys-
tole is also an important determinant of LA reservoir function.265 This 
action is markedly attenuated in the presence of severe LV contrac-
tile dysfunction. As a result, LA reservoir function decreases because 
pulmonary venous return during the S

1
 phase is markedly reduced or 

entirely absent.266 Transmission of RVSV through the pulmonary cir-
culation contributes blood to the LA during the late reservoir phase 
(S

2
)306 and, thus, RV systolic dysfunction also adversely affects LA res-

ervoir  function. In addition to these factors, LA compliance plays a cru-
cial role in the ability of the chamber to act as a reservoir and a conduit. 
LA diseases in which compliance is reduced are clearly associated with 
impaired LA filling.72,307 Pressure-volume analysis has demonstrated that 
the LA appendage is more compliant than the main body of the cham-
ber308,309 and plays a crucial role in LA filling. Temporary LA append-
age exclusion310 or permanent removal309 reduces the compliance of 
the remaining LA, thereby attenuating reservoir function and blunt-
ing subsequent early LV filling. These effects are particularly important 
in the presence of LA dilation or hypertension. The  pericardium also 
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Figure 5-35 Pressure-volume relation of the pericardium (purple line) 
compared with the left ventricular end-diastolic pressure-volume rela-
tion (EDPVR; green line). Note that large increases in pericardial pres-
sure occur after reserve volume is exceeded.
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limits LA passive filling as pericardiectomy was shown to increase LA 
compliance, enhance early LV filling rate, and augment conduit and, to 
a lesser extent, reservoir function.95

Exercise and age produce characteristic changes in LA function. LA 
contractility and reservoir function are enhanced during exercise.311 The 
increase in reservoir capacity contributes to the formation of a larger 
LA-LV pressure gradient during early LV filling, thereby increasing LV 
SV and CO. An increase in conduit function also has been observed in 

endurance athletes compared with normal subjects.312 In contrast with 
these findings, LA dilation and declines in passive emptying occur in 
healthy elderly subjects313 concomitant with a compensatory increase in 
LA ejection force314 and augmentation of LA contribution to LV end-
diastolic volume.315 LA dilation also increases storage fraction (ratio of 
LA reservoir to LV SV),316 but this dilation may contribute to further 
increases in LA wall stress and eventual LA contractile dysfunction in 
the elderly.317

REFERENCES
 1. Greenbaum RA, Ho SY, Gibson DG, et al: Left ventricular fibre architecture in man, Br Heart J 45:248–

263, 1981.
 2. Keith A: Harveian Lecture on the functional anatomy of the heart, Br J Med 1:361–363, 1918.
 3. Harvey W: An anatomical disquisition on the motion of the heart and blood in animals (1628). In 

Willis FA, Keys TE, editors: Cardiac Classics, London, 1941, Henry Kimpton, pp 19–79.
 4. Mall FP: On the muscular architecture of the ventricles of the human heart, Am J Anat 11:211–278, 

1911.
 5. Robb JS, Robb RD: The normal heart: Anatomy and physiology of the structural units, Am Heart J 

23:455–467, 1942.
 6. Streeter DD Jr, Spotnitz HM, Patel DP, et al: Fiber orientation in the canine left ventricle during 

diastole and systole, Circ Res 24:339–347, 1969.
 7. Buckberg GD, Coghlan HC, Torrent-Guasp F: The structure and function of the helical heart and its 

buttress wrapping. VI. Geometric concepts of heart failure and use for structural correction, Semin 
Thorac Cardiovasc Surg 13:386–401, 2001.

 8. Yellin EL, Hori M, Yoran C, et al: Left ventricular relaxation in the filling and nonfilling intact canine 
heart, Am J Physiol 250:H620–H629, 1986.

 9. Cheng C-P, Noda T, Nozawa T, et al: Effect of heart failure on the mechanism of exercise-induced 
augmentation of mitral valve flow, Circ Res 72:795–806, 1993.

 10. Takayama Y, Costa KD, Covell JW: Contribution of laminar myofiber architecture to load-dependent 
changes in mechanics of LV myocardium, Am J Physiol Heart Circ Physiol 282:H1510–H1520, 2002.

 11. De Hert SG, Gillebert TC, Andries LC, et al: Role of the endocardial endothelium in the regulation of 
myocardial function: Physiologic and pathophysiologic implications, Anesthesiology 79:1354–1366, 
1993.

 12. Feneley MP, Gavaghan TP, Baron DW, et al: Contribution of left ventricular contraction to the 
generation of right ventricular systolic pressure in the human heart, Circulation 71:473–480, 1985.

 13. Hammarstrom E, Wranne B, Pinto FJ, et al: Tricuspid annular motion, J Am Soc Echocardiogr 4:131–139, 
1991.

 14. Stein PD, Munter WA: New functional concept of valvular mechanics in normal and diseased aortic 
valves, Circulation 44:101–108, 1971.

 15. Gharib M, Rambod E, Kheradvar A, et al: Optimal vortex formation as an index of cardiac health, 
Proc Natl Acad Sci U S A 103:6305–6308, 2006.

 16. Lam JHC: Morphology of the human mitral valve. I. Chordae tendinae: A new classification, 
Circulation 41:449, 1970.

 17. Perloff JK, Roberts WC: The mitral apparatus. Functional anatomy of mitral regurgitation, Circulation 
46:227–239, 1972.

 18. Voci P, Bilotta F, Caretta Q, et al: Papillary muscle perfusion pattern. A hypothesis for ischemic 
papillary muscle dysfunction, Circulation 91:1714–1718, 1995.

 19. James TN, Burch GE: The atrial coronary arteries in man, Circulation 17:90–98, 1958.
 20. Porter WT: The influence of the heart beat on the flow of blood through the walls of the heart, Am J 

Physiol 1:145–163, 1898.
 21. Rahimtoola SH, Ehsani A, Sinno MZ, et al: Left atrial transport function in myocardial infarction. 

Importance of its booster pump function, Am J Med 59:686–694, 1975.
 22. Stefanadis C, Dernellis J, Tsiamis E, et al: Effects of pacing-induced and balloon coronary occlusion 

ischemia on left atrial function in patients with coronary artery disease, J Am Coll Cardiol 33:687–696, 
1999.

 23. James TN: Cardiac innervation: Anatomic and pharmacologic relations, Bull N Y Acad Med 
43:1041–1086, 1967.

 24. Tops LF, Schalij MJ, Bax JJ: The effects of right ventricular apical pacing on ventricular function and 
dyssynchrony implications for therapy, J Am Coll Cardiol 54:764–776, 2009.

 25. Epstein AE, DiMarco JP, Ellenbogen KA, et al: ACC/AHA/HRS 2008 guidelines for device-based 
therapy of cardiac rhythm abnormalities: a report of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines (Writing Committee to Revise the ACC/
AHA/NASPE 2002 Guideline Update for Implantation of Cardiac Pacemakers and Antiarrhythmia 
Devices): Developed in collaboration with the American Association for Thoracic Surgery and 
Society of Thoracic Surgeons, Circulation 117:e350–e408, 2008.

 26. Schaub MC, Hefti MA, Zuellig RA, et al: Modulation of contractility in human cardiac hypertrophy 
by myosin essential light chain isoforms, Cardiovasc Res 37:381–404, 1998.

 27. Cazorla O, Vassort G, Garnier D, et al: Length modulation of active force in rat cardiac myocytes: Is 
titin the sensor? J Mol Cell Cardiol 31:1215–1227, 1999.

 28. Helmes M, Trombitas K, Granzier H: Titin develops restoring force in rat cardiac myocytes, Circ Res 
79:619–626, 1996.

 29. Schiaffino S, Reggiani C: Molecular diversity of myofibrillar proteins: Gene regulation and molecular 
significance, Physiol Rev 76:371–423, 1996.

 30. Moncman CL, Wang K: Nebulette: A 107 kD nebulin-like protein in cardiac muscle, Cell Motil 
Cytoskel 32:205–225, 1995.

 31. Solaro RJ, Rarick HM: Troponin and tropomyosin. Proteins that switch on and tune in the activity of 
cardiac myofilaments, Circ Res 83:471–480, 1998.

 32. Tobacman LS: Thin filament-mediated regulation of cardiac contraction, Annu Rev Physiol 58:447–481, 
1996.

 33. Solaro RJ, Van Eyk J: Altered interactions among thin filaments proteins modulate cardiac function, J 
Mol Cell Cardiol 28:217–230, 1999.

 34. Luo W, Grupp IL, Harrer J, et al: Targeted ablation of the phospholamban gene is associated with 
markedly enhanced myocardial contractility and loss of -agonist stimulation, Circ Res 75:401–409, 
1994.

 35. Rayment I, Holden HM, Whittaker M: Structure of the actin-myosin complex and its implications for 
muscle contraction, Science 261:58–65, 1993.

 36. Dominguez R, Freyzon Y, Trybus KM, et al: Crystal structure of a vertebrate smooth muscle myosin 
motor domain and its complex with the essential light chain: Visualization of the prepower stroke 
state, Cell 94:559–571, 1998.

 37. Finer JT, Simmons RM, Spudich JA: Single myosin molecule mechanics: Piconewton forces and 
nanometer steps, Nature 368:113–119, 1994.

 38. Gilbert JC, Glantz SA: Determinants of left ventricular filling and of the diastolic pressure-volume 
relation, Circ Res 64:827–852, 1989.

 39. Stillwell GK: The law of Laplace: Some clinical applications, Mayo Clin Proc 48:863–869, 1973.
 40. Cheng CP, Igarashi Y, Little WC: Mechanism of augmented rate of left ventricular filling during 

exercise, Circ Res 70:9–19, 1992.
 41. Hoit BD, Shao Y, Gabel M, et al: In vivo assessment of left atrial contractile performance in normal 

and pathological conditions using a time-varying elastance model, Circulation 89:1829–1838, 1994.
 42. Hermann HJ: Left ventricular volumes by angiocardiography: Comparison of methods and 

simplification of techniques, Cardiovasc Res 2:404–414, 1968.
 43. Stefanadis C, Dernellis J, Stratos C, et al: Assessment of left atrial pressure-area relation in humans by 

means of retrograde left atrial catheterization and echocardiographic automatic boundary detection: 
Effect of dobutamine, J Am Coll Cardiol 31:426–436, 1998.

 44. Karunanithi MK, Michniewicz J, Copeland SE, et al: Right ventricular preload recruitable stroke work, 
end-systolic pressure-volume, and dP/dt

max
-end-diastolic volume relations compared as indexes of 

right ventricular contractile performance in conscious dogs, Circ Res 70:1169–1179, 1992.
 45. Sandler H, Dodge HT: Left ventricular tension and stress in man, Circ Res 13:91–104, 1963.
 46. Florenzano F, Glantz SA: Left-ventricular mechanical adaptation to chronic aortic regurgitation in 

intact dogs, Am J Physiol 252:H969–H984, 1987.
 47. Grossman W, Jones D, McLaurin LP: Wall stress and patterns of hypertrophy in the human left 

ventricle, J Clin Invest 56:56–64, 1975.
 48. Borow KM, Lang RM, Neumann A, et al: Physiologic mechanisms governing hemodynamic responses 

to positive inotropic therapy in patients with dilated cardiomyopathy, Circulation 77:625–637, 1988.
 49. Regen DM: Calculation of left ventricular wall stress, Circ Res 67:245–252, 1990.
 50. Regen DM, Anversa P, Capasso JM: Segmental calculation of left ventricular wall stresses, Am J Physiol 

264:H1411–H1421, 1993.
 51. Mirsky I: Review of various theories for the evaluation of left ventricular wall stresses. In Mirsky 

I, Ghista DN, Sandler H, editors: Cardiac mechanics: Physiological, clinical, and mathematical 
considerations, New York, 1974, Wiley, pp 381–409.

 52. Grossman W: Cardiac hypertrophy: Useful adaptation or pathologic process? Am J Med 69:576–584, 
1980.

 53. Wiggers CJ: The Henry Jackson Memorial Lecture. Dynamics of ventricular contraction under 
abnormal conditions, Circulation 5:321–348, 1952.

 54. Sandler H, Alderman E: Determination of left ventricular size and shape, Circ Res 34:1–8, 1974.
 55. Haddad F, Couture P, Tousignant C, et al: The right ventricle in cardiac surgery, a perioperative 

perspective: I. Anatomy, physiology, and assessment, Anesth Analg 108:407–421, 2009.
 56. Fifer MA, Grossman W: Measurement of ventricular volumes, ejection fraction, mass, wall stress, and 

regional wall motion. In Grossman W, editor: Cardiac catheterization, angiography, and intervention, 
ed 4 Philadelphia, 1991, Lea and Febiger, pp 300–318.

 57. Sabbah HN, Stein PD: Negative diastolic pressure in the intact canine right ventricle. Evidence of 
diastolic suction, Circ Res 49:108–113, 1981.

 58. Courtois M, Kovacs SJ Jr, Ludbrook PA: Transmitral pressure-flow velocity relation. Importance of 
regional pressure gradients in the left ventricle during diastole, Circulation 78:661–671, 1988.

 59. Cheng C-P, Freeman GL, Santamore WP, et al: Effect of loading conditions, contractile state, and heart 
rate on early diastolic left ventricular filling in conscious dogs, Circ Res 66:814–823, 1990.

 60. Ishida Y, Meisner JS, Tsujioka K, et al: Left ventricular filling dynamics: Influence of left ventricular 
relaxation and left atrial pressure, Circulation 74:187–196, 1986.

 61. Little WC, Oh JK: Echocardiographic evaluation of diastolic function can be used to guide clinical 
care, Circulation 120:802–809, 2009.

 62. Kilner PJ, Yang GZ, Wilkes AJ, et al: Asymmetric redirection of flow through the heart, Nature 
404:759–761, 2000.

 63. Kheradvar A, Gharib M: On mitral valve dynamics and its connection to early diastolic flow, Ann 
Biomed Eng 37:1–13, 2009.

 64. Brutsaert DL, Rademakers FE, Sys SU, et al: Analysis of relaxation in the evaluation of ventricular 
function of the heart, Prog Cardiovasc Dis 28:143–163, 1985.

 65. Yellin EL, Nikolic S, Frater RWM: Left ventricular filling dynamics and diastolic function, Prog 
Cardiovasc Dis 32:247–271, 1990.

 66. Suga H, Goto Y, Igarashi Y, et al: Ventricular suction under zero source pressure for filling, Am J 
Physiol 251:H47–H55, 1986.

 67. Suga H, Yasumura Y, Nozawa T, et al: Pressure-volume relation around zero transmural pressure in 
excised cross-circulated dog left ventricle, Circ Res 63:361–372, 1988.

 68. Keren G, Meisner JS, Sherez J, et al: Interrelationship of mid-diastolic mitral valve motion, pulmonary 
venous flow, and transmitral flow, Circulation 74:36–44, 1986.

 69. Little RC: Volume pressure relationships of the pulmonary-left heart vascular segment. Evidence for 
a “valve-like” closure of the pulmonary veins, Circ Res 8:594–599, 1960.

 70. Ruskin J, McHale PA, Harley A, et al: Pressure-flow studies in man: Effect of atrial systole on left 
ventricular function, J Clin Invest 49:472–478, 1970.

 71. Barbier P, Solomon SB, Schiller NB, et al: Left atrial relaxation and left ventricular systolic function 
determine left atrial reservoir function, Circulation 100:427–436, 1999.

 72. Mehta S, Charbonneau F, Fitchett DH, et al: The clinical consequences of a stiff left atrium, Am Heart 
J 122:1184–1191, 1991.

 73. Frank O: Zur dynamik des herzmuskels, Z Biol 32:370–437, 1895.
 74. Frank O: Die grundform des arteriellen pulses, Z Biol 39:483–526, 1898.
 75. Suga H, Sagawa K: Instantaneous pressure-volume relationships and their ratio in the excised, 

supported canine left ventricle, Circ Res 35:117–126, 1974.
 76. Suga H, Sagawa K, Shoukas AA: Load-independence of the instantaneous pressure-volume ratio of 

the canine left ventricle and effects of epinephrine and heart rate on the ratio, Circ Res 32:314–322, 
1973.

 77. Sagawa K: The end-systolic pressure-volume relation of the ventricle: Definition, modifications and 
clinical use, Circulation 63:1223–1227, 1981.

 78. Glower DD, Spratt JA, Snow ND, et al: Linearity of the Frank-Starling relationship in the intact heart: 
The concept of preload recruitable stroke work, Circulation 71:994–1009, 1985.



 5 Cardiac Physiology 129

 79. Katz AM: Influence of altered inotropy and lusitropy on ventricular pressure-volume loops, J Am Coll 
Cardiol 11:438–445, 1988.

 80. Kass DA, Maughan WL, Guo ZM, et al: Comparative influence of load versus inotropic states on 
indexes of ventricular contractility: Experimental and theoretical analysis based on pressure-volume 
relationships, Circulation 76:1422–1436, 1987.

 81. Suga H: Ventricular energetics, Physiol Rev 70:247–277, 1990.
 82. Brown KA, Ditchey RV: Human right ventricular end-systolic pressure-volume relation defined by 

maximal elastance, Circulation 78:81–91, 1988.
 83. Grossman W: Diastolic dysfunction and congestive heart failure, Circulation 81(Suppl 2):III1–III7, 

1990.
 84. Aversano T, Maughan WL, Hunter WC, et al: End-systolic measures of regional ventricular 

performance, Circulation 73:938–950, 1986.
 85. Kaseda S, Tomoike H, Ogata I, et al: End-systolic pressure-volume, pressure-length, and stress-strain 

relations in canine hearts, Am J Physiol 249:H648–H654, 1985.
 86. Lee JD, Tajimi T, Widmann TF, et al: Application of end-systolic pressure-volume and pressure-wall 

thickness relations in conscious dogs, J Am Coll Cardiol 9:136–146, 1987.
 87. Pagel PS, Kampine JP, Schmeling WT, et al: Comparison of end-systolic pressure-length relations 

and preload recruitable stroke work as indices of myocardial contractility in the conscious and 
anesthetized, chronically instrumented dog, Anesthesiology 73:278–290, 1990.

 88. Mahler F, Covell JW, Ross J Jr: Systolic pressure-diameter relations in the normal conscious dog, 
Cardiovasc Res 9:447–455, 1975.

 89. Foex P, Francis CM, Cutfield GR, et al: The pressure-length loop, Br J Anaesth 60(8 Suppl 1):65S–71S, 
1988.

 90. Safwat A, Leone BJ, Norris RM, et al: Pressure-length loop area: Its components analyzed during 
graded myocardial ischemia, J Am Coll Cardiol 17:790–796, 1991.

 91. Pagel PS, Kehl F, Gare M, et al: Mechanical function of the left atrium: New insights based on analysis 
of pressure-volume relations and Doppler echocardiography, Anesthesiology 98:975–994, 2003.

 92. Matsuda Y, Toma Y, Ogawa H, et al: Importance of left atrial function in patients with myocardial 
infarction, Circulation 67:566–571, 1983.

 93. Matsuzaki M, Tamitani M, Toma Y, et al: Mechanism of augmented left atrial pump function in 
myocardial infarction and essential hypertension evaluated by left atrial pressure dimension relation, 
Am J Cardiol 67:1121–1126, 1991.

 94. Dernellis JM, Stefanadis CI, Zacharoulis AA, et al: Left atrial mechanical adaptation to long-standing 
hemodynamic loads based on pressure-volume relations, Am J Cardiol 81:1138–1143, 1998.

 95. Hoit BD, Shao Y, Gabel M, et al: Influence of pericardium on left atrial compliance and pulmonary 
venous flow, Am J Physiol 264:H1781–H1787, 1993.

 96. Gare M, Schwabe DA, Hettrick DA, et al: Desflurane, sevoflurane, and isoflurane affect left atrial active 
and passive mechanical properties and impair left atrial-left ventricular coupling in vivo. Analysis 
using pressure-volume relations, Anesthesiology 95:689–698, 2001.

 97. Little WC, Downes TR: Clinical evaluation of left ventricular diastolic performance, Prog Cardiovasc 
Dis 32:273–290, 1990.

 98. Maughan WL, Sunagawa K, Burkhoff D, et al: Effect of heart rate on the canine end-systolic pressure-
volume relationship, Circulation 72:654–659, 1985.

 99. Freeman GL, Little WC, O’Rourke RA: Influence of heart rate on left ventricular performance in 
conscious dogs, Circ Res 61:455–464, 1987.

 100. Mitchell JH, Wallace AG, Skinner NS: Intrinsic effects of heart rate on left ventricular performance, 
Am J Physiol 205:41–48, 1963.

 101. Vatner SF: Sympathetic mechanisms regulating myocardial contractility in conscious animals. In 
Fozzard HA, Haber E, Jennings RB, et al, edited: The Heart and Cardiovascular System: Scientific 
Foundations, ed 2, New York, 1991, Raven Press, pp 1709–1728.

 102. Spodick DH: The normal and diseased pericardium: Current concepts of pericardial physiology, 
diagnosis, and treatment, J Am Coll Cardiol 1:240–251, 1983.

 103. Wier W, Yue DT: Intracellular [Ca++] transients underlying the short-term force-interval relationship 
in ferret ventricular myocardium, J Physiol (Lond) 376:507–530, 1986.

 104. Yue DT, Burkhoff D, Franz MR, et al: Postextrasystolic potentiation of the isolated canine left 
ventricle: Relationship to mechanical restitution, Circ Res 56:340–350, 1985.

 105. Spotnitz HM, Sonnenblick EH, Spiro D: Relation of ultrastructure to function in the intact heart: 
Sarcomere structure relative to pressure volume curves of intact left ventricles of dog and cat, Circ Res 
18:49–66, 1966.

 106. Burkhoff D: The conductance method of left ventricular volume estimation. Methodologic limitations 
put into perspective, Circulation 81:703–706, 1990.

 107. Little WC, Freeman GL, O’Rourke RA: Simultaneous determination of left ventricular end-systolic 
pressure-volume and pressure-dimension relationships in closed-chest dogs, Circulation 71:1301–1308, 
1985.

 108. Applegate RJ, Cheng C-P, Little WC: Simultaneous conductance catheter and dimension assessment 
of left ventricle volume in the intact animal, Circulation 81:638–648, 1990.

 109. Baan J, Van der Velde ET, De Bruin HG, et al: Continuous measurement of left ventricular volume in 
animals and humans by conductance catheter, Circulation 70:812–823, 1984.

 110. Kass DA: Clinical evaluation of left heart function by conductance catheter techique, Eur Heart J 
13(Suppl E):57–64, 1993.

 111. Baan J, Jong TT, Kerkhof PLM, et al: Continuous stroke volume and cardiac output from intra-
ventricular dimensions obtained with impedance catheter, Cardiovasc Res 15:328–334, 1981.

 112. Alderman EL, Glantz SA: Acute hemodynamic interventions shift the diastolic pressure-volume curve 
in man, Circulation 54:662–671, 1976.

 113. Hansen RM, Viquerat CE, Matthay MA, et al: Poor correlation between pulmonary arterial wedge 
pressure and left ventricular end-diastolic volume after coronary artery bypass graft surgery, 
Anesthesiology 64:764–770, 1986.

 114. Milnor WR: Arterial impedance as ventricular afterload, Circ Res 36:565–570, 1975.
 115. Nichols WW, O’Rourke MF: McDonald’s Blood Flow in Arteries: Theoretic, Experimental and Clinical 

Principles, Philadelphia, 1990, Lea & Febiger.
 116. Noble MIM: Left ventricular load, arterial impedance and their interrelationship, Cardiovasc Res 

13:183–198, 1979.
 117. Burkhoff D, Alexander J, Schipke J: Assessment of Windkessel as a model of aortic input impedance, 

Am J Physiol 255:H742–H753, 1988.
 118. Wesseling KH, Jansen JRC, Settels JJ, et al: Computation of aortic flow from pressure in humans using 

a nonlinear, three element model, J Appl Physiol 74:2566–2573, 1993.
 119. Hettrick DA, Pagel PS, Warltier DC: Differential effects of isoflurane and halothane on aortic input 

impedance quantified using a three element Windkessel model, Anesthesiology 83:361–373, 1995.
 120. Borow KM, Colan SD, Neumann A: Altered left ventricular mechanics in patients with valvular aortic 

stenosis and coarctation of the aorta: Effects on systolic performance and late outcome, Circulation 
72:515–522, 1985.

 121. Weber KT, Janicki JS: Myocardial oxygen consumption: The role of wall force and shortening, Am J 
Physiol 233:H421–H430, 1977.

 122. Colan SD, Borow KM, Neumann A: The left ventricular end-systolic wall stress-velocity of fiber 
shortening relation: A load independent index of myocardial contractility, J Am Coll Cardiol 4:715–724, 
1984.

 123. Borow KM, Green LH, Grossman W, et al: Left ventricular end-systolic stress-shortening and stress-
length relations in humans: Normal values and sensitivity to inotropic states, Am J Cardiol 50:1301–1308, 
1982.

 124. Carabello BA, Spann JF: The uses and limitations of end-systolic indexes of left ventricular function, 
Circulation 69:1058–1064, 1984.

 125. Ross J Jr: Applications and limitations of end-systolic measures of ventricular performance, Fed Proc 
43:2418–2422, 1984.

 126. Sunagawa K, Maughan WL, Burkhoff D, et al: Left ventricular interaction with arterial load studied in 
isolated canine ventricle, Am J Physiol 245:H773–H780, 1983.

 127. Sunagawa K, Maughan WL, Sagawa K: Optimal arterial resistance for the maximal stroke work 
studied in isolated canine left ventricle, Circ Res 56:586–595, 1985.

 128. Hettrick DA, Pagel PS, Warltier DC: Desflurane, sevoflurane, and isoflurane impair canine left 
ventricular-arterial coupling and mechanical efficiency, Anesthesiology 85:403–413, 1996.

 129. Little WC, Cheng CP: Left ventricular-arterial coupling in conscious dogs, Am J Physiol 261:H70–H76, 
1991.

 130. Starling MR: Left ventricular-arterial coupling relations in the normal human heart, Am Heart J 
125:1659–1666, 1993.

 131. Kenner T: Some comments on ventricular afterload, Basic Res Cardiol 82:209–215, 1987.
 132. Nichols WW, Nicolini FA, Pepine CJ: Determinants of isolated systolic hypertension in the elderly, 

J Hypertens 10:S73–S77, 1992.
 133. Chen CH, Nakayama M, Nevo E, et al: Coupled systolic-ventricular and vascular stiffening with age: 

Implications for pressure regulation and cardiac reserve in the elderly, J Am Coll Cardiol 32:1221–1227, 
1998.

 134. Lang RM, Borow KM, Neumann A, et al: Systemic vascular resistance: An unreliable index of left 
ventricular afterload, Circulation 74:1114–1123, 1986.

 135. Little WC: Enhanced load dependence of relaxation in heart failure. Clinical implications, Circulation 
85:2326–2328, 1992.

 136. Ishizaka S, Asanoi H, Wada O, et al: Loading sequence plays an important role in enhanced load 
sensitivity of left ventricular relaxation in conscious dogs with tachycardia-induced cardiomyopathy, 
Circulation 92:3560–3567, 1995.

 137. de Tombe PP, Little WC: Inotropic effects of ejection are myocardial properties, Am J Physiol 
266:H1202–H1213, 1994.

 138. Kass DA, Maughan WL: From ‘E
max

’ to pressure-volume relations: A broader view, Circulation 
77:1203–1212, 1988.

 139. Kaseda S, Tomoike H, Ogata I, et al: End-systolic pressure-length relations during changes in regional 
contractile state, Am J Physiol 247:H768–H774, 1984.

 140. Iskandrian AS, Hakki AH, Bemis CE, et al: Left ventricular end-systolic pressure-volume relation. A 
combined radionuclide and hemodynamic study, Am J Cardiol 51:1057–1061, 1983.

 141. Magorien DJ, Shaffer P, Bush CA, et al: Assessment of left ventricular pressure-volume relations using 
gated radionuclide angiography, echocardiography, and micromanometer pressure recordings. A new 
method for serial measurements of systolic and diastolic function in man, Circulation 67:844–853, 
1983.

 142. Gorcsan IIIJ., Romand JA, Mandarino WA, et al: Assessment of left ventricular performance by 
on-line pressure-area relations using echocardiographic automated border detection, J Am Coll 
Cardiol 23:242–252, 1994.

 143. Pirwitz MJ, Lange RA, Willard JE, et al: Use of left ventricular peak systolic pressure/end-systolic 
volume ratio to predict symptomatic improvement with valve replacement in patients with aortic 
regurgitation and enlarged end-systolic volume, J Am Coll Cardiol 24:1672–1677, 1994.

 144. Senzaki H, Chen CH, Kass DA: Single-beat estimation of end-systolic pressure-volume relation in 
humans. A new method with the potential for noninvasive application, Circulation 94:2497–2506, 1996.

 145. Kass DA, Beyar R, Lankford E, et al: Influence of contractile state on curvilinearity of in situ end-
systolic pressure-volume relations, Circulation 79:167–178, 1989.

 146. Little WC, O’Rourke RA: Effect of regional ischemia on the left ventricular end-systolic pressure-
volume relation in chronically instrumented dogs, J Am Coll Cardiol 5:297–302, 1985.

 147. Crottogini AJ, Willshaw P, Barra JG, et al: Inconsistency of the slope and the volume intercept of the 
end-systolic pressure-volume relationship as individual indexes of inotropic state in conscious dogs: 
Presentation of an index combining both variables, Circulation 76:1115–1126, 1987.

 148. Crottogini AJ, Willshaw P, Barra JG, et al: Left ventricular end-systolic elastance is incorrectly 
estimated by the use of stepwise afterload variations in conscious, unsedated, autonomically intact 
dogs, Circulation 90:1431–1440, 1994.

 149. Brickner ME, Starling MR: Dissociation of end systole from end ejection in patients with long-term 
mitral regurgitation, Circulation 81:1277–1286, 1990.

 150. Belcher P, Boerboom LE, Olinger GN: Standardization of end-systolic pressure-volume relation in the 
dog, Am J Physiol 249:H547–H553, 1985.

 151. Burkhoff D, Mirsky I, Suga H: Assessment of systolic and diastolic ventricular properties via pressure-
volume analysis: A guide for clinical, translational, and basic researchers, Am J Physiol Heart Circ 
Physiol 289:H501–H512, 2005.

 152. Little WC, Cheng CP, Mumma M, et al: Comparison of measures of left ventricular contractile 
performance derived from pressure-volume loops in conscious dogs, Circulation 80:1378–1387, 1989.

 153. Burkhoff D, Sugiura S, Yue DT, et al: Contractility-dependent curvilinearity of end-systolic pressure-
volume relations, Am J Physiol 252:H1218–H1227, 1987.

 154. Van der Velde ET, Burkhoff D, Steendijk P, et al: Nonlinearity and load sensitivity of end-systolic 
pressure-volume relation of canine left ventricle in vivo, Circulation 83:315–327, 1991.

 155. Spratt JA, Tyson GS, Glower DD, et al: The end-systolic pressure-volume relationship in conscious 
dog, Circulation 75:1295–1309, 1987.

 156. Burkhoff D, De Tombe PP, Hunter WC: Impact of ejection on magnitude and time course of 
ventricular pressure-generating capacity, Am J Physiol Heart Circ Physiol 265:H899–H909, 1993.

 157. Zile MR, Izzi G, Gaasch WH: Left ventricular diastolic dysfunction limits use of maximum systolic 
elastance as an index of contractile function, Circulation 83:674–680, 1991.

 158. Patterson SW, Piper H, Starling E: Regulation of the heart beat, J Physiol (Lond) 48:465–513, 1914.
 159. Sarnoff SJ, Berglund E: Ventricular function. I. Starling’s law of the heart studied by means of 

simultaneous right and left ventricular function curves in the dog, Circulation 9:706–718, 1954.
 160. Freeman GL, Little WC, O’Rourke RA: The effect of vasoactive agents on the left ventricular end-

systolic pressure-volume relation in closed chest dogs, Circulation 74:1107–1113, 1986.
 161. Glower DD, Spratt JA, Kabas JS, et al: Quantification of regional myocardial dysfunction after acute 

ischemic injury, Am J Physiol 255:H85–H93, 1988.
 162. Chen C, Rodriguez L, Guerrero JL, et al: Noninvasive estimation of the instantaneous first derivative of 

left ventricular pressure using continuous-wave Doppler echocardiography, Circulation 83:2101–2110, 
1991.

 163. Mason DT: Usefulness and limitations of the rate of rise of intraventricular pressure (dP/dt) in the 
evaluation of myocardial contractility in man, Am J Cardiol 23:516–527, 1969.

 164. Peterson KL, Skloven D, Ludbrook P, et al: Comparison of isovolumic and ejection phase indices of 
myocardial performance in man, Circulation 49:1088–1101, 1974.

 165. Quinones MA, Gaasch WH, Alexander JK: Influence of acute changes in preload, afterload, contractile 
state, and heart rate on ejection and isovolumic indices of myocardial contractility in man, Circulation 
53:293–302, 1976.



130 SECTION II Cardiovascular Physiology, Pharmacology, Molecular Biology, and Genetics

 166. Little WC: The left ventricular dP/dt
max

-end-diastolic volume relation in closed-chest dogs, Circ Res 
56:808–815, 1985.

 167. Little WC, Park RC, Freeman GL: Effects of regional ischemia and ventricular pacing on LV dP/dt
max

-
end-diastolic volume relation, Am J Physiol 252:H933–H940, 1987.

 168. Noda N, Cheng CP, De Tombe PP, et al: Curvilinearity of LV end-systolic pressure-volume and dP/
dt

max
-end-diastolic volume relations, Am J Physiol 265:H910–H917, 1993.

 169. Nixon JV, Murray RG, Leonard PD, et al: Effect of large variations in preload on left ventricular 
performance characteristic in normal subjects, Circulation 65:698–703, 1982.

 170. Douglas PS, Reichek N, Hackney K, et al: Contribution of afterload, hypertrophy and geometry to left 
ventricular ejection fraction in aortic valve stenosis, pure aortic regurgitation and idiopathic dilated 
cardiomopathy, Am J Cardiol 59:1398–1404, 1987.

 171. Wisenbaugh T: Does normal pump function belie muscle dysfunction in patients with chronic severe 
mitral regurgitation? Circulation 77:515–525, 1988.

 172. Devlin WH, Petrusha J, Briesmiester K, et al: Impact of vascular adaptation to chronic aortic 
regurgitation on left ventricular performance, Circulation 99:1027–1033, 1999.

 173. Banerjee A, Brook MM, Klautz RJ, et al: Nonlinearity of the left ventricular end-systolic wall stress-
velocity of fiber shortening relation in young pigs: A potential pitfall in its use as a single-beat index 
of contractility, J Am Coll Cardiol 23:514–524, 1994.

 174. Snell RE, Luchsinger PC: Determination of the external work and power of the intact left ventricle in 
intact man, Am Heart J 69:529–537, 1965.

 175. Stein PD, Sabbah HN: Rate of change of ventricular power: An indicator of ventricular performance 
during ejection, Am Heart J 91:219–227, 1976.

 176. Kass DA, Beyar R: Evaluation of contractile state by maximal ventricular power divided by the square 
of end-diastolic volume, Circulation 84:1698–1708, 1991.

 177. Sharir T, Feldman MD, Haber H, et al: Ventricular systolic assessment in patients with dilated 
cardiomyopathy by preload-adjusted maximal power. Validation and noninvasive application, 
Circulation 89:2045–2053, 1994.

 178. Nakayama M, Chen CH, Nevo E, et al: Optimal preload adjustment of maximal ventricular power 
index varies with cardiac chamber size, Am Heart J 136:281–288, 1998.

 179. Pagel PS, Nijhawan N, Warltier DC: Quantitation of volatile anesthetic-induced depression of myocardial 
contractility using a single beat index derived from maximal ventricular power, J Cardiothorac Vasc 
Anesth 7:688–695, 1993.

 180. Fourie PR, Coetzee AR, Bollinger CT: Pulmonary artery compliance: Its role in right ventricular-
arterial coupling, Cardiovasc Res 26:839–844, 1992.

 181. Little WC, Cheng CP: Effect of exercise on left ventricular-arterial coupling assessed in the pressure-
volume plane, Am J Physiol 264:H1629–H1633, 1993.

 182. Nozawa T, Cheng CP, Noda T, et al: Effect of exercise on left ventricular mechanical efficiency in 
conscious dogs, Circulation 90:3047–3054, 1994.

 183. Borlaug BA, Kass DA: Ventricular-vascular interaction in heart failure, Heart Fail Clin 4:23–26, 
2008.

 184. Ahmet I, Krawczyk M, Heller P, et al: Beneficial effects of chronic pharmacological manipulation 
of beta-adrenoceptor subtype signaling in rodent dilated ischemic cardiomyopathy, Circulation 
110:1083–1090, 2004.

 185. Antonini-Camterin F, Enache R, Popescu BA, et al: Prognostic value of ventricular-arterial 
coupling and B-type natriuetic peptide in patients after myocardial infarction: A five-year 
follow-up study, J Am Soc Echocardiogr 22:1239–1245, 2009.

 186. Ohte N, Cheng CP, Little WC: Tachycardia exacerbates abnormal left ventricular-arterial coupling in 
heart failure, Heart Vessels 18:136–141, 2003.

 187. Binkley PF, Van Fossen DB, Nunziata E, et al: Influence of positive inotropic therapy on pulsatile 
hydraulic load and ventricular-vascular coupling in congestive heart failure, J Am Coll Cardiol 
15:1127–1135, 1990.

 188. Little WC, Pu M: Left ventricular-arterial coupling, J Am Soc Echocardiogr 22:1246–1248, 2009.
 189. Suga H, Goto Y, Yamada O, et al: Independence of myocardial oxygen consumption from pressure-

volume trajectory during diastole in canine left ventricle, Circ Res 55:734–739, 1984.
 190. Suga H: Total mechanical energy of a ventricle model and cardiac oxygen consumption, Am J Physiol 

236:H498–H505, 1979.
 191. Suga H, Hayashi T, Suehiro S, et al: Equal oxygen consumption rates of isovolumic and ejecting 

contractions with equal systolic pressure volume areas in canine left ventricle, Circ Res 49:1082–1091, 
1981.

 192. Suga H, Hisano R, Goto Y, et al: Effect of positive inotropic agents on the relation between oxygen 
consumption and systolic pressure volume area in canine left ventricle, Circ Res 53:306–318, 1983.

 193. Vanoverschelde JLJ, Wijns W, Essamri B, et al: Hemodynamic and mechanical determinants 
of myocardial O

2
 consumption in normal human heart: Effects of dobutamine, Am J Physiol 

265:H1884–H1892, 1993.
 194. Burkhoff D, Yue D, Oikawa Y, et al: Influence of ventricular contractility on non-work-related 

myocardial oxygen consumption, Heart Vessel 3:66–72, 1987.
 195. Suga H, Igarashi Y, Yamada O, et al: Mechanical efficiency of the left ventricle as a function of preload, 

afterload, and contractility, Heart Vessel 1:3–8, 1985.
 196. Nozawa T, Yasumura Y, Futaki S, et al: Efficiency of energy transfer from pressure-volume area to 

external mechanical work increases with contractile state and decreases with afterload in the left 
ventricle of the anesthetized closed-chest dog, Circulation 77:1116–1124, 1988.

 197. Nozawa T, Yasumura Y, Futaki S, et al: The linear relation between oxygen consumption and 
pressure-volume area can be reconciled with the Fenn effect in dog left ventricle, Circ Res 65: 
1380–1389, 1989.

 198. Burkhoff D, Sagawa K: Ventricular efficiency predicted by an analytical model, Am J Physiol 
250:R1021–R1027, 1986.

 199. Nozawa T, Wada O, Ishizaka S, et al: Dobutamine improves afterload-induced deterioration of 
mechanical efficiency toward maximal, Am J Physiol 263:H1201–H1207, 1992.

 200. Pagel PS, Hettrick DA, Warltier DC: Comparison of the effects of levosimendan, pimobendan, and 
milrinone in canine left ventricular-arterial coupling and mechanical efficiency, Basic Res Cardiol 
91:296–307, 1996.

 201. Eichhorn EJ, Heesch CM, Barnett JH, et al: Effect of metoprolol on myocardial function and 
energetics in patients with nonischemic dilated cardiomyopathy: A randomized, double-blind, 
placebo-controlled study, J Am Coll Cardiol 24:1310–1320, 1994.

 202. Kim IS, Izawa H, Sobue T, et al: Prognostic value of mechanical efficiency in ambulatory patients with 
idiopathic dilated cardiomyopathy in sinus rhythm, J Am Coll Cardiol 39:1264–1268, 2002.

 203. Yew WYW: Evaluation of left ventricular diastolic function, Circulation 79:1393–1397, 1989.
 204. Kitzman DW, Little WC, Brubaker PH, et al: Pathophysiological characterization of isolated diastolic 

heart failure in comparison to systolic heart failure, JAMA 288:2144–2150, 2002.
 205. Gaasch WH, Zile MR: Left ventricular diastolic dysfunction and diastolic heart failure, Annu Rev Med 

55:373–394, 2004.
 206. Maeder MT, Kaye DM: Heart failure with normal left ventricular ejection fraction, J Am Coll Cardiol 

53:905–918, 2009.
 207. Zile MR, Baicu CF, Gaasch WH: Diastolic heart failure—abnormalities in active relaxation and 

passive stiffness of the left ventricle, N Engl J Med 350:1953–1959, 2004.
 208. Westermann D, Kasner M, Steendijk P, et al: Role of left ventricular stiffness in heart failure with 

normal ejection fraction, Circulation 117:2051–2060, 2008.

 209. Kawaguchi M, Hay I, Fetics B, et al: Combined ventricular systolic and arterial stiffening in patients 
with heart failure and preserved ejection fraction: Implications for systolic and diastolic reserve 
limitations, Circulation 107:714–720, 2003.

 210. Bench T, Burkhoff D, O’Connell JB, et al: Heart failure with normal ejection fraction: Consideration 
of mechanisms other than diastolic dysfunction, Curr Heart Fail Rep 6:57–64, 2009.

 211. Futuka H, Little WC: Contribution of systolic and diastolic abnormalities to heart failure with a 
normal or reduced ejection fraction, Prog Cardiovasc Dis 49:229–240, 2007.

 212. Grewal J, McCully RB, Kane GC, et al: Left ventricular function and exercise capacity, JAMA 301:286–
294, 2009.

 213. Traversi E, Pozzoli M, Cioffi G, et al: Mitral flow velocity changes after 6 months of optimized therapy 
provides important hemodynamic and prognostic information in patients with heart failure, Am 
Heart J 132:809–819, 1996.

 214. De Hert SG, Rodrigus IE, Haenen LR, et al: Recovery of systolic and diastolic left ventricular function 
early after cardiopulmonary bypass, Anesthesiology 85:1063–1075, 1996.

 215. Pagel PS, Farber NE, Pratt PF Jr, et al: Cardiovascular pharmacology. In Miller RD, editor: Miller’s 
Anesthesia, ed 7 Philadelphia, 2009, Elsevier Churchill Livingstone, pp 595–632.

 216. Grossman W: Why is left ventricular diastolic pressure increased during angina pectoris? J Am Coll 
Cardiol 5:607–608, 1985.

 217. Morgan JP, Erny RE, Allen PD, et al: Abnormal intracellular calcium handling, a major cause of systolic 
and diastolic dysfunction in ventricular myocardium from patients with heart failure, Circulation 
81(Suppl III):21–32, 1990.

 218. Apstein CS, Grossman W: Opposite initial effects of supply and demand ischemia on left ventricular 
diastolic compliance: The ischemia-diastolic paradox, J Mol Cell Cardiol 19:119–128, 1987.

 219. Aroesty JM, McKay RG, Heller GV, et al: Simultaneous assessment of left ventricular systolic and 
diastolic dysfunction during pacing-induced ischemia, Circulation 71:889–900, 1985.

 220. Carroll JD, Hess OM, Hirzel HO, et al: Left ventricular systolic and diastolic function in coronary 
artery disease: Effects of revascularization on exercise-induced ischemia, Circulation 72:119–129, 
1985.

 221. Doyle RL, Foex P, Ryder WA, et al: Effects of halothane on left ventricular relaxation and early diastolic 
coronary blood flow in the dog, Anesthesiology 70:660–666, 1989.

 222. Weisfeldt ML, Scully HE, Frederiksen J, et al: Hemodynamic determinants of maximum negative dP/
dt and periods of diastole, Am J Physiol 227:613–621, 1974.

 223. Frais MA, Bergman DW, Kingma I, et al: The dependence of the time constant of left ventricular 
isovolumic relaxation (tau) on pericardial pressure, Circulation 81:1071–1080, 1990.

 224. Raff GL, Glantz SA: Volume loading slows left ventricular isovolumic relaxation rate: Evidence of 
load-dependent relaxation in the intact dog heart, Circ Res 48:813–824, 1981.

 225. Serizawa T, Vogel WM, Apstein CS, et al: Comparison of acute alterations in left ventricular relaxation 
and diastolic chamber stiffness induced by hypoxia and ischemia. Role of myocardial oxygen supply-
demand imbalance, J Clin Invest 68:91–102, 1981.

 226. Eichhorn P, Grimm J, Koch R, et al: Left ventricular relaxation in patients with left ventricular 
hypertrophy secondary to aortic valve disease, Circulation 65:1395–1404, 1982.

 227. Paulus WJ, Lorell BH, Craig WE, et al: Comparison of the effects of nitroprusside and nifedipine on 
diastolic properties in patients with hypertrophic cardiomyopathy: Altered left ventricular loading or 
improved muscle relaxation? J Am Coll Cardiol 2:879–886, 1983.

 228. Pagel PS, Kampine JP, Schmeling WT, et al: Alteration of left ventricular diastolic function by 
desflurane, isoflurane, and halothane in the chronically instrumented dog with autonomic nervous 
system blockade, Anesthesiology 74:1103–1114, 1991.

 229. Gaasch WH, Carroll JD, Blaustein AS, et al: Myocardial relaxation: effects of preload on the time 
course of isovolumetric relaxation, Circulation 73:1037–1041, 1986.

 230. Varma SK, Owen RM, Smucker ML, et al: Is  a preload-independent measure of isovolumetric 
relaxation? Circulation 80:1757–1765, 1989.

 231. Eichhorn EJ, Willard JE, Alvarez L, et al: Are contraction and relaxation coupled in patients with and 
without congestive heart failure? Circulation 85:2132–2139, 1992.

 232. Smith VE, Zile MR: Relaxation and diastolic properties of the heart. In Fozzard HA, Haber E, Jennings 
RB, et al: The Heart and Cardiovascular System: Scientific Foundations, ed 2 New York, 1991, Raven, pp 
1353–1367.

 233. Ohno M, Cheng C-P, Little WC: Mechanism of altered patterns of left ventricular filling during the 
development of congestive heart failure, Circulation 89:2241–2250, 1994.

 234. Lew WYW, LeWinter MM: Regional circumferential lengthening patterns in the canine left ventricle, 
Am J Physiol 245:H741–H748, 1983.

 235. Mirsky I: Assessment of diastolic function: Suggested methods and future considerations, Circulation 
69:836–841, 1984.

 236. Little WC, Ohno M, Kitzman DW, et al: Determination of left ventricular chamber stiffness from the 
time of deceleration of early left ventricular filling, Circulation 92:1933–1939, 1995.

 237. Glantz SA: Computing indices of diastolic stiffness has been counterproductive, Fed Proc 39:162–168, 
1980.

 238. Rankin JS, Arentzen CE, McHale PA, et al: Viscoelastic properties of the diastolic left ventricle in the 
conscious dog, Circ Res 41:37–45, 1977.

 239. Nikolic SD, Tamura K, Tamura T, et al: Diastolic viscous properties of the intact canine left ventricle, 
Circ Res 67:352–359, 1990.

 240. Myreng Y, Smiseth OA: Assessment of left ventricular relaxation by Doppler echocardiography. 
Comparison of isovolumic relaxation time and transmitral flow velocities with time constant of 
isovolumic relaxation, Circulation 81:260–266, 1990.

 241. Nishimura RA, Schwartz RS, Tajik AJ, et al: Noninvasive measurement of rate of left ventricular 
relaxation by Doppler echocardiography. Validation with simultaneous cardiac catheterization, 
Circulation 88:146–155, 1993.

 242. Nishimura RA, Tajik AJ: Evaluation of diastolic filling of left ventricle in health and disease: Doppler 
echocardiography is the clinician’s Rosetta stone, J Am Coll Cardiol 30:8–18, 1997.

 243. Nagueh SF, Appleton CP, Gillebert TC, et al: Recommendations for the evaluation of left ventricular 
diastolic function by echocardiography, J Am Soc Echocardiogr 22:107–133, 2009.

 244. Klein AL, Burstow DJ, Tajik AJ, et al: Effects of age on left ventricular dimensions and filling dynamics 
in 117 normal persons, Mayo Clin Proc 69:212–224, 1994.

 245. Genovesi-Ebert A, Marabotti C, Palombo C, et al: Left ventricular filling: Relationship with arterial 
blood pressure, left ventricular mass, age, heart rate, and body build, J Hypertens 9:345–353, 1991.

 246. Rittoo D, Monaghan M, Sadiq T, et al: Echocardiographic and Doppler evaluation of left ventricular 
hypertrophy and diastolic function in black and white hypertensive patients, J Hum Hypertens 4: 
113–115, 1990.

 247. Cohen GI, Petrolungo JF, Thomas JD, et al: A practical guide to assessment of ventricular diastolic 
function using Doppler echocardiography, J Am Coll Cardiol 27:1753–1760, 1996.

 248. Hurrell DG, Nishimura RA, Ilstrup DM, et al: Utility of preload alteration in assessment of left 
ventricular filling pressure by Doppler echocardiography: A simultaneous catheterization and 
Doppler echocardiographic study, J Am Coll Cardiol 30:459–467, 1997.

 249. Farias CA, Rodriguez L, Garcia MJ, et al: Assessment of diastolic function by tissue Doppler 
echocardiography: Comparison with standard transmitral and pulmonary venous flow, J Am Soc 
Echocardiogr 12:609–617, 1999.

 250. Pinamonte B, Zecchin M, Di Lenarda A, et al: Persistence of restrictive left ventricular filling pattern 
in dilated cardiomyopathy: An ominous prognostic sign, J Am Coll Cardiol 29:604–612, 1997.



 5 Cardiac Physiology 131

 251. Moller JE, Sondergaard E, Poulsen SH, et al: Pseudonormal and restrictive filling patterns predict 
left ventricular dilation and cardiac death after a first myocardial infarction: A serial color M-mode 
Doppler echocardiographic study, J Am Coll Cardiol 36:1841–1846, 2000.

 252. Oh JK, Hatle LK, Seward JB, et al: Diagnostic role of Doppler echocardiography in constrictive 
pericarditis, J Am Coll Cardiol 23:154–162, 1994.

 253. Klein AL, Hatle LK, Taliercio CP, et al: Prognostic significance of Doppler measures of diastolic 
function in cardiac amyloidosis. A Doppler echocardiographic study, Circulation 83:808–816, 1991.

 254. Valantine HA, Appleton CP, Hatle LK, et al: A hemodynamic and Doppler echocardiographic study 
of ventricular function in long-term cardiac allograft recipients. Etiology and prognosis of restrictive-
constrictive physiology, Circulation 79:66–75, 1989.

 255. Rakowski H, Appleton C, Chan KL, et al: Canadian consensus recommendations for the measurement 
and reporting of diastolic dysfunction by echocardiography: From the Investigators of Consensus on 
Diastolic Dysfunction by Echocardiography, J Am Soc Echocardiogr 9:736–760, 1996.

 256. Klein AL, Obarski TP, Stewart WJ, et al: Transesophageal Doppler echocardiography of pulmonary 
venous flow: A new marker of mitral regurgitation severity, J Am Coll Cardiol 18:518–526, 1991.

 257. Kuecherer HF, Muhiudeen IA, Kusumoto FM, et al: Estimation of mean left atrial pressure from 
transesophageal pulsed Doppler echocardiography of pulmonary venous flow, Circulation 82: 
1127–1139, 1990.

 258. Hofman T, Keck A, Van Ingen G, et al: Simultaneous measurement of pulmonary venous flow by 
intravascular catheter Doppler velocimetry and transesophageal Doppler echocardiography: Relation 
to left atrial pressure and left atrial and left ventricular function, J Am Coll Cardiol 26:239–249, 1995.

 259. Castello R, Pearson AC, Lenzen P, et al: Evaluation of pulmonary venous flow by transesophageal 
echocardiography in subjects with a normal heart: Comparison with transthoracic echocardiography, 
J Am Coll Cardiol 18:65–71, 1991.

 260. Appleton CP: Hemodynamic determinants of Doppler pulmonary venous flow velocity components: 
New insights from studies in lightly sedated normal dogs, J Am Coll Cardiol 30:1562–1574, 1997.

 261. Dini FL, Dell’Anna R, Micheli A, et al: Impact of blunted pulmonary venous flow on the outcome of 
patients with left ventricular systolic dysfunction secondary to either ischemic or idiopathic dilated 
cardiomyopathy, Am J Cardiol 85:1455–1460, 2000.

 262. Morkin E, Collins JA, Goldman HS, et al: Pattern of blood flow in the pulmonary veins of the dog, 
J Appl Physiol 20:1118–1128, 1965.

 263. Keren G, Bier A, Sherez J, et al: Atrial contraction is an important determinant of pulmonary venous 
flow, J Am Coll Cardiol 7:693–695, 1986.

 264. Smiseth OA, Thompson CR, Lohavanichbutr K, et al: The pulmonary venous systolic flow pulse. Its 
origin and relationship to left atrial pressure, J Am Coll Cardiol 34:802–809, 1999.

 265. Fujii K, Ozaki M, Yamagishi T, et al: Effect of left ventricular contractile performance on passive left 
atrial filling: Clinical study using radionuclide angiography, Clin Cardiol 17:258–262, 1994.

 266. Keren G, Sonnenblick EH, LeJemtel TH: Mitral annulus motion. Relation to pulmonary venous and 
transmitral flows in normal subjects and in patients with dilated cardiomyopathy, Circulation 78: 
621–629, 1988.

 267. Appleton CP, Gonzalez MS, Basnight MA: Relationship of left atrial pressure and pulmonary venous 
flow velocities: Importance of baseline mitral and pulmonary venous flow velocity patterns in lightly 
sedated dogs, J Am Soc Echocardiogr 7:264–275, 1994.

 268. Prioli A, Marino P, Lanzoni L, et al: Increasing degrees of left ventricular filling impairment modulate 
left atrial function in humans, Am J Cardiol 82:756–761, 1998.

 269. Appleton CP, Galloway JM, Gonzalez MS, et al: Estimation of left ventricular filling pressures using 
two-dimensional and Doppler echocardiography in adult patients with cardiac disease. Additional 
value of analyzing left atrial size, left atrial ejection fraction and the difference in duration of 
pulmonary venous and mitral flow velocity at atrial contraction, J Am Coll Cardiol 22:1972–1982, 
1993.

 270. Klein AL, Tajik AJ: Doppler assessment of pulmonary venous flow in healthy subjects and in patients 
with heart disease, J Am Soc Echocardiogr 4:379–392, 1991.

 271. Garcia MJ, Thomas JD, Klein AL: New Doppler echocardiographic applications for the study of 
diastolic function, J Am Coll Cardiol 32:865–875, 1998.

 272. Nagueh SF, Rao L, Soto J, et al: Haemodynamic insights into the effects of ischaemia and cycle length 
on tissue Doppler-derived mitral annulus diastolic velocities, Clin Sci (Lond) 106:147–154, 2004.

 273. Nagueh SF, Middleton KJ, Kopelen HA, et al: Doppler tissue imaging: A noninvasive technique for 
evaluation of left ventricular relaxation and estimation of filling pressures, J Am Coll Cardiol 30: 
1527–1533, 1997.

 274. Ommen SR, Nishimura RA, Appleton CP, et al: Clinical utility of Doppler echocardiography and tissue 
Doppler imaging in the estimation of left ventricular filling pressures: A comparative simultaneous 
Doppler-catheterization study, Circulation 102:1788–1794, 2000.

 275. Paulus WJ, Tschope C, Sanderson JE, et al: How to diagnose diastolic heart failure: A consensus 
statement on the diagnosis of heart failure with normal left ventricular ejection fraction by the 
Heart Failure and Echocardiography Associations of the European Society of Cardiology, Eur Heart J 
28:2539–2550, 2007.

 276. Kasner M, Westermann D, Steendijk P, et al: Utility of Doppler echocardiography and tissue Doppler 
imaging in the estimation of diastolic function in heart failure with normal ejection fraction: A 
comparative Doppler-conductance catheterization study, Circulation 116:637–647, 2007.

 277. Nagueh SF, Sun H, Kopelen HA, et al: Hemodynamic determinants of mitral annulus diastolic 
velocities by tissue Doppler, J Am Coll Cardiol 37:278–285, 2001.

 278. Rivas-Gotz C, Khoury DS, Manolios M, et al: Time interval between onset of mitral inflow and onset 
of early diastolic velocity by tissue Doppler: A novel index of left ventricular relaxation: Experimental 
studies and clinical application, J Am Coll Cardiol 42:1463–1470, 2003.

 279. Garcia MJ, Rodriguez L, Ares M, et al: Differentiation of constrictive pericarditis from restrictive 
cardiomyopathy: Assessment of left ventricular diastolic velocities in longitudinal axes by Doppler 
tissue imaging, J Am Coll Cardiol 27:108–114, 1996.

 280. Takatsuji H, Mikami T, Urasawa K, et al: A new approach for evaluation of left ventricular diastolic 
function: Spatial and temporal analysis of left ventricular filling flow propagation by color M-mode 
Doppler echocardiography, J Am Coll Cardiol 27:365–371, 1996.

 281. Garcia MJ, Smedira NG, Greenberg NL, et al: Color M-mode Doppler flow propagation velocity is 
a preload insensitive index of left ventricular relaxation: Animal and human validation, J Am Coll 
Cardiol 35:201–208, 2000.

 282. Brun P, Tribouilloy C, Duval AM, et al: Left ventricular flow propagation during early filling is related 
to wall relaxation: A color M-mode Doppler analysis, J Am Coll Cardiol 20:420–432, 1992.

 283. Garcia MJ, Ares MA, Asher C, et al: An index of early left ventricular filling that combined with pulsed 
Doppler peak E velocity may estimate capillary wedge pressure, J Am Coll Cardiol 29:448–454, 1997.

 284. Steine K, Stugaard M, Smiseth OA: Mechanisms of retarded apical filling in acute ischemic left 
ventricular failure, Circulation 99:2048–2054, 1999.

 285. Nishihara K, Mikami T, Takatsuji H, et al: Usefulness of early diastolic flow propagation velocity 
measured by color M-mode Doppler technique for the assessment of left ventricular diastolic 
function in patients with hypertrophic cardiomyopathy, J Am Soc Echocardiogr 13:801–808, 2000.

 286. Yotti R, Bermejo J, Antoranz JC, et al: A noninvasive method for assessing impaired diastolic suction 
in patients with dilated cardiomyopathy, Circulation 112:2921–2929, 2005.

 287. Watkins MW, LeWinter MM: Physiologic role of the normal pericardium, Annu Rev Med 44:171–180, 
1993.

 288. Spodick DH: Macrophysiology, microphysiology, and anatomy of the pericardium: A synopsis, Am 
Heart J 124:1046–1051, 1992.

 289. Maruyama Y, Ashikawa K, Isoyama S, et al: Mechanical interactions between four heart chambers 
with and without the pericardium in canine hearts, Circ Res 50:86–100, 1982.

 290. Refsum H, Junemann M, Lipton MJ, et al: Ventricular diastolic pressure-volume relations and 
the pericardium. Effects of changes in blood volume and pericardial effusion in dogs, Circulation 
64:997–1004, 1981.

 291. Junemann M, Smiseth OA, Refsum H, et al: Quantification of effect of pericardium on LV diastolic 
PV relation in dogs, Am J Physiol 252:H963–H968, 1987.

 292. Santamore WP, Dell’Italia LJ: Ventricular interdependence: Significant left ventricular contributions 
to right ventricular systolic function, Prog Cardiovasc Dis 40:289–308, 1998.

 293. Weber KT, Janicki JS, Shroff S, et al: Contractile mechanics and interaction of the right and left 
ventricles, Am J Cardiol 47:686–695, 1981.

 294. Gonzalez MS, Basnight MA, Appleton CP: Experimental cardiac tamponade: A hemodynamic and 
Doppler echocardiographic reexamination of the relation of right and left heart ejection dynamics to 
the phase of respiration, J Am Coll Cardiol 18:243–252, 1991.

 295. Santamore WP, Heckman JL, Bove AA: Right and left ventricular pressure-volume response to 
elevated pericardial pressure, Am Rev Respir Dis 134:101–107, 1986.

 296. Santamore WP, Bartlett R, Van Buren SJ, et al: Ventricular coupling in constrictive pericarditis, 
Circulation 74:597–602, 1986.

 297. Goldman S, Olajos M, Morkin E: Comparison of left atrial and left ventricular performance in 
conscious dogs, Cardiovasc Res 18:604–612, 1984.

 298. Wikman-Coffelt J, Refsum H, Hollosi G, et al: Comparative force-velocity relation and analyses of 
myosin of dog atria and ventricles, Am J Physiol 243:H391–H397, 1982.

 299. Payne RM, Stone HL, Engelken EJ: Atrial function during volume loading, J Appl Physiol 31:326–331, 
1971.

 300. Williams JF Jr, Sonnenblick EH, Braunwald E: Determinants of atrial contractile force in the intact 
heart, Am J Physiol 209:1061–1068, 1965.

 301. Dernellis J, Tsiamis E, Stefanadis C, et al: Effects of postural changes on left atrial function in patients 
with hypertrophic cardiomyopathy, Am Heart J 136:982–987, 1998.

 302. Kehl F, LaDisa JF Jr, Hettrick DA, et al: Influence of isoflurane on left atrial function in dogs with 
pacing-induced cardiomyopathy: Evaluation with pressure-volume relations, J Cardiothorac Vasc 
Anesth 17:709–714, 2003.

 303. Buttrick PM, Malhotra A, Brodman R, et al: Myosin isoenzyme distribution in overloaded human 
atrial tissue, Circulation 74:477–483, 1986.

 304. Ito T, Suwa M, Kobashi A, et al: Reversible left atrial dysfunction possibly due to afterload mismatch 
in patients with left ventricular dysfunction, J Am Soc Echocardiogr 11:274–279, 1998.

 305. Dernellis JM, Vyssoulis GP, Zacharoulis AA, et al: Effects of antihypertensive therapy on left atrial 
function, J Hum Hypertens 10:789–794, 1996.

 306. Guntheroth WG, Gould R, Butler J, et al: Pulsatile flow in pulmonary artery, capillary, and vein in the 
dog, Cardiovasc Res 8:330–337, 1974.

 307. Plehn JF, Southworth J, Cornwell GG III: Brief report: Atrial systolic failure in primary amyloidosis, 
N Engl J Med 327:1570–1573, 1992.

 308. Hoit BD, Walsh RA: Regional atrial distensibility, Am J Physiol 262:H1356–H1360, 1992.
 309. Hoit BD, Shao Y, Tsai LM, et al: Altered left atrial compliance after atrial appendectomy. Influence on 

left atrial and ventricular filling, Circ Res 72:167–175, 1993.
 310. Tabata T, Oki T, Yamada H, et al: Role of left atrial appendage in left atrial reservoir function as 

evaluated by left atrial appendage clamping during cardiac surgery, Am J Cardiol 81:327–332, 1998.
 311. Nishikawa Y, Roberts JP, Tan P, et al: Effect of dynamic exercise on left atrial function in conscious 

dogs, J Physiol 481:457–468, 1994.
 312. Toutouzas K, Trikas A, Pitsavos C, et al: Echocardiographic features of left atrium in elite male 

athletes, Am J Cardiol 78:1314–1317, 1996.
 313. Triposkiadis F, Tentolouris K, Androulakis A, et al: Left atrial mechanical function in the healthy 

elderly: New insights from a combined assessment of changes in atrial volume and transmitral flow 
velocity, J Am Soc Echocardiogr 8:801–809, 1995.

 314. Manning WJ, Silverman DI, Katz SE, et al: Atrial ejection force: A noninvasive assessment of atrial 
systolic function, J Am Coll Cardiol 22:221–225, 1993.

 315. Spencer KT, Mor-Avi V, Gorcsan J III, et al: Effects of aging on left atrial reservoir, conduit, and 
booster pump function: A multi-institution acoustic quantification study, Heart 85:272–277, 
2001.

 316. Nishigaki K, Arakawa M, Miwa H, et al: A study of left atrial transport function. Effect of age or left 
ventricular ejection fraction on left atrial storage function, Angiology 45:953–962, 1994.

 317. Zuccala G, Cocchi A, Lattanzio F, et al: Effect of age on left atrial function in patients with coronary 
artery disease, Cardiology 85:8–13, 1994.



6

132

EDWARD R.M. O'BRIEN, MD  | BENJAMIN HIBBERT, MD, FRCPC  | HOWARD J. NATHAN, MD, FRCPC

Coronary Physiology and Atherosclerosis

When caring for patients with coronary artery disease (CAD), the 
anesthesiologist must prevent or minimize myocardial ischemia by 
maintaining optimal conditions for perfusion of the heart. This goal 
can be achieved only with an understanding of the many factors that 
determine myocardial blood flow in both health and disease. This 
chapter begins with an overview of the structure and function of coro-
nary arteries. Rapid progress has been made in the past several decades 
in the understanding of the physiology of blood vessels, particularly 
the role of the endothelium in maintaining flow. Following this over-
view is an analysis of the major determinants of coronary blood flow. 

Physiologic or pharmacologic interventions alter myocardial flow by 
their effects on these factors. The Coronary Pressure-Flow Relations 
section explains the important concepts of autoregulation and coro-
nary reserve. Studies of the coronary circulation are sometimes mis-
interpreted because of an inadequate understanding of the complex 
interrelations among the heart, the coronary circulation, and the 
peripheral circulation. The discussion of pathophysiology begins with 
a description of the process of atherosclerosis and the current under-
standing of how this disease evolves and causes clinical events. Next, 
the anatomy and hemodynamic effects of a coronary stenosis are 
explained. Coronary collateral function and development are reviewed 
here. These concepts are the basis of predicting how significantly the 
stenoses seen on angiography impair myocardial perfusion. The topic 
of the final section is the pathophysiology of myocardial ischemia. The 
concepts learned in the preceding sections are applied in an analysis of 
clinical ischemic syndromes. The final section highlights future direc-
tions in the treatment of CAD.

ANATOMY AND PHYSIOLOGY  
OF BLOOD VESSELS
The coronary vasculature has been traditionally divided into three 
functional groups: large conductance vessels visible on coronary 
angiography, which offer little resistance to blood flow; small resis-
tance vessels ranging in size from about 10 to 250 m in diameter; and 
veins. Although it has been taught that arterioles (precapillary vessels 
< 50 m) account for most of the coronary resistance, recent studies 
indicate that, under resting conditions, 45% to 50% of total coronary 
vascular resistance resides in vessels larger than 100 m in diameter1–3 
(Figure 6-1). This may be due, in part, to the relatively great length of 
the small arteries. During intense pharmacologic dilation, the pro-
portion of total coronary vascular resistance because of larger arteries 
and veins is even greater.2 The regulation of tone in coronary arteries 
larger than 100 m in diameter plays an important role in delivering 
adequate myocardial perfusion.4 One of the early changes in CAD is 
a diminished ability of the endothelium of epicardial coronary arter-
ies to dilate in response to increased flow (see Endothelium-Derived 
Relaxing Factors later in this chapter). Advances in technology have 
enabled measurement, in the beating heart, of diameters of coronary 
vessels as small as 15 m. It is becoming evident that, in response to a 
given intervention, different size classes of coronary vessels can change 
diameter with different intensity or even in opposite directions.5,6 This 
heterogeneity of response according to vessel size would be an impor-
tant consideration in predicting the effects of vasoactive agents on 
myocardial perfusion. For example, a drug that dilated large vessels and 
collaterals but not arterioles would be beneficial to patients with CAD 
(see Coronary Steal later in this chapter).

Normal Artery Wall
The arterial lumen is lined by a monolayer of endothelial cells that 
overlies smooth muscle cells (Figure 6-2). The inner layer of smooth 
muscle cells, known as the intima, is circumscribed by the internal 
elastic lamina. Between the internal elastic lamina and external elas-
tic lamina is another layer of smooth muscle cells, the media. Outside 
the external elastic lamina is an adventitia that is sparsely populated by 
cells and microvessels of the vasa vasorum.

KEY POINTS

 1. To safely care for patients with coronary artery 
disease (CAD) in the perioperative period, the 
clinician must understand how the coronary 
circulation functions in health and disease.

 2. Coronary endothelium modulates myocardial 
blood flow by producing factors that relax or 
contract the underlying vascular smooth muscle.

 3. Vascular endothelial cells help maintain the 
fluidity of blood by elaborating anticoagulant, 
fibrinolytic, and antiplatelet substances.

 4. One of the earliest changes in CAD, preceding 
the appearance of stenoses, is the loss of the 
vasoregulatory and antithrombotic functions of 
the endothelium.

 5. The mean systemic arterial pressure and not the 
diastolic pressure may be the most useful and 
reliable measure of coronary perfusion pressure 
in the clinical setting.

 6. Although sympathetic activation increases 
myocardial oxygen demand, activation of 

-adrenergic receptors causes coronary 
vasoconstriction.

 7. It is unlikely that one substance alone 
(e.g., adenosine) provides the link between 
myocardial metabolism and myocardial blood 
flow under a variety of conditions.

 8. As coronary perfusion pressure decreases, 
the inner layers of myocardium nearest the 
left ventricular cavity are the first to become 
ischemic and display impaired relaxation and 
contraction.

 9. The progression of an atherosclerotic lesion is 
similar to the process of wound healing.

 10. Lipid-lowering therapy can help restore 
endothelial function and prevent coronary 
events.
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Intima
Traditionally, the intima has been considered the most important layer 
of the artery wall.7 The intima can vary from a single endothelial layer 
to a more complex structure of an endothelium overlying a patchwork 
of extracellular matrix and vascular smooth muscle cells. As part of 
the normal development of many large arteries, smooth muscle cells 
populate this space and form a neointima. This diffuse form of intimal 
thickening consists of layers of smooth muscle cells and connective tis-
sue, the thickness of which may vary considerably. For convenience, the 
intima/media ratio is often measured, and the reference range is 0.1 to 
1.0. How this benign intima forms is not well understood. Presumably, 
the intima represents a physiologic adaptation to changes in arterial 
flow and wall tension. The intima is made up of two distinct layers.8 

As seen by electron microscopy, the inner layer subjacent to the lumi-
nal endothelium contains an abundance of proteoglycan ground sub-
stance. Smooth muscle cells found in this layer are usually distributed 
as isolated cells in a sea of matrix, rather than in contiguous layers. 
A few macrophages also may be found in this layer underneath the 
endothelial monolayer. The outer, musculoelastic layer of the intima 
is adjacent to the internal elastic lamina and contains smooth muscle 
cells and elastic fibers.

Media
In normal adult arteries, several smooth muscle cell subpopulations 
with distinct lineages exist within the media.9 These diverse cell popu-
lations likely fulfill different functions to maintain homeostasis in the 
artery wall. For example, in response to pressure elevations, increases 
in smooth muscle cell mass and extracellular matrix may be required. 
Alternatively, for arteries to be able to stretch both longitudinally and 
circumferentially, smooth muscle cells with variable orientations of 
cytoskeletal fibers must be present. These distinct cell types may be 
important not only in health but in disease. In certain experimental 
models of neointimal formation, proliferation and inward migration 
of subpopulations of medial smooth muscle cells occur.10 The biologic 
determinants of medial smooth muscle cell diversity are unknown.11

Adventitia
The adventitia, the outermost layer of the artery wall, normally con-
sists of a sparse collection of fibroblasts, microvessels (vasa vasorum), 
nerves, and few inflammatory cells. The majority of the vasa vasorum 
that nourish the inner layers of the artery wall originate in the adven-
titia. Traditionally, the adventitia has been ignored and is not thought 
to play a role in vascular lesion formation. However, more recent stud-
ies have elucidated the role of the adventitia as not only a source of 
inflammatory cells in the development of atherosclerosis, but a hub for 
paracrine signaling that can maintain vascular homeostasis in a variety 
of vascular diseases. 12

Transmembrane and Transcellular 
Communication
Blood vessels respond to a multitude of neural, humoral, and mechani-
cal stimuli in fulfilling their role in homeostasis. When norepineph-
rine, released from adrenergic nerve terminals in the adventitia, binds 
to receptors on the vascular smooth muscle cell membrane, a series of 
events takes place, culminating in a change in vessel diameter. Much 
progress has been made in understanding this transmembrane signal-
ing since the discovery of cyclic adenosine monophosphate (cAMP) in 
the late 1950s. Hormones circulating in the blood must interact with 
receptors on endothelial cells before the message reaches the vascu-
lar smooth muscle cell. The mechanism of communication between 
cells has been one of the central themes of biologic research in the past 
decades. Future understanding of cardiovascular disease will likely be 
based on identification of abnormalities of the molecules involved in 
transmembrane and transcellular communication. A brief introduc-
tion to these topics is provided here.

Figure 6-3 illustrates examples of pathways of transmembrane signal-
ing. Up to five components can be involved: receptor, G protein, effector 
producing a second messenger, phosphorylation of regulator protein, 
and the consequent change in cell behavior. G proteins (guanine nucle-
otide-binding regulatory proteins) are made up of three subunits ( , 

, ) and float in the cell membrane. On contact with a ligand-receptor 
complex, guanosine diphosphate (GDP) on the   subunit is replaced 
by guanosine triphosphate (GTP). The activated  subunit then dis-
sociates from the beta-gamma complex and can interact with several 
membrane targets (see Figure 6-3B). For example, -receptor activation 
results in the activation of G

s
 (s = stimulate), which will stimulate the 

synthesis of cAMP by adenylyl cyclase. Muscarinic receptor activation 
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Figure 6-1 Pressure decline through the hamster cheek pouch circu-
lation illustrates the resistance and nomenclature of various portions of 
the vascular bed. The important contribution of small arteries to vascular 
resistance is clearly shown here. Similar observations have been made in 
the coronary circulation. Error bars indicate standard error. MAP, mean 
arterial pressure; VP, venous pressure. (From Davis MJ, Ferrer PN, Gore 
RW: Vascular anatomy and hydrostatic pressure profile in the hamster 
cheek pouch. Am J Physiol 250:H291, 1986.)

a m i

Figure 6-2 Normal human coronary artery of a 32-year-old woman. 
The intima (i) and media (m) are composed of smooth muscle cells. The 
adventitia (a) consists of a loose collection of adipocytes, fibroblasts, 
vasa vasorum, and nerves. The media is separated from the intima by 
the internal elastic lamina (open arrow) and the adventitia by the exter-
nal elastic lamina (closed arrow). (Movat's pentachrome-stained slide, 
original magnification, ×6.6.)
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activates a G
i
 (i = inhibit) protein that inhibits adenylyl cyclase. A single 

G protein can interact with more than one effector. In this way, the G 
protein can be a branch point for the regulation of multiple effectors 
in response to a single signal. These proteins already have been impli-
cated in human disease; cholera toxin covalently modifies G

s
 so that it 

becomes persistently active in stimulating adenylyl cyclase in intestinal 
epithelial cells, likely causing the severe diarrhea of cholera.

Several second-messenger systems have been characterized. G
s
 can 

directly enhance conductance through calcium channels, with the 
increased intracellular calcium acting as second messenger. The cyclic 
nucleotides, cAMP and guanosine monophosphate (GMP), act as sec-
ond messengers. Their intracellular action is terminated when they are 
cleaved by phosphodiesterase enzymes, which, in turn, are regulated by 
stimuli and second messengers. The breakdown products of membrane 
phosphoinositide constitute another, more recently recognized set of 
second messengers.13 In response to agonists such as vasopressin, G 

protein is activated, leading to activation of the membrane- associated 
enzyme phospholipase C. This enzyme cleaves phosphatidylinositol 
4,5-biphosphate on the inner leaflet of the plasma membrane, produc-
ing inositol 1,4,5-triphosphate (IP

3
) and diacylglycerol (DAG). Both 

are second messengers. IP
3
 diffuses through the cytoplasm and mobi-

lizes calcium from intracellular stores. DAG remains within the plasma 
membrane and activates protein kinase C, which modulates cellular 
activity by phosphorylating intracellular proteins. In many cell types, 
activation of the same receptors that control phosphoinositide break-
down also results in the liberation of arachidonate and/or eicosanoids 
(prostaglandins, leukotrienes, and thromboxanes). The resultant 
change in cell behavior can be the opening of an ion channel, contrac-
tion or relaxation of smooth muscle, secretory activity, or initiation of 
cell division (see Chapter 7).

Endothelium
Although the vascular endothelium was once thought of as an inert 
lining for blood vessels, it is more accurately characterized as a very 
active, distributed organ with many biologic functions. It has synthetic 
(Table 6-1) and metabolic (Table 6-2) capabilities, and contains recep-
tors for a variety of vasoactive substances (Table 6-3). Functions of the 
endothelium that may play an important role in the pathophysiology 
of ischemic heart disease are discussed.

Endothelium-Derived Relaxing Factors
The first vasoactive endothelial substance to be discovered was prosta-
cyclin (PGI

2
), a product of the cyclooxygenase pathway of arachidonic 

acid metabolism (Figure 6-4; Box 6-1).14 The production of PGI
2
 is acti-

vated by shear stress, pulsatility of flow, hypoxia, and a variety of vaso-
active mediators. On production it leaves the endothelial cell and acts 
in the local environment to cause relaxation of the underlying smooth 
muscle or to inhibit platelet aggregation. Both actions are mediated by 
the stimulation of adenylyl cyclase in the target cell to produce cAMP.

In 1980, Furchgott and Zawadzki15 observed that the presence of an 
intact endothelium was necessary for acetylcholine-induced vasodi-
lation. Since that time it has been shown that many physiologic stim-
uli cause vasodilation by stimulating the release of a labile, diffusible, 
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Figure 6-3 Steps in the process whereby hormone-receptor bind-
ing results in a change in cell behavior. In this example, the final result 
is the opening of an ion channel. A, A hormone or ligand (L) binds to a 
receptor (R) embedded in the cell membrane. The receptor-ligand com-
plex interacts with G protein (G) floating in the membrane, resulting in 
activation of the  subunit (G ). The activated  subunit can then follow 
different pathways (B). Effector enzymes in the membrane (E), such as 
adenylyl cyclase, cyclic guanosine monophosphate (cGMP), phospholi-
pase C, or phospholipase A2, change the cytoplasmic concentration of 
their “messengers”: cyclic adenosine monophosphate (cAMP), cGMP, 
diacylglycerol (DAG), and inositol 1,4,5-triphosphate (IP3). These soluble 
molecules activate protein kinase A or C (PKA or PKC), or release Ca++ 
from sarcoplasmic reticulum (SR). Subsequently, cell behavior is changed 
by phosphorylation of an ionic channel on the cell membrane (CHAN) or 
by release of Ca++ from SR. B, Several pathways coupling receptor acti-
vation to final effect are illustrated. It is likely that multiple pathways are 
activated concomitantly, both facilitatory and inhibitory. In this way, the 
final response can be determined by the sum of the effects of several 
stimuli. (A, B, From Brown AM, Birnbaumer L: Ionic channels and their 
regulation by G-protein subunits. Annu Rev Physiol 52:197, 1990.)

From Bassenge E, Busse R: Endothelial modulation of coronary tone. Prog Cardiovasc Dis 
30:349, 1988.

Substances Produced by Vascular Endothelium

Antithrombotic Substances Procoagulants

Prostacyclin von Willebrand factor
Antithrombin III Collagen
Plasminogen activator Fibronectin
Protein C Thromboplastin

2
-Macroglobulin Thrombospondin

Glycosaminoglycans (heparin) Plasminogen inhibitors
Platelet-activating factor
Thromboxane A

2

TABLE  
6-1

ACE, angiotensin-converting enzyme.
From Bassenge E, Busse R: Endothelial modulation of coronary tone. Prog Cardiovasc Dis 

30:349, 1988.

Vasoactive Substances Processed by Vascular 
Endothelium

Uptake and Metabolism Enzymatic Conversion or Degradation

Norepinephrine Angiotensin I to angiotensin II (ACE)
Serotonin Angiotensin II to angiotensin III (angiotensinase)
Prostaglandins (E

1
, E

2
, E

2
) Bradykinin degradation (ACE)

Leukotrienes Substance P degradation
Adenosine

TABLE  
6-2
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 nonprostanoid molecule termed endothelium-derived relaxing factor 
(EDRF; see Figure 6-4), now known to be nitric oxide (NO). NO is the basis 
of a widespread paracrine signal transduction mechanism whereby one 
cell type can modulate the behavior of adjacent cells of different type.16,17 
NO is a very small lipophilic molecule that can readily diffuse across bio-
logic membranes and into the cytosol of nearby cells. The half-life of the 
molecule is less than 5 seconds, so that only the local environment can 
be affected. NO is synthesized from the amino acid l-arginine by nitric 
oxide synthase (NOS). In vascular endothelium, the enzyme (endothelial 
NOS or NOS3) is always present (constitutive) and resides in the cyto-
plasm. Its function depends on the presence of Ca++ and calmodulin, 
as well as tetrahydrobiopterin. Serine phosphorylation is important for 
prolonged activity. The enzyme is activated in response to receptor occu-
pancy or physical stimulation (see Table 6-3). When NO diffuses into the 
cytosol of the target cell, it binds with the heme group of soluble guany-
late cyclase, resulting in a 50- to 200-fold increase in production of cyclic 
GMP, its second messenger. If the target cells are vascular smooth muscle 
cells, vasodilation occurs; if the target cells are platelets, adhesion and 
aggregation are inhibited. In vascular smooth muscle, cyclic GMP leads 
to activation of protein kinase G, which phosphorylates various intracel-
lular target proteins, including the myosin light-chain regulatory subunit 
and proteins that control intracellular calcium.18

It is likely that NO is the final common effector molecule of nitrova-
sodilators (including sodium nitroprusside and organic nitrates such 
as nitroglycerin). The cardiovascular system is in a constant state of 
active vasodilation that is dependent on the generation of NO. The 
molecule is more important in controlling vascular tone in veins and 
arteries compared with arterioles. When the microcirculation dilates 
in response to metabolic myocardial demand (e.g., exercise), increased 
flow through epicardial coronary arteries increases shear stress at 
the endothelium. This leads to release of NO, which causes vascular 
smooth muscle relaxation and dilation of the conductance vessels, 
thereby facilitating the increase in flow. The importance of the loss of 
this mechanism in atherosclerosis is underlined by the fact that, in this 
situation, more than 50% of the resistance to flow in the coronary cir-
culation resides in vessels larger than 100 m in diameter (see Figure 6-1). 
Abnormalities in the ability of the endothelium to produce NO likely 
plays a role in diseases such as diabetes, atherosclerosis, and hyperten-
sion.19,20 The venous circulation of humans appears to have a lower 
basal release of NO and an increased sensitivity to nitrovasodilators 
when compared with the arterial side of the circulation.21

Many agents, such as acetylcholine and norepinephrine, can cause 
contraction when applied directly to the vascular smooth muscle 
membrane instead of relaxation, which occurs when it is applied to 
the intact endothelium (Figure 6-5). The net effect of neural or humoral 
stimuli depends on a combination of direct effects mediated by bind-
ing to vascular smooth muscle receptors and indirect effects because 
of the ligand binding to endothelial receptors causing NO release from 
the endothelium. In the presence of healthy endothelium, vasodilation 
usually predominates. When the endothelium is absent (injured vessel) 
or diseased (atherosclerosis), vasoconstriction may be the net effect. 

Modified from Bassenge E, Busse R: Endothelial modulation of coronary tone. Prog 
Cardiovasc Dis 30:349, 1988.

Stimulators of Endothelium-Mediated Vasodilation

Transmitters Adenosine diphosphate (ADP)
Acetylcholine Adenosine
Norepinephrine Serotonin
Peptides Thrombin
Angiotensin Trypsin
Bradykinin Local Hormones
Vasopressin Histamine
Oxytocin Platelet-activating factor
Substance P Physicochemical Stimuli
Vasoactive intestinal peptide Shear stress (flow)
Calcitonin gene–related peptide Mechanical stress (pulsatility)
Platelet or Blood Components Hypoxia
Adenosine triphosphate (ATP)

TABLE  
6-3
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Figure 6-4 The production of endothelium-derived vasodilator 
substances. Prostacyclin (PGI2) is produced via the cyclooxygenase 
pathway of arachidonic acid (AA) metabolism, which can be blocked by 
indomethacin (Indo) and aspirin. PGI2 stimulates smooth muscle adeny-
lyl cyclase and increases cyclic adenosine monophosphate (cAMP) pro-
duction, which cause relaxation. Endothelium-derived relaxing factor 
(EDRF), now known to be nitric oxide (NO), is produced by the action of 
NO synthase on l-arginine in the presence of reduced nicotinamide ade-
nine dinucleotide phosphate (NADPH), oxygen (O2), and calcium and 
calmodulin. This process can be blocked by arginine analogs like NG-
monomethyl-l-arginine (l-NMMA). NO combines with guanylate cyclase 
in the smooth muscle cell to stimulate production of cyclic guanosine 
monophosphate (cGMP), which results in relaxation. Less well character-
ized is an endothelium-derived factor, which hyperpolarizes the smooth 
muscle membrane (EDHF) and probably acts via activation of potas-
sium (K+) channels. 5-HT, serotonin; ACh, acetylcholine; ADP, adenosine 
diphosphate; M, muscarinic receptor; P, purinergic receptor; T, throm-
bin receptor. (From Rubanyi GM: Endothelium, platelets, and coronary 
vasospasm. Coron Artery Dis 1:645, 1990.)

BOX 6-1. ENDOTHELIUM-DERIVED RELAXING  
AND CONTRACTING FACTORS

Healthy endothelial cells have an important role in modulating 
coronary tone by producing the following factors:

Vascular Muscle Relaxing Factors

Vascular Muscle Contracting Factors
2

2
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NO has important roles in neurohumoral regulation of vascular tone, 
in preventing intravascular platelet aggregation, and in the structural 
adaptation of blood vessels to the demands of blood flow and pressure. 
Knowledge of its role in inflammation and atherosclerosis is rapidly 
expanding.

In addition to PGI
2
 and NO, another less-well-understood pathway 

for receptor-mediated or mechanically induced endothelium-derived 
vasodilation exists that is associated with smooth muscle hyperpolar-
ization. Both epoxyeicosatrienoic acid (a metabolite of cytochrome 
P450) and H

2
O

2
 have been suggested as possible endothelium-derived 

hyperpolarizing factors (EDHFs).22,23 Smooth muscle relaxation is a 
result of hyperpolarization of the myocyte, which leads to decreased 
intracellular calcium concentration. EDHF-mediated vasodilation can 
be blocked by inhibition of calcium-dependent potassium channels. 
EDHF may have an important vasodilator role in the human coronary 
microcirculation.24

Endothelium-Derived Contracting Factors
Contracting factors produced by the endothelium include pros-
taglandin H

2
, thromboxane A

2
 (TxA

2
; via cyclooxygenase), and the 

peptide endothelin (ET). ET is a potent vasoconstrictor peptide (100-
fold more potent than norepinephrine)25 with remarkable similari-
ties to the toxin of the burrowing asp. Both have potent coronary 
constrictor activity to which the strong cardiac toxicity and lethal-
ity of the toxin are attributed.26 Three closely related 21 amino acid 
peptides have been identified: endothelin-1 (ET-1), ET-2, and ET-3. 
The primary product of vascular endothelium is ET-1, which is syn-
thesized from prepro-ET-1 within vascular endothelial cells by the 
action of ET-converting enzyme. It is not stored but rapidly syn-
thesized in response to stimuli such as ischemia, hypoxia, and shear 
stress, and released predominantly abluminally (toward the underly-
ing smooth muscle).27 In vascular smooth muscle cells, ET-1 binds to 
specific membrane receptors (ET

A
) and, via phospholipase C, induces 

an increase in intracellular calcium resulting in long-lasting contrac-
tions.28 It is also linked via a G

i
 protein to voltage-operated calcium 

channels. This peptide has greater vasoconstricting potency than 
any other cardiovascular hormone, and in pharmacologic doses can 
abolish coronary flow, leading to ventricular fibrillation and death.29 
Another receptor subtype, ET

B
, is expressed by both smooth muscle 

and endothelium and binds ET-1 and ET-3 equally well (Figure 6-6). 
When isolated vessels are perfused with ET-1, there is an initial 
NO-mediated vasodilation because of binding with ET

B
 receptors 

on the endothelial cells, followed by contraction because of bind-
ing of ET-1 to ET

A
 receptors on the vascular smooth muscle mem-

brane. Studies utilizing bosentan, a combined ET
A
- and ET

B
-receptor 

antagonist, have demonstrated that ET exerts a basal coronary vaso-
constrictor tone in humans.30 There is evidence that ET may play a 
role in the pathophysiology of pulmonary and arterial hypertension, 
atherosclerosis, myocardial ischemic syndromes, and heart failure.31 
Clinical trials of bosentan in patients with congestive heart failure32 
and hypertension have shown promise, but hepatic side effects have 
limited the dose to less than 500 mg daily, with the primary indica-
tion being severe pulmonary hypertension.33
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Figure 6-5 Role of endothelium in the control of coronary tone. 
Intact endothelium has an important modulatory role in the effect of 
numerous factors on vascular smooth muscle. In the absence of a func-
tional endothelium (mechanical trauma, atherosclerosis), many factors 
act directly on smooth muscle to cause constriction (left). Under normal 
conditions (right), the release of nitric oxide (NO; endothelium-derived 
relaxing factor [EDRF]) and prostacyclin (PGI2) stimulated by these same 
factors can attenuate constriction or cause dilation. PGI2 release is pre-
dominantly into the lumen, whereas EDRF release is similar on both the 
luminal and abluminal sides. Substances in parentheses elicit only vaso-
dilation. 5-HT, serotonin; A, adenosine; ACh, acetylcholine; ADP, adenos-
ine monophosphate; AII, angiotensin II; ATP, adenosine triphosphate; 
Bk, bradykinin; CGRP, calcitonin gene–related peptide; ET, endothelin; 
NA, norepinephrine; PAF, platelet-activating factor; SP, substance P; VIP, 
vasoactive intestinal polypeptide; VP, vasopressin. (From Bassenge E, 
Heusch G: Endothelial and neurohumoral control of coronary blood flow 
in health and disease. Rev Physiol Biochem Pharmacol 116:77, 1990.)
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ECE, endothelin-converting enzyme; NO, nitric oxide; PGI2, prostacy-
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Endothelial Inhibition of Platelets
A primary function of endothelium is to maintain the fluidity of 
blood. This is achieved by the synthesis and release of anticoagulant 
(e.g., thrombomodulin, protein C), fibrinolytic (e.g., tissue-type plas-
minogen activator), and platelet inhibitory (e.g., PGI

2
, NO) substances 

(Box 6-2).34 Mediators released from aggregating platelets stimulate the 
release of NO and PGI

2
 from intact endothelium, which act together 

to increase blood flow and decrease platelet adhesion and aggregation 
(Figure 6-7), thereby flushing away microthrombi and maintaining the 
patency of the vessel.

With vital roles in modulating the tone of vascular smooth muscle, 
inhibiting platelets, and processing circulating chemicals, it seems clear 
that endothelial cell dysfunction would cause or contribute to ischemic 
syndromes. There is evidence of endothelial dysfunction in atheroscle-
rosis, hyperlipidemia, diabetes, and hypertension.35 Procedures such as 
coronary artery surgery and angioplasty disrupt the endothelium. The 
role of endothelium in the pathophysiology of myocardial ischemia is 
discussed later (see Dynamic Stenosis section).

DETERMINANTS OF CORONARY 
BLOOD FLOW
Under normal conditions, there are four major determinants of coro-
nary blood flow: perfusion pressure, myocardial extravascular compres-
sion, myocardial metabolism, and neurohumoral control. Changes in 
myocardial perfusion caused by different interventions can be explained 
by analyzing the effects of those interventions on these four factors.

Perfusion Pressure and Myocardial 
Compression
Coronary blood flow is proportional to the pressure gradient across the 
coronary circulation (Box 6-3). This gradient is calculated by subtracting 
downstream coronary pressure from the pressure in the root of the aorta. 
The determination of downstream pressure is complicated because the 
intramural coronary vessels are compressed with each heartbeat.

During systole, the heart throttles its own blood supply. The force 
of systolic myocardial compression is greatest in the subendocardial 
layers, where it approximates intraventricular pressure. Resistance 
caused by extravascular compression increases with blood pressure, 
heart rate, contractility, and preload. Because it is difficult to measure 
intramyocardial pressure, the relative importance of these factors is 
controversial.36,37 Flow is impeded both by direct compression and by 
shear caused by twisting of vessels as the heart contracts. Myocardial 
extravascular compression is less in the right ventricle, where pressures 
are lower and coronary perfusion persists during systole (Figure 6-8). In 
pathologic conditions associated with pulmonary hypertension, right 
coronary flow assumes a phasic pattern similar to left coronary flow. 
Under normal conditions, extravascular compression contributes only 
a small component (10% to 25%) to total coronary vascular resistance. 
When the coronary vessels are dilated by pharmacologic agents such as 
dipyridamole or during ischemia, the effects of extravascular compres-
sion on myocardial perfusion become more important (see Transmural 
Blood Flow section later in this chapter).

With each contraction, the intramural vessels are squeezed and 
blood is expelled forward into the coronary sinus and retrograde into 
the epicardial arteries. The large coronary arteries on the epicardial 
surface act as capacitors, charging with blood during systole and expel-
ling blood into the coronary circulation during diastole.38 Coronary 
capacitance likely explains the findings of Bellamy,39 who reported that 
flow in the proximal left anterior descending coronary artery of the 
dog ceased when arterial pressure decreased to less than 45 mm Hg. It 
was suggested that flow throughout the coronary circulation stopped 
at pressures far in excess of the pressure at the coronary sinus. This 
pressure at which flow stopped was termed critical closing pressure or 
zero-flow pressure (P

zf
). This had important implications in the calcu-

lation of coronary resistance because the effective downstream pres-
sure would be P

zf
 and not the much lower coronary venous pressure. 

This is analogous to a stream with a waterfall, where flow rate over the 
waterfall depends on the drop from the source to the waterfall edge 
and is unaffected by the distance to the bottom of the falls. It was later 
suggested that flow through the intramural coronary vessels contin-
ues after coronary inflow near the ostia (measured by Bellamy) has 
ceased.40,41 There is evidence that antegrade movement of red blood 
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Figure 6-7 Inhibition of platelet adhesion and aggregation by 
intact endothelium. Aggregating platelets release adenosine diphos-
phate (ADP) and serotonin (5-HT), which stimulate the synthesis and 
release of prostacyclin (PGI2) and endothelium-derived relaxing factor 
(EDRF; nitric oxide [NO]), which diffuse back to the platelets and inhibit 
further adhesion and aggregation, and can cause disaggregation. PGI2 
and EDRF act synergistically by increasing platelet cyclic adenosine 
monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), 
respectively. By inhibiting platelets and also increasing blood flow by 
causing vasodilation, PGI2 and EDRF can flush away microthrombi and 
prevent thrombosis of intact vessels. P2y, purinergic receptor. (From 
Rubanyi GM: Endothelium, platelets, and coronary vasospasm. Coron 
Artery Dis 1:645, 1990.)

BOX 6-2. ENDOTHELIAL INHIBITION 
OF PLATELETS

Healthy endothelial cells have a role in maintaining the fluidity of 
blood by producing:

BOX 6-3. DETERMINANTS OF CORONARY 
BLOOD FLOW
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cells in 20- m arterioles continues until coronary pressure is only a 
few millimeters of mercury greater than coronary sinus pressure.42 The 
concept of a critical closing pressure greatly in excess of coronary sinus 
pressure is probably not valid in the coronary circulation.

Although the true downstream pressure of the coronary circulation 
is likely close to the coronary sinus pressure, other choices may be more 
appropriate in clinical circumstances. In patients with CAD, the sub-
endocardial layers of the left ventricle are at greatest risk for ischemia 
and necrosis (see Transmural Blood Flow section later in this chapter). 
Because this layer is perfused mostly when the aortic valve is closed, the 
most appropriate measure of the driving pressure for flow here is the 
average pressure in the aortic root during diastole. This can be approx-
imated by aortic diastolic or mean pressure. Pressures monitored in 
peripheral arteries by routine methods in clinical settings can differ 
from central aortic readings. This is due to distortion of the pressure 
waveform as it is propagated through the arterial tree and inaccuracies 
associated with the hydraulic and electronic components of the moni-
toring system. Under these conditions, the mean arterial pressure may 
be the most reliable measure of coronary driving pressure. The true 
downstream pressure of the left ventricular subendocardium is the left 
ventricular diastolic pressure, which can be estimated by pulmonary 
artery occlusion pressure. When the right ventricle is at risk for isch-
emia (e.g., severe pulmonary hypertension), right ventricular diastolic 
pressure or central venous pressure may be more appropriate choices 
for downstream pressure.

Myocardial Metabolism
Myocardial blood flow, like flow in the brain and skeletal muscle, is 
primarily under metabolic control. Even when the heart is cut off from 
external control mechanisms (neural and humoral factors), its abil-
ity to match blood flow to its metabolic requirements is almost unaf-
fected.35 Because coronary venous oxygen tension is normally 15 to 
20 mm Hg, there is only a small amount of oxygen available through 
increased extraction. A major increase in cardiac oxygen consumption 

(Mvo
2
) can occur only if oxygen delivery is increased by augmenta-

tion of coronary blood flow. Normally, flow and metabolism are closely 
matched so that over a wide range of oxygen consumption, coronary 
sinus oxygen saturation changes little.43

Despite intensive research over the last several decades, the media-
tor or mediators linking myocardial metabolism so effectively to myo-
cardial blood flow are still unknown. Hypotheses of metabolic control 
propose that vascular tone is linked either to a substrate that is depleted, 
such as oxygen or adenosine triphosphate (ATP), or to the accumula-
tion of a metabolite such as CO

2
 or hydrogen ion (Box 6-4). Adenosine 

has been proposed in both categories. Feigl43 has proposed six criteria 
for a chemical transmitter between the cardiac myocyte and the coro-
nary vascular smooth muscle cell:
1. The transmitter is released under appropriate conditions and can be 

recovered from the tissue under those conditions.
2. Transmitter substance infused into the target tissue should faithfully 

mimic physiologic activation.
3. The biochemical apparatus for production of the proposed trans-

mitter is present in the tissue in an appropriate location.
4. A mechanism for inactivation and/or uptake of the transmitter is 

present at an appropriate location in the tissue.
5. The action of various inhibitors and blocking agents on synthesis, 

release, target-organ receptor function, or transmitter inactivation 
should have effects consistent with the hypothesis. Blocking agents 
should give the same effect whether the transmitter is released phys-
iologically or artificially applied.

6. Quantitative studies should indicate that the amount and time 
course of transmitter release under physiologic conditions are 
appropriate to give the indicated effect.

Many potential mediators of metabolic regulation have been  proposed.44 
Although NO has a role in many coronary vasoregulatory pathways, 
it does not fulfill the role of metabolic regulator because blockade of 
NOS does not alter the increase in myocardial blood flow associated 
with an increase in myocardial oxygen demand.45 The arguments for 
oxygen, carbon dioxide, and adenosine are briefly examined.

Oxygen
The coronary smooth muscle would have to be more sensitive to lack 
of oxygen than the working cardiocytes for oxygen to regulate coro-
nary flow through a direct vascular action. Coronary microvessels in 
vitro do not relax until Po

2
 is less than 5 mm Hg, a level well below 

the average Po
2
 of 20 mm Hg in cardiac muscle cytosol.46,47 With myo-

cardial oxygen consumption (Mvo
2
) held constant, increases in arte-

rial oxygen content cause coronary flow to decrease, whereas decreases 
in arterial oxygen content cause flow to increase. These changes could 
explain only 40% of the increase in flow observed with tachycardia.48 
It is undecided whether the constancy of myocardial oxygen tension is 
the cause or the consequence of the excellent match between myocar-
dial metabolism and myocardial blood flow.49

Carbon Dioxide
The end product of substrate oxidation is CO

2
, the formation of 

which is directly related to the level of cardiac work. Carbon dioxide 
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Figure 6-8 Blood flow in the left and right coronary arteries. The 
right ventricle is perfused throughout the cardiac cycle. Flow to the 
left ventricle is largely confined to diastole. (From Berne RM, Levy MN: 
Special circulations. In Berne RM, Levy MN [eds]: Physiology. St. Louis: 
CV Mosby, 1988, pp 540–560.)

BOX 6-4. MYOCARDIAL METABOLISM

Several molecules have been proposed as the link between 
myocardial metabolism and myocardial blood flow, including:
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is highly diffusible and can easily reach coronary smooth muscle cells. 
Unfortunately, it is difficult to separate the effects on coronary tone 
of increasing CO

2
 from concomitant increases in other metabolites. 

Broten et al48 pump-perfused the left main coronary artery of dogs and 
used an oxygenator in the perfusion circuit to alter coronary arterial 
Pco

2
 and Po

2
 at a constant level of myocardial metabolism. Increases 

in arterial and coronary sinus Pco
2
 caused increases in coronary blood 

flow in the absence of changes in Mvo
2
. Interestingly, there was a syn-

ergistic action of Pco
2
 and Po

2
: The increase in flow with elevation of 

Pco
2
 was much greater at low Po

2
 and vice versa. The effect of increas-

ing CO
2
, however, could not completely account for flow changes asso-

ciated with an increase in Mvo
2
.

Adenosine
Adenosine is a powerful coronary vasodilator via its activation of 
receptors on vascular endothelium and smooth muscle. In 1963, both 
Berne50 and Gerlach51 independently demonstrated the production of 
adenosine in ischemic heart muscle. They hypothesized that the release 
of adenosine may serve as a feedback signal inducing coronary vasodila-
tion and augmenting coronary blood flow in proportion to myocardial 
metabolic needs. Initially, it was suggested that adenosine formation 
was coupled to myocardial oxygen tension.50 A substrate theory has 
been proposed whereby adenosine production is linked to the cardiac 
energy state by the regulation of cytosolic AMP concentration to explain 
metabolic regulation by adenosine under both normoxic and ischemic 
conditions.52 According to this theory, increases in cardiac work lead to 
a decline in ATP potential, which results in a quantitatively appropriate 
change in cytosolic AMP concentration, leading to increased adenosine 
release. In this way, the rate of adenosine production is determined by 
the myocardial oxygen supply/demand ratio. It is likely that adenosine 
causes coronary arteriolar dilation through stimulation of A

1
 receptors 

directly coupled to ATP-sensitive K+ (K+
ATP

) channels and A
2
 receptor–

mediated elevation of cAMP/protein kinase A, which lead to vasodila-
tion, in part, by opening of K+ 

ATP
 channels.53,54

Evidence against the adenosine hypothesis is accumulating. 
Adenosine deaminase is an enzyme that, when introduced in sufficient 
quantity into the myocardium, can significantly reduce the interstitial 
concentration of adenosine. Aminophylline and theophylline inter-
fere with the coronary dilating effects of adenosine by acting on the 
receptor on vascular smooth muscle. Experiments using these agents 
to inhibit adenosine effect have shown that resting coronary blood 
flow, exercise-induced coronary dilation, autoregulation, and reactive 
hyperemia are largely unrelated to adenosine.55–58 Measuring coronary 
microvessel diameters in beating hearts in situ, Kanatsuka et al5 found 
that when Mvo

2
 was doubled by pacing, vessels between 40 and 380 

m dilated, whereas when a similar increase in flow was induced by 
the infusion of adenosine or dipyridamole at constant Mvo

2
, only ves-

sels smaller than 150 m dilated. Although adenosine does not seem 
to have an important role in metabolic regulation in the normal heart, 
adenosine blockade has been shown to cause a decrease in blood flow 
to hypoperfused myocardium sufficient to decrease systolic segment 
shortening.59 Adenosine may have other important roles in ischemia, 
in which there is evidence of a cardioprotective action.60,61

Current evidence suggests that a combination of local factors act 
together, perhaps with differing importance in different situations, to 
match myocardial oxygen delivery to demand. The extreme difficulty 
of designing an experiment that can distinguish the effects of individ-
ual factors on coronary blood flow suggests that the exact mechanism 
of metabolic coronary regulation will not soon be elucidated.

Neural and Humoral Control
Neural Control
The role of neural control in the regulation of myocardial blood flow 
is difficult to study because sympathetic or parasympathetic activa-
tion can cause profound changes in heart rate, blood pressure, and 

 contractility. The resulting changes in coronary tone, mediated by 
metabolic regulation, can mask the concomitant direct effects of 
autonomic nerves on coronary smooth muscle. Studies of isolated 
vessels have given results that contradict in vivo studies, in part, 
because of damage to the endothelium during preparation. Despite 
these difficulties, there is much interest in exploring the role of auto-
nomic control because it is implicated in the pathogenesis of myo-
cardial ischemia.

Coronary Innervation
The heart is supplied with branches of the sympathetic and parasympa-
thetic divisions of the autonomic nervous system. Thicker vagal fibers 
end in the adventitia of coronary vessels, whereas fine nonmedullated 
sympathetic fibers end on vascular smooth muscle cells.62 Large and 
small coronary arteries, as well as veins, are richly innervated. The 
sympathetic nerves to the heart and coronary vessels arise from the 
 superior, middle, and inferior cervical sympathetic ganglia, as well as 
the first four thoracic ganglia. The stellate ganglion (formed when the 
inferior cervical and first thoracic ganglia merge) is a major source of 
cardiac sympathetic innervation. The vagi supply the heart with effer-
ent cholinergic nerves.

Parasympathetic Control
Vagal stimulation causes bradycardia, decreased contractility, and lower 
blood pressure. The resultant decline in Mvo

2
 causes a metabolically 

mediated coronary vasoconstriction. When myocardial metabolism is 
held constant, however, cholinergic coronary dilation is consistently 
observed in response to exogenous acetylcholine, electrical vagal stim-
ulation, and reflex activation through baroreceptors, chemorecep-
tors, and ventricular receptors.35,43,63 These effects can be abolished by 
atropine.

In patients with angiographically normal coronary arteries, the 
response to intracoronary acetylcholine injection is predominantly 
dilation, whereas in atherosclerotic segments of epicardial arteries, 
constriction is observed.64–66 Acetylcholine injected intraluminally 
binds to muscarinic receptors on the endothelium and stimulates the 
release of NO, which causes smooth muscle dilation. Acetylcholine is 
not normally found circulating in the blood but is released from vagal 
fibers and reaches the coronary smooth muscle from the adventi-
tial side. Surprisingly, activation of muscarinic receptors on vascular 
smooth muscle cells causes constriction. Parasympathetic stimulation 
normally causes coronary vasodilation. This response depends on the 
ability of the coronary endothelium to elaborate NO and perhaps also 
EDHF (see earlier).67,68 Parasympathetic control has not been shown to 
be important in the initiation of myocardial ischemia.

b-Adrenergic Coronary Dilation
b-Receptor activation causes dilation of both large and small coro-
nary vessels even in the absence of changes in blood flow.35,43 Studies 
in animals indicate that both 

1
 and 

2
 receptors are present through-

out the coronary circulation, but 
1
 receptors predominate in the 

conductance vessels, whereas 
2
 receptors predominate in the resis-

tance vessels. Mature canine coronary collaterals respond similarly 
to the conductance vessels.69,70 -Adrenergic coronary dilation may 
improve the speed and accuracy of coronary blood flow regulation 
during exercise.71

a-Adrenergic Coronary Constriction
Activation of the sympathetic nerves to the heart results in increases in 
heart rate, contractility, and blood pressure, which lead to a marked, 
metabolically mediated increase in coronary blood flow (Box 6-5). 
This suggested to early investigators that the effect of sympathetic cor-
onary innervation is vasodilation. More recent investigation has dem-
onstrated that the direct effect of sympathetic stimulation is coronary 
vasoconstriction, which is in competition with the metabolically medi-
ated dilation of exercise or excitement. Whether adrenergic coronary 
constriction is powerful enough to further diminish blood flow in 
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 ischemic myocardium or whether it can have some beneficial effect in 
the distribution of myocardial blood flow is controversial.

Classification
-Adrenergic receptors can be classified anatomically as presynaptic or 

postsynaptic and also according to their pharmacologic properties as 
1
 

and 
2
 (Table 6-4). The receptors can be further divided into subtypes 

according to their signal transduction mechanism (G-protein subtype) 
and second messenger (adenylyl cyclase, phospholipase C, etc.).72

Presynaptic a Receptors
 receptors on cardiac sympathetic nerve terminals mediate feed-

back inhibition of neuronal norepinephrine release. Both 
1
 and 

2
 

receptors appear to be involved because exercise-induced increases in 
heart rate and contractility can be potentiated by either idazoxan (

2
-

blockade) or prazosin (
1
-blockade).73

Cardiac Muscle Cells
Activation of myocardial 

1
 receptors results in a positive inotropic 

effect that, in contrast with -receptor activation, is associated with 
prolongation of contraction. Although normally of minor functional 
importance, this effect may serve as an inotropic reserve mechanism 
when -receptor–mediated inotropy is impaired (e.g., hypothyroid-
ism, cardiac failure, chronic propranolol treatment).74 The importance 
of this mechanism in humans is uncertain. An increase in inotropy 
caused by stimulation of myocardial  receptors would result in 
increased Mvo

2
 and a metabolically mediated coronary dilation.

Coronary Endothelium
Binding of norepinephrine to 

2
 receptors on vascular endothelium 

stimulates the release of NO, which acts to relax vascular smooth mus-
cle. The endothelium can also act to limit the effect of norepinephrine 
by metabolizing it. In these ways, the endothelium modulates the direct 
constrictive effects of -adrenergic activation. Abnormal endothelial 
function in atherosclerosis may predispose to excessive -adrenergic 
constriction and is implicated in the pathogenesis of myocardial isch-
emia (see Dynamic Stenosis later in this chapter).

Coronary Resistance
The magnitude of -adrenergic vasoconstriction that occurs in the 
coronary bed is small compared with that which occurs in the skin 
and skeletal muscle. In the presence of -blockade, intense sympa-
thetic stimulation results in only a 20% to 30% increase in coronary 
resistance.75 Mohrman and Feigl76 examined the effect of sympathetic 
activation on coronary flow in the absence of -blockade. The net 
effect of -receptor vasoconstriction was to restrict the metabolically 
related flow increase by 30%, thereby increasing oxygen extraction and 
decreasing coronary sinus oxygen content.

Epicardial coronary diameter changes little during sympathetic stim-
ulation.77 

1
-Adrenergic and 

2
-adrenergic receptors are found through-

out the coronary circulation; however, 
1
 receptors appear to be more 

important in the large epicardial vessels, whereas 
2
 predominate in 

small coronary vessels less than 100 m in diameter.78 Studies of mature 
coronary collateral vessels in dogs have generally failed to provide evi-
dence of -receptor–mediated vasoconstriction.79 After heart transplant, 
patients demonstrated a lesser increase in myocardial blood flow after a 
cold pressor test in denervated regions of the heart.80 The authors argue 
that this was not due to increased myocardial metabolism secondary to 
myocardial -receptor activation. They suggest that sympathetic inner-
vation has an important role in coronary vessel dilation during stress.

Exercise
-Adrenergic coronary constrictor tone during exercise is exerted pre-

dominantly by circulating catecholamines.81 Numerous studies indicate 
that myocardial blood flow during exercise is limited by  vasocon-
striction.35 In a study of exercising dogs, Huang and Feigl82 found that 
despite an increase in total coronary flow in an -blocked region of 
myocardium, flow to the inner, subendocardial layer was diminished. 
These results suggest a beneficial effect of -adrenergic coronary con-
striction on the distribution of blood flow within the myocardium.

Myocardial Ischemia
Buffington and Feigl83 demonstrated the persistence of -adrenergic 
coronary vasoconstriction distal to a moderate coronary stenosis dur-
ing norepinephrine infusion. Investigations in dogs have demonstrated 
that, as coronary reserve is depleted by increasing stenosis severity, 
the response to sympathetic stimulation shifts from a metabolically 
induced coronary dilation to coronary constriction.84,85 These obser-
vations suggest that sympathetic coronary vasoconstriction limits 
coronary blood flow even during myocardial ischemia, when autoreg-
ulatory reserve is exhausted (see Coronary Reserve later in this chap-
ter). There is no  consensus as to the importance of 

1
 vs 

2
 receptors 

in ischemic myocardium.35 Using constant flow coronary perfusion in 
anesthetized dogs, Nathan and Feigl86 compared the transmural dis-
tribution of myocardial blood flow in -blocked and intact regions of 
myocardium during hypoperfusion. Surprisingly, -blockade diverted 
blood flow from the subendocardium to the subepicardium. This sug-
gests that  vasoconstriction had limited flow more in the subepicar-
dium, thereby producing an antisteal effect, and improved perfusion 
of the more vulnerable inner layers of the left ventricle. Chilian and 
Ackell87 found similar results in exercising dogs with an artificial coro-
nary stenosis. In contrast, work from Heusch and colleagues88,89 demon-
strated improved subendocardial perfusion distal to a severe coronary 
stenosis with 

2
-receptor blockade. This controversy is unresolved.90 

-Receptor blockers have not been shown to have a role in the treat-
ment of myocardial ischemia in patients with CAD.

Studies in Humans
Studies indicate that there is little -adrenoceptor–mediated tone in 
resting humans.91 Clinical studies have failed to provide convincing 
evidence that -adrenergic coronary constriction plays an important 
role in Prinzmetal’s variant angina (angina with ST-segment elevation 
at rest).92 During sympathetic activation, however, there is evidence 
that  vasoconstriction can precipitate myocardial ischemia by  further 
narrowing diseased coronary arteries. This has been shown during 
 isometric exercise, dynamic exercise, and with the cold pressor test93–98 
(see Dynamic Stenosis later in this chapter).

Norepinephrine is a nonselective agonist. Phentolamine and phenoxybenzamine are 
nonselective antagonists. Phenylephrine also causes -receptor activation.

Modified from Heusch G: Alpha-adrenergic mechanisms in myocardial ischemia. 
Circulation 81:1, 1990.

Classification of -Adrenergic Receptor Subtypes in 
the Heart

 
Selective Agonists

Selective 
Antagonists

 
Effects of Activation

a1

Phenylephrine Prazosin Presynaptic: feedback inhibition of 
norepinephrine release

Methoxamine Postsynaptic: coronary vasoconstriction, 
increase in myocardial arrhythmias

Inotropism
a

2

Clonidine Yohimbine Presynaptic: feedback inhibition of 
norepinephrine release

Azepexole Rauwolscine Postsynaptic: coronary vasoconstriction, 
arrhythmias (?)

BHT 920 Idazoxan
UK 14, 304

TABLE  
6-4

BOX 6-5. a-ADRENERGIC CORONARY 
CONSTRICTION

Sympathetic activation causes increased heart rate, contractility, 
and blood pressure, leading to a marked metabolically mediated 

sympathetic stimulation on the coronary vessels is vasoconstriction, 
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Humoral Control
A complete understanding of the effects of circulating substances on 
the coronary vessels would require determining their effects on large 
versus small coronary vessels, while separating direct effects on coro-
nary vessels from changes in tone mediated by changes in myocardial 
metabolism. This is further complicated by the critical role of an intact 
vascular endothelium in modulating these responses (see Endothelium 
earlier in this chapter). Some of the better studied agents are discussed 
briefly later.

The peptide hormones include vasopressin (arginine vasopres-
sin [AVP] or antidiuretic hormone [ADH]), atrial natriuretic peptide 
(ANP), vasoactive intestinal peptide, neuropeptide Y, and calcitonin 
gene–related peptide.44 Of these, AVP and ANP have been the most 
studied. It has been demonstrated in dogs that AVP, in concentrations 
3 to 30 times those found in stressed patients, can cause vasoconstric-
tion sufficient to produce myocardial ischemia.99 In large coronary 
arteries, the dilator response (via NO) likely exceeded the constrictor 
response.35 This was due to constriction of the small-resistance vessels. 
In physiologic concentrations, AVP acts primarily as an ADH with little 
effect on the coronary circulation. ANP can cause endothelium-depen-
dent coronary dilation but is not known to have significant vascular 
effects in physiologic concentrations.100

Angiotensin-converting enzyme (ACE) is present on vascular 
endothelium and converts angiotensin I to angiotensin II (AII), which 
causes coronary vasoconstriction. AII also facilitates release of norepi-
nephrine from presynaptic adrenergic nerve terminals. ACE inactivates 
bradykinin, which can attenuate vasoconstriction via NO stimulation. 
Thus, ACE inhibition can reduce coronary tone by suppressing AII 
formation and degrading bradykinin, and perhaps also by decreasing 
norepinephrine release. Despite these theoretical considerations, ACE 
inhibition has not been shown to be of benefit in human myocardial 
ischemia other than through control of afterload.101

PGI
2
 and TxA

2
 are synthesized from arachidonic acid in a reaction 

catalyzed by cyclooxygenase. PGI
2
 is synthesized in the vascular endothe-

lium and, in addition to inhibiting platelet aggregation, induces vaso-
dilation (see Endothelium-Derived Relaxing Factors section earlier in 
this chapter). TxA

2
 is mainly synthesized in platelets and causes platelet 

aggregation and vasoconstriction in the presence of damaged vascular 
endothelium. In response to TxA

2
, the intact endothelium releases NO, 

causing both vasodilation and platelet disaggregation, mechanisms 
to maintain patency of normal vessels (see Endothelial Inhibition of 
Platelets section earlier in this chapter). Unlike platelets, the vascular 
endothelium can synthesize proteins de novo, and thus cyclooxygenase 
acetylation by aspirin administration has a lesser effect in reducing vas-
cular PGI

2
 than platelet TxA

2
. Other than in platelet-vessel interactions 

and inflammation, prostaglandins are not known to have an important 
role in the regulation of coronary blood flow.35 Serotonin (5-HT) is 
another platelet product that can cause endothelium-dependent dila-
tion of coronary arterial vessels smaller than 100 m, but causes con-
striction of larger epicardial coronary arteries.102

Histamine receptors are present in the coronary vessels. H
1
 receptors 

are located on vascular smooth muscle cells of large and small coro-
nary arteries, and mediate vasoconstriction. H

2
 receptors are located 

on smooth muscle cells of arterioles and mediate vasodilation. H
1
 

receptors also are located on vascular endothelium and can mediate 
vasodilation via stimulation of NO release. In patients with vasospastic 
angina and endothelial dysfunction, administration of exogenous his-
tamine can cause vasospasm.103

CORONARY PRESSURE-FLOW RELATIONS

Autoregulation
Autoregulation is the tendency for organ blood flow to remain con-
stant despite changes in arterial perfusion pressure.104 Autoregulation 
can maintain flow to myocardium served by stenotic coronary  arteries 
despite low perfusion pressure distal to the obstruction. This is a local 

mechanism of control and can be observed in isolated, denervated 
hearts. If Mvo

2
 is fixed, coronary blood flow will remain relatively con-

stant between mean arterial pressures of 60 to 140 mm Hg. Figure 6-9 
illustrates that, at a given cardiac workload, the level of flow (deter-
mined by metabolic regulation) is maintained constant over a broad 
range of pressure by autoregulation.

Coronary perfusion pressure must be varied while holding Mvo
2
 

constant to study autoregulation. This is difficult in the heart because 
changing aortic pressure changes both the perfusion pressure for the 
coronary arteries and the afterload of the left ventricle. Thus, changes 
in aortic pressure inevitably change Mvo

2
. This problem is overcome 

by cannulating the coronary arteries and perfusing them with a pump. 
However, even when heart rate and aortic pressure are held constant, 
Mvo

2
 changes with changing coronary pressure. This is because myo-

cardial contractility and metabolism increase when coronary pressure 
is increased to more than the normal autoperfused level. This phenom-
enon is known as the Gregg effect and may be explained by the “garden 
hose” hypothesis of Lochner, whereby engorgement of the coronary 
vasculature elongates the myocardial sarcomere length during dias-
tole and contractile strength is increased because of the Frank–Starling 
mechanism (for a detailed review, see Feigl43 and Gregg105).

In addition to the Gregg effect, two other issues complicate stud-
ies of autoregulation: collateral flow and myocardial oxygen extrac-
tion. If pressure is lowered in the left coronary artery and not in the 
right, there will be a pressure gradient for flow from the right to left 
coronary artery via collateral vessels. Flow measured proximally in the 
left coronary artery will then underestimate flow reaching the myo-
cardium. Normal coronary sinus oxygen tension (CSo

2
) is less than 

20 mm Hg. Dole106 observed that autoregulation was effective when 
CSo

2
 was less than 25 mm Hg, but was completely lost when CSo

2
 

exceeded 32 mm Hg. Autoregulation can be intensified by vasocon-
striction (increased oxygen extraction) and attenuated by vasodilation 
(decreased oxygen extraction).107 The degradation of autoregulation 
with -receptor blockade suggests a benefit of adrenergic coronary 
vasoconstriction.108
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Figure 6-9 Autoregulation at two levels of myocardial oxygen 
consumption. Pressure in the cannulated left circumflex artery was var-
ied independently of aortic pressure. When pressures were suddenly 
increased or decreased from 40 mm Hg, flow instantaneously increased 
with pressure (steep line, green triangles). With time, flow decreases to 
the steady-state level determined by oxygen consumption (purple and 
red circles). The vertical distance from the steady-state (autoregulat-
ing) line to the instantaneous pressure-flow line is the autoregulatory 
flow reserve. (From Mosher P, Ross J Jr, McFate PA, Shaw RF: Control of 
coronary blood flow by an autoregulatory mechanism. Circ Res 14:250, 
1964.)
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Early reports indicated that autoregulation is less effective in the 
right ventricle than the left. More recently, it has been suggested that 
increases in right coronary pressures may produce large changes in 
Mvo

2
, perhaps because of an exaggerated Gregg effect. When changes 

in myocardial metabolism are taken into account, autoregulation in the 
right and left ventricle is similar.109,110

Quantitation of the degree of autoregulation must involve a com-
parison of the observed change in vascular resistance to the change in 
resistance that would have occurred in the absence of flow autoregula-
tion. Some degree of autoregulation exists when the relative change in 
flow ( F/F) is less than the relative change in pressure ( P/P). From 
these definitions, Dole107 has derived an autoregulation index that 
can be used to quantify the effects of different agents on coronary 
autoregulation.111

Three theories have been proposed to explain coronary autoregula-
tion: the tissue pressure theory, the myogenic theory, and the meta-
bolic theory.112 The tissue pressure hypothesis proposes that changes 
in perfusion pressure result in directionally similar changes in capil-
lary filtration and, therefore, tissue pressure. In this way, extravascu-
lar resistance would oppose changes in flow with changes in perfusion 
pressure. Experimental evidence has shown, however, that there is no 
relation between the degree of autoregulation and the magnitude of 
change in tissue pressure. Arterial smooth muscle contracts in response 
to augmented intraluminal pressure; this is known as the myogenic 
response. Recently, this response has been demonstrated in coro-
nary arterioles in the presence and absence of functioning endothe-
lium.113 The argument for myogenic regulation of coronary flow is that 
myocardial metabolic changes are not rapid enough to explain large 
decreases in resistance after coronary occlusions for one or two heart-
beats. However, myocardial metabolic events have been shown to occur 
during the course of a single cardiac contraction.114 The metabolic the-
ory of autoregulation proposes that coronary arteriolar tone is deter-
mined by the balance of myocardial oxygen supply and demand. An 
increase in flow above the requirements of metabolism would wash 
out metabolites or cause accumulation of substrates, and this would be 
the signal for an appropriate change in coronary tone. Although meta-
bolic regulation and autoregulation are separate phenomena, they may, 
therefore, have a common underlying mechanism. Metabolic regula-
tion is discussed earlier (see Myocardial Metabolism). For an instruc-
tive, three- dimensional, graphic analysis of the interrelations among 
coronary artery pressure, myocardial metabolism, and coronary blood 
flow, see Feigl et al.115

Coronary Reserve
Myocardial ischemia causes intense coronary vasodilation. After a 
10- to 30-second coronary occlusion, restoration of perfusion pres-
sure is accompanied by a marked increase in coronary flow. This large 
increase in flow, which can be five or six times resting flow in the dog, 
is termed reactive hyperemia. Figure 6-10 illustrates that the repay-
ment volume is greater than the debt volume. There is, however, no 
overpayment of the oxygen debt because oxygen extraction declines 

during the hyperemia.116 The presence of high coronary flows when 
coronary venous oxygen content is high suggests that mediators other 
than oxygen are responsible for this metabolically induced vasodila-
tion.43 The difference between resting coronary blood flow and peak 
flow during reactive hyperemia represents the autoregulatory coro-
nary flow reserve: the further capacity of the arteriolar bed to dilate 
in response to ischemia. In Figure 6-9, the flow reserve is the verti-
cal distance from the autoregulating pressure-flow curve (purple or 
red circles) to the nonautoregulating curve (triangles). The reserve is 
greater at higher perfusing pressure and lower Mvo

2
. Unlike cannula-

perfused preparations in which these data are obtained, in the clini-
cal setting, increases in pressure increase both perfusing pressure and 
Mvo

2
. Reactive hyperemia responses have been used in animals and 

humans to estimate coronary reserve in conditions such as obstruc-
tive coronary disease, aortic stenosis, and left ventricular hypertro-
phy117–119. The myocardial fractional flow reserve (FFR) is calculated 
by dividing the pressure in a coronary vessel distal to a stenosis during 
maximal pharmacologic dilation by the aortic root pressure. This ratio 
(FFR) easily can be measured in the angiography suite and has been 
recommended as a useful index of the functional severity of coronary 
stenoses of intermediate morphologic severity on angiography, as well 
as a measure of residual obstruction after interventions.120 Indeed, the 
relevance of a reduction in the FFR is highlighted in a recent random-
ized, controlled study that demonstrated improved clinical outcomes 
in FFR-guided percutaneous coronary interventions as opposed to 
angiography alone.121

It has been generally accepted that the coronary resistance vessels are 
maximally dilated when coronary perfusion pressure is reduced suf-
ficiently to cause myocardial ischemia. In fact, agents such as adenos-
ine, carbochromene, and dipyridamole can cause further increases in 
coronary flow in the presence of intense ischemia, when autoregula-
tory reserve is believed to be exhausted. This pharmacologic vasodi-
lator reserve is greater than the autoregulatory vasodilator reserve. If 
flow to ischemic myocardium can be increased by pharmacologic dila-
tion of resistance vessels, the use of these agents should reverse isch-
emic dysfunction and metabolism. Arteriolar dilators have, in general, 
not been found to be beneficial during myocardial ischemia. Coronary 
blood flow in the different layers of the ventricle must be reviewed to 
understand why (Box 6-6).

Transmural Blood Flow
It is well-known that, when coronary perfusion pressure is inadequate, 
the inner one third to one fourth of the left ventricular wall is the first 
region to become ischemic or necrotic.122 This increased vulnerabil-
ity of the subendocardium may be caused by an increased demand 
for perfusion or a decreased supply, compared with the outer layers. 
There has been extensive study of the transmural distribution of oxy-
gen consumption, use of oxidizable substrates, activity of glycolytic 
and mitochondrial enzymes, tissue contents of endogenous substrates, 
high-energy phosphates, lactate, isoforms of contractile proteins, and 
fiber stress and fiber shortening. In general, these studies indicate that 
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Figure 6-10 Schematic diagram of the reactive hyperemic response to a 10-second coronary occlusion. (From Marcus ML: Metabolic regulation of 
coronary blood flow. In Marcus ML [ed]: The coronary circulation in health and disease. New York: McGraw-Hill, 1983, pp 65–92. Reproduced by per-
mission of McGraw-Hill Companies.)
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if such differences exist between the layers of the left ventricle, they are 
unlikely to exceed 10% to 20%.43,123 It is likely that preferential under-
perfusion of the subendocardium is the primary determinant of its 
increased vulnerability.

Regional blood flow in the myocardium is usually determined using 
radioactive microspheres. These plastic beads, labeled with a radioiso-
tope, are injected into the bloodstream. The assumption is that they will 
mix uniformly with blood and be distributed in proportion to blood 
flow, as if they were red blood cells.124 Because they are rigid and larger 
than red cells (9- or 15- m diameters are usually chosen), they are 
trapped in the microcirculation. At the end of an experiment, the heart 
can be divided into small blocks and the amount of radioactivity in each 
piece measured in a gamma counter. The blood flow to each block of 
tissue will be proportional to the number of microspheres in each piece, 
which can be determined from its radioactivity. By using different radio-
isotopes as labels, several sets of microspheres can be injected during an 
experiment, giving “snapshots” of what flow was at the time of each 
injection. It is difficult to reduce the variability of the technique below 
10%.43,125 Subendocardial blood flow is found using this technique to 
be about 10% greater than subepicardial blood flow under normal cir-
cumstances. This gives a normal subendocardial/subepicardial or inner/
outer (I/O) blood flow ratio of 1.10. This ratio is maintained at normal 
perfusing pressures even at heart rates greater than 200 beats/min.

If coronary pressure is gradually reduced, autoregulation is 
exhausted and flow decreases in the inner layers of the left ventricle 
before it begins to decrease in the outer layers (Figure 6-11). This indi-
cates that there is less flow reserve in the subendocardium than in the 

subepicardium. The limits of autoregulation will depend on the level 
of cardiac work (see Autoregulation section earlier in this chapter) and 
on the experimental conditions. In conscious dogs, the mean coronary 
pressure at which evidence of subendocardial ischemia appeared was 
38 mm Hg at a heart rate of 100 beats/min, and increased to 61 mm 
Hg at 200 beats/min. Subepicardial flow during tachycardia did not 
decline even at pressures as low as 33 mm Hg.126 Because subepicardial 
flow is rarely inadequate, a subendocardial/subepicardial blood flow 
ratio close to 1.0 indicates adequate subendocardial flow and an appro-
priate matching of myocardial oxygen supply to oxygen demand. For 
this reason, the I/O ratio is often used as a measure of the adequacy of 
myocardial blood flow.

Three mechanisms have been proposed to explain the decreased cor-
onary reserve in the subendocardium: differential systolic intramyo-
cardial pressure, differential diastolic intramyocardial pressure, and 
interactions between systole and diastole. Because the force of systolic 
myocardial compression is greatest in the inner layers of the ventri-
cle and is low at the subepicardium, it was believed that the outer lay-
ers of the heart were perfused throughout the cardiac cycle, whereas 
the subendocardium was perfused only during diastole. The suben-
docardium would have to obtain its entire flow during only a por-
tion of the cycle and, therefore, would have to have a lower resistance. 
Recent studies, suggesting that there may be little systolic flow even to 
the outer layers, argue against this explanation.127 The second mecha-
nism is based on the high coronary pressures observed when coronary 
flow has ceased during a long diastole, P

zf
 (see Perfusion Pressure and 

Myocardial Compression earlier in this chapter).39 The shape of the 
pressure-flow relation during a long diastole suggests that P

zf
 is higher 

in the  subendocardium. This would mean that perfusion pressure for 
the subendocardium is lower in diastole compared with the outer lay-
ers of myocardium. Available evidence suggests that P

zf
 is not high in 

any layer and is unlikely to be more than 2 to 3 mm Hg greater in the 
subendocardium than in the subepicardium.127 Hoffman109,127 proposed 
an interaction between systole and diastole as the explanation for the 
increased vulnerability of the subendocardium to ischemia. During sys-
tole, intramyocardial pressure is high enough throughout most of the 
ventricular wall to squeeze blood out of the intramural vessels and into 
the extramural coronary veins and arteries. Because the compressive 
force is greatest in the subendocardium, vessels here are the narrowest 
at end systole. At the beginning of diastole, blood will be directed first 
to vessels with the lowest resistance, the larger vessels in the subepicar-
dium, and last to the most narrowed vessels in the subendocardium. 
In this way, should the duration of diastole or the diastolic perfusion 
pressure be reduced, the subendocardial muscle would receive the least 
flow. Spaan36 presents an interesting analysis of the interaction between 
arterial pressure and force of contraction as an intramyocardial pump. 
Although this theory is compatible with existing evidence, support for 
it will remain indirect until it becomes possible to measure phasic pres-
sures and flows in separate layers of myocardium.

When the left ventricle hypertrophies in response to a pressure load 
(aortic stenosis, hypertension), myofibrillar growth outstrips the cap-
illary network, resulting in decreased capillary density and increased 
diffusion distances. The net effect is to reduce coronary autoregulatory 
reserve.128 The transmural gradient of reserve is exaggerated as well, so 
the subendocardium is at increased risk for ischemia in the hypertro-
phied heart compared with normal.129

In addition to the transmural gradient of coronary reserve from 
outer to inner layer of the left ventricle, there is also marked variation 
of reserve between small regions of myocardium within a layer.130 This 
heterogeneity of flow reserve may explain why pharmacologic reserve 
exceeds autoregulatory reserve (see Coronary Reserve section earlier in 
this chapter). During hypoperfusion, regional myocardial blood flow 
is decreased, but in all layers some small pieces of muscle will have no 
flow reserve left, whereas adjacent pieces can have substantial reserve. 
Fewer pieces will retain reserve in the subendocardium than in the sub-
epicardium. The increase in flow in response to an infusion of adenos-
ine is due to increased flow in the small regions with reserve, with no 
change in the adjacent fully dilated regions.131–133 These findings suggest 

Subendocardium
SubepicardiumF

lo
w

 in
 s

te
no

se
d 

re
gi

on
F

lo
w

 in
 c

on
tr

ol
 r

eg
io

n

1.2

1.0

0.8

0.6

0.4

0.2

40 50 60 70 80 90 100

Coronary pressure (mm Hg)

AUTOREGULATION

Figure 6-11 Pressure-flow relations of the subepicardial and sub-
endocardial thirds of the left ventricle in anesthetized dogs. In the 
subendocardium, autoregulation is exhausted and flow becomes pres-
sure dependent when pressure distal to a stenosis declines to less than 
70 mm Hg. In the subepicardium, autoregulation persists until perfu-
sion pressure declines to less than 40 mm Hg. Autoregulatory coro-
nary reserve is less in the subendocardium. (Redrawn from Guyton RA, 
McClenathan JH, Newman GE, Michaelis LL: Significance of subendo-
cardial ST segment elevation caused by coronary stenosis in the dog. 
Am J Cardiol 40:373, 1977.)

BOX 6-6. TRANSMURAL BLOOD FLOW

of the left ventricular wall is the first region to become ischemic 
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that ischemia causes maximal coronary vasodilation, and that increases 
in flow with adenosine or dipyridamole are due to dilation of vessels in 
nonischemic regions. Contrasting evidence is provided by Duncker and 
Bache,54 who used a balloon occluder to simulate a coronary stenosis 
in exercising dogs. The occluder was adjusted to maintain distal coro-
nary pressure constant at 43 mm Hg. During exercise, an intracoronary 
infusion of adenosine increased blood flow to all myocardial layers and 
improved regional systolic segment shortening. Although this is evi-
dence of vasodilator reserve in ischemic myocardium, the constant dis-
tal pressure preparation does not faithfully mimic a coronary stenosis 
because it makes transmural steal impossible (see Coronary Steal later 
in this chapter). In general, pharmacologic dilation of resistance ves-
sels has the potential to worsen ischemia by producing coronary steal. 
Dilation of larger penetrating vessels (50 to 500 m in diameter) with 
nitrovasodilators could preferentially decrease resistance to blood flow 
to the subendocardium, and this may, in addition to favorable effects 
on the systemic circulation, explain the usefulness of nitrates in the 
treatment of angina.54

ATHEROSCLEROSIS
The atherosclerotic lesion consists of an excessive accumulation of 
smooth muscle cells in the intima, with quantitative and qualitative 
changes in the noncellular connective tissue components of the artery 
wall, and intracellular and extracellular deposition of lipoproteins and 
mineral components (e.g., calcium; Box 6-7). By definition, athero-
sclerosis is a combination of atherosis and sclerosis. The latter term, 
sclerosis, refers to the hard, collagenous material that accumulates in 
lesions and is usually more voluminous than the pultaceous “gruel” of 
the atheroma (Figure 6-12).

Stary and colleagues134 note that the earliest detectable change in the 
evolution of coronary atherosclerosis in young people was the accu-
mulation of intracellular lipid in the subendothelial region, creating 
lipid-filled macrophages or “foam cells.” Grossly, a collection of foam 
cells may give the artery wall the appearance of a “fatty streak.” In gen-
eral, fatty streaks are covered by a layer of intact endothelium and are 
not characterized by excessive smooth muscle cell accumulation. At 
later stages of atherogenesis, extracellular lipoproteins accumulate in 
the musculoelastic layer of the intima, eventually forming an avascu-
lar core of lipid-rich debris that is separated from the central arterial 
lumen by a fibrous cap of collagenous material. Foam cells are not usu-
ally seen deep within the atheromatous core, but are frequently found 
at the periphery of the lipid core.

Atherogenesis
Certain human arteries are more prone to develop atherosclerosis 
than others. For example, the coronary, renal, and internal carotid 
arteries, as well as some areas of the aorta, are known to be common 
sites for lesion formation.134 In the Pathobiological Determinants of 
Atherosclerosis in Youth (PDAY) study, the aorta and right coronary 
arteries of 1378 young people aged 15 to 34 who died as a result of 

trauma were studied.135 Two-dimensional maps of lipid-laden fatty 
streaks, as well as fibrous plaques, were made for each vessel. Although 
atherosclerosis is usually clinically silent until middle age or later, these 
investigators found that the disease process begins in adolescence or 
childhood. Moreover, fatty streaks and fibrous plaques do not occur 
randomly in the circulation but follow a well-defined distribution pat-
tern. For example, in the right coronary artery, fatty streaks were found 
with the highest probability in the proximal 2 cm of this vessel, which 
closely parallels the distribution of raised fibrous lesions. However, in 
the abdominal aorta, where aortic lesions are commonly found, the 
high prevalence of fatty streaks did not always correlate with the preva-
lence of raised fibrous lesions. Therefore, at least in the aorta, the role 
of childhood fatty streaks in the development of adult fibrous lesions 
is uncertain.

The atherogenic stimuli that promote the progression of early lesions 
to clinically relevant stenoses are not known. Currently, the develop-
ment of CAD is associated with various risk factors. Dyslipidemias, 
hypertension, diabetes mellitus, cigarette smoking, and a family his-
tory of premature CAD are known to correlate with premature vascu-
lar disease. The association between lipid disorders and atherogenesis 
is best understood and is discussed later in this chapter. Unfortunately, 
little is known about how the remaining risk factors may contribute to 
lesion development.

Historically, there are two classical theories of atherogenesis. 
According to von Rokitansky’s136 thrombogenic (or encrustation) 
theory, fibrin is the initiating factor in lesion development. Later, 
Duguid137 expanded on this theory by suggesting that atherosclerosis is 
the result of altered fibrinolysis, whereas more recent studies have doc-
umented the overexpression of prothrombotic factors, such as plasmi-
nogen activator inhibitor-1, in atherosclerotic plaques.138 Alternatively, 
in 1856, Virchow’s imbibition (or insudation) theory proposed that 
atherosclerotic lesions were the result of altered vessel wall permeabil-
ity.139 Variations of this theory have been suggested by others, and all 
support the concept that the accumulation of various plasma compo-
nents, including lipoproteins, may be important during lesion forma-
tion. For example, Ross and Glomset140 blended the concepts of these 
original hypotheses into the “response-to-injury” hypothesis in which 
both lipid infiltration and thrombus formation play important roles in 
atherogenesis. Similarly, Schwartz and colleagues141 compared arterial 
narrowing in atherosclerotic arteries with the process of wound heal-
ing. This perspective has advantages, as it allows a multifactorial process 
such as atherosclerosis to be broken down into components of a more 
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Figure 6-12 Atherosclerotic human coronary artery of an 80-year-
old man. There is severe narrowing of the central arterial lumen (L). The 
intima consists of a complex collection of cells, extracellular matrix (M), 
and a necrotic core with cholesterol (C) deposits. Rupture of plaque 
microvessels has resulted in intraplaque hemorrhage (arrow) at the base 
of the necrotic core. (Movat's pentachrome-stained slide, original mag-
nification ×40.)

BOX 6-7. ATHEROSCLEROSIS

impede development of atherosclerosis, and in some cases may 
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completely understood process such as the biology of a skin wound. 
For example, wound healing of any form begins with the formation of 
a clot (fibrin- and fibronectin-containing gel) that fills the wound and 
provides a provisional matrix for inflammatory cells, fibroblasts, and 
newly formed microvessels.142,143 This is followed by the proliferation 
and migration of fibroblasts into the wound.144 By day 7 after injury, 
microvessels grow into the base of the wound and form granulation 
tissue. As the wound matures and undergoes contracture, these blood 
vessels regress and fibroblasts disappear. After resorption of microves-
sels, tissue hypoxia develops and likely plays a role in the completion 
of the final scarring process.145 As discussed later, there is now ample 
evidence to suggest that many similar events take place during arte-
rial wound healing; however, because atherosclerosis is a chronic pro-
cess, it is likely that vascular lesion formation involves indolent levels 
of inflammation with ongoing cycles of injury and repair over many 
years.142,146,147

Arterial Wall Inflammation
A number of studies have demonstrated the presence of monocytes/
macrophages and T lymphocytes in the arteries of not only advanced 
lesions but early atherosclerotic lesions of young adults.148,149 Moreover, 
in experimental atherosclerosis, leukocyte infiltration into the vascu-
lar wall is known to precede smooth muscle cell hyperplasia.150 Once 
inside the artery wall, mononuclear cells may play several important 
roles in lesion development. For example, monocytes may transform 
into macrophages and become involved in the local oxidation of low-
density lipoproteins (LDLs) and accumulation of oxidized LDLs. 
Alternatively, macrophages in the artery wall may act as a rich source 
of factors that, for example, promote cell proliferation, migration, or 
the breakdown of local tissue barriers. The latter process of local tis-
sue degradation may be important for the initiation of acute coronary 
artery syndromes because loss of arterial wall integrity may lead to 
plaque fissuring or rupture.151

Normally, the endothelium exhibits a low affinity for circulating 
leukocytes. Therefore, the transmigration of leukocytes into the artery 
wall must occur as a facilitated process. The release of proinflamma-
tory cytokines such as interleukin-1 may promote the expression of 
leukocyte adhesive molecules.152 For simplicity, the interaction between 
leukocytes and the endothelium can be considered to involve three 
steps.153 First, leukocytes in the bloodstream must loosely associate and 
roll along the endothelium—a process that is mediated by selectins 
expressed on endothelial cells.152 Second, firm adhesion of these leuko-
cytes to endothelial cells occurs via the interaction between integrins, 
such as 

4 1
 (also known as very late antigen-4 [VLA-4]), expressed 

on leukocytes, and counter-receptors, such as vascular cell adhesion 
molecule-1 (VCAM-1), on endothelial cells.154 Finally, the transmigra-
tion of leukocytes into the subendothelial space is mediated by vari-
ous migration-inducing factors, such as monocyte chemoattractant 
 protein-1 (MCP-1).155

Dysfunction, discontinuity, or injury of the endothelial cell mono-
layer has been postulated to play a significant role in facilitating 
the transmigration of leukocytes into the intima and the develop-
ment of intimal hyperplasia. However, the premise that regrowth of 
a healthy endothelium will limit neointimal accumulation is incon-
sistent with the results of several independent lines of investigation. 
For example, in experimental models, smooth muscle cell prolifera-
tion is not increased in arterial regions devoid of an endothelium.156 
Moreover, restoration of the endothelium, as might be achieved by 
seeding endothelial cells back into a denuded artery, does not decrease 
neointimal accumulation after vascular interventions.157 Therefore, 
the presence of an endothelium in the central lumen of an artery and 
resistance to intimal growth do not appear to be inextricably linked. 
Finally, it is important to note that the endothelium is not restricted to 
the central lumen, as the artery wall is also invested with a rich supply 
of microvessels (i.e., vasa vasorum).158–161 The vasa vasorum are likely 
another portal of entry for inflammatory cells into the artery wall, 
particularly because the expression of certain adhesion molecules is 

more abundant in the endothelium lining these microvessels than that 
of the central arterial lumen.162

Role of Lipoproteins in Lesion Formation
The clinical and experimental evidence linking dyslipidemias with 
atherogenesis is well established and need not be reviewed here. 
However, the exact mechanisms by which lipid moieties contribute to 
the pathogenesis of atherosclerosis remain elusive. Although the sim-
ple concept of cholesterol accumulating in artery walls until flow is 
obstructed may be correct in certain animal models, this theory is not 
correct for human arteries.

Much of the pioneering work in understanding cholesterol metabo-
lism is based on seminal observations by Brown and Goldstein.163 The 
work of these two investigators focused on LDL, the so-called bad form 
of cholesterol, and the absence (or deficient forms) of the LDL receptor 
that are seen in familial hypercholesterolemia (FH). Patients with FH 
have high levels of LDL cholesterol and suffer from accelerated forms 
of atherosclerosis as cholesterol moieties enter the cell via an alternate 
route. In the absence of a functional LDL receptor, LDL cholesterol is 
oxidized and taken up by scavenger receptors of monocytes and mac-
rophages resident within the artery wall. Steinberg164 and others have 
integrated these data into a theory of atherogenesis that highlights the 
central role of LDL oxidation and the formation of lipid-laden mono-
cytes in fatty streaks.

One of the major consequences of cholesterol accumulation in the 
artery wall is thought to be the impairment of endothelial function. 
The endothelium is more than a physical barrier between the blood-
stream and the artery wall. Under normal conditions, the endothe-
lium is capable of modulating vascular tone (e.g., via nitrous oxide), 
thrombogenicity, fibrinolysis, platelet function, and inflammation. 
In the presence of traditional risk factors, particularly dyslipidemias, 
these protective endothelial functions are reduced or lost. Notably, the 
loss of these endothelial-derived functions may occur in the presence 
or absence of an underlying atherosclerotic plaque and may simply 
imply that atherogenesis has begun. Aggressive attempts to normal-
ize atherosclerotic risk factors (e.g., diet and lipid-lowering therapies) 
may markedly attenuate endothelial dysfunction—even in the pres-
ence of extensive atherosclerosis. A number of clinical studies now 
demonstrate dramatic improvements in endothelial function, as well 
as cardiovascular morbidity and mortality, with the use of inhibitors 
of 3-hydroxy-3-methylglutaryl coenzyme A (HGM-CoA) reductase, 
or “statins.”165–167 Future studies may help clarify the exact mecha-
nisms by which dyslipidemias (and other risk factors) alter endothe-
lial function.

Smooth Muscle Cell Proliferation, 
Migration, and Arterial Remodeling
The dominant cell type in atherosclerotic lesions is the smooth mus-
cle cell, and as lesions progress, the number of smooth muscle cells 
in the artery wall tends to increase. Therefore, smooth muscle replica-
tion must occur at some time during atherogenesis. Perhaps the first 
line of evidence that cell replication occurs in human arteries is from 
the observation that atherosclerotic plaques contain monoclonal cell 
populations. Elegant studies by Benditt and Benditt168 demonstrated 
that groups (or clones) of cells that arise from a single progenitor cell 
are present in tissue from atherosclerotic coronary arteries of women 
who were deficient in glucose-6-phosphate dehydrogenase (G-6-PD). 
Because G-6-PD is an X-chromosome–linked enzyme that has two iso-
forms, cells would express only one isoform, with the other isoform 
being suppressed on the inactivated X chromosome. Therefore, groups 
of cells in an atherosclerotic plaque that contain only one isoform of 
G-6-PD are likely the result of proliferation of a single progenitor cell. 
More recently, Murry and colleagues169 studied the monoclonality of 
atherosclerotic plaques using X-chromosome inactivation patterns. 
Using the polymerase chain reaction, they examined the monoclo-
nality of plaques according to the methylation pattern of the human 
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 androgen receptor gene, a highly polymorphic locus on the X chromo-
some for which 90% of women are heterozygous. These investigators 
note that diseased and normal arteries contain monoclonal popula-
tions (or patches) of cells. Therefore, they speculate that the mono-
clonality of plaques might be caused by expansion of a preexisting 
monoclonal patch of cells, rather than mutation or selection of indi-
vidual cells in the artery wall.

Little is known about when and why cells proliferate in the artery 
wall. However, it is known that early in life there is a rapid expan-
sion in neointimal smooth muscle cell mass. Sims and Gavin170,171 
describe the accumulation of intimal smooth muscle cells in the 
left anterior descending coronary artery of neonates. Using electron 
microscopy, these investigators demonstrate interruptions in the 
internal elastic lamina in coronary arteries where a neointima had 
formed.171 These interruptions in the internal elastic lamina are not 
present in all human arteries. Indeed, the internal mammary artery, 
which typically is devoid of atherosclerosis, has an intact internal 
elastic lamina. Therefore, it has been suggested that medial smooth 
muscle cells migrate inward through breaks in the internal elastic 
lamina to expand and form a neointima. The frequency and degree 
of smooth muscle cell replication in adult coronary arteries have 
been examined by various investigators. The majority of these stud-
ies have demonstrated very low replication rates in tissue from both 
normal and diseased arteries.172–175 Whether these low cell replica-
tion rates are sufficient to gradually result in advanced lesions, or 
whether sporadic bursts of replication occur in response to injury, 
is unknown. Finally, it is recognized that programmed cell death, or 
apoptosis, occurs in the artery wall.176 Therefore, the accumulation 
of cells in the artery wall is a function of not only cell proliferation, 
but also apoptosis.

The role of smooth muscle cell migration in adult CAD is poorly 
understood. It has been suggested, however, that like fibroblasts that 
migrate into the base of a wound, arterial wall smooth muscle cells 
migrate inward to expand plaque mass. Smooth muscle cell migration 
into the intima has been studied in various animal models of neointi-
mal formation (e.g., rat carotid artery model).11 The majority of these 
models demonstrate the inward migration of medial smooth muscle 
cells after normal arteries are subjected to balloon injury. A number of 
growth factors (e.g., platelet-derived growth factor) have been shown 
to play an important role in facilitating smooth muscle cell migration 
in these models.177–179 Unfortunately, the clinical relevance of these 
experimental observations remains to be clarified, as the milieu for cell 
migration in complex human lesions appears to be very different from 
that of normal animal arteries that are subjected to injury. More infor-
mation is required regarding the factors that regulate smooth muscle 
cell migration, as well as why smooth muscle cells differ in their pro-
pensity to migrate after injury.

Finally, it is important to point out that the buildup of athero-
sclerotic plaque does not always translate into the formation of arte-
rial obstructions.142 For example, Glagov180 notes that human vessels 
can accumulate massive amounts of atherosclerotic plaque without 
encroaching on the central arterial lumen. Instead, abluminal expan-
sion of the artery wall may occur until 40% of the area encompassed by 
the internal elastic lamina is occupied by plaque. Thereafter no further 
enlargement may occur, and luminal narrowing may ensue. Although 
this form of compensatory enlargement is referred to as “remodeling,” 
the term is confusing because it holds different meaning in different 
contexts (Figures 6-13 and 6-14).180–182 For example, remodeling has also 
been used to describe the arterial response to changes in blood flow 
(e.g., during pregnancy or in the neonatal period) or pressure (e.g., 
hypertension).183 In addition, remodeling has been invoked as a key 
component of the response to arterial injury—however, with quite a 
different meaning.184 In animal models of arterial injury, as well as stud-
ies of human coronary arteries that have undergone angioplasty (or 
percutaneous transluminal coronary angioplasty [PTCA]), “shrinkage” 
or constrictive remodeling of the artery wall is a major determinant of 
lumenal narrowing, whereas neointimal formation plays a minor role 
in this process.185–192

How arterial wall constriction is accomplished or why some, but 
not all, arteries undergo compensatory dilatation to preserve lumen 
area is incompletely understood.193–195 Blood flow and shear stress 
are known to play a critical role in remodeling. The response of 
arteries to chronic alterations in blood flow are endothelium depen-
dent.196,197 For example, Langille and O’Donnell196 demonstrated in 
rabbit carotid arteries that decreased blood flow results in narrowing 
of the vessel diameter that is unchanged with papaverine and likely 
caused by structural changes in the artery wall. However, when the 
endothelium is removed from these vessels, the response to reduced 
blood flow is abolished. In atherosclerotic arteries that contain a 
rich network of endothelial cell-lined microvessels or vasa vaso-
rum, the role of the endothelium in regulating remodeling may be 
important.198–200

Assessment of Atherosclerosis by 
Intravascular Ultrasonography
A detailed description of both diagnostic and therapeutic proce-
dures performed in the cardiac catheterization laboratory is pro-
vided in Chapter 3. However, given that an integral understanding 
of the anatomy of the coronary artery and the atherosclerotic lesion 
is necessary for the appropriate interpretation and use of these tech-
nologies, a brief review of new developments in invasive assess-
ment of atherosclerosis by intravascular ultrasonography (IVUS) is 
included here.

Standard coronary angiography gives operators a two-dimensional 
representation of the lumen. By examining arteries in multiple views, 
the operator estimates coronary stenoses by comparison of the lumen 
diameter at the point of maximal narrowing to adjacent disease-free 
segments. However, as discussed earlier, development of the athero-
sclerotic plaque results not only in luminal encroachment but arterial 
remodeling,201 meaning significant disease may be overlooked on tra-
ditional angiography. Thus, technologies, such as IVUS, are becoming 
more prevalent in the assessment of CAD.

IVUS of coronary arteries was first popularized in the 1990s, 202 with 
subsequent refinement of catheter delivery systems and commercial-
ization making it now commonplace in the modern catheterization 
laboratory. Compatible with most guiding catheters, IVUS probes are 
delivered to the coronary arteries via standard angiography techniques, 
and both manual and mechanical pullback of the IVUS probe allows 
operators to assess real-time cross-sectional images. Complementary 
software can then allow users to generate either longitudinal or three-
dimensional reconstructions of the interrogated vessel.

IVUS images demonstrate remarkable fidelity to cross-sectional his-
tologic specimens and permit accurate visualization and measurement 
of the intima, media, and, in some instances, the adventitia (Figure 6-15). 
Arterial remodeling with significant intimal hyperplasia but relatively 
intact lumen diameter can thus identify occult disease not otherwise 
appreciated on standard angiography. One landmark article has noted 
that even if only minor luminal irregularities exist, atherosclerotic dis-
ease can be demonstrated throughout most other vessels in the cor-
onary circulation, suggesting luminograms may be simply the tip of 
the atherosclerotic iceberg. 203 Indeed, IVUS is now commonly used 
to more accurately quantify lesions in cases of intermediate severity 
lesions,204 or in regions that are otherwise difficult to assess on standard 
angiography, such as left main disease. As well, IVUS allows operators 
to assess arteries after percutaneous intervention for not only adequate 
stent deployment but also for complications, such as arterial dissec-
tion, which can be missed on standard angiography.205 However, IVUS 
is not limited to simply documenting and quantifying atherosclerotic 
burden. Plaque composition also can be assessed qualitatively and clas-
sified based on acoustic impedance, allowing differentiation among 
fibromuscular “soft” lesions, dense “fibrous” lesions, and “calcified” 
hyperechoic lesions.206 Although not yet reliably predictable, ongoing 
studies are aimed at identifying which plaques are “vulnerable” or sus-
ceptible to rupture, thus causing acute vessel closure and myocardial 
infarction.207,208
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PATHOPHYSIOLOGY OF CORONARY 
BLOOD FLOW

Coronary Artery Stenoses  
and Plaque Rupture
Coronary atherosclerosis is a chronic disease that develops over 
decades, remaining clinically silent for prolonged periods (Box 6-8). 
Clinical manifestations of CAD occur when the atherosclerotic plaque 
mass encroaches on the vessel lumen and obstructs coronary blood 
flow, causing angina. Alternatively, cracks or fissures may develop in 
the atherosclerotic lesions and result in acute thromboses that cause 
unstable angina or myocardial infarction.

On angiography, patients with stable angina typically have lesions 
with smooth borders. Only a minority of coronary lesions are con-
centric, most having a complex geometry varying in shape over their 
length. Eccentric stenoses, with a remaining pliable, musculoelastic 
arc of normal wall, can vary in diameter and resistance in response 
to changes in vasomotor tone or intraluminal pressure. Most human 
coronary stenoses are compliant.209 The intima of the normal por-
tion of the vessel wall is often thickened, making endothelial dysfunc-
tion probable (see Dynamic Stenosis section later in this chapter). In 
contrast, patients with unstable angina usually have lesions character-
ized by overhanging edges, scalloped or irregular borders, or multi-
ple irregularities. These complicated stenoses likely represent ruptured 
plaque or partially occlusive thrombus, or both.210 On angiography, 
these lesions may appear segmental, confined to a short segment of 
an otherwise normal proximal coronary artery. At autopsy, however, 
the most common pathologic finding is diffuse vessel involvement with 

 superimposed segmental obstruction of greater severity.211 In a dif-
fusely narrowed vessel, even modest progression of luminal narrow-
ing can be significant. In such a patient, rating the significance of the 
obstruction by the percentage of diameter reduction relative to adjacent 
vessel segments will underestimate its physiologic importance.212,213 
Therefore, understanding the characteristics of atherosclerotic plaques 
is of central importance to the management of acute coronary artery 
syndromes.

The intuitive notion that the severity of coronary artery stenoses 
should correlate with the risk for complications from CAD has been 
disproved by several key investigations. Ambrose and colleagues214 
reviewed the coronary angiograms of 38 patients who had had a 
Q-wave myocardial infarct in the interval between serial studies. On 
the preinfarct angiograms, the mean percentage stenosis at the coro-
nary segment that was later responsible for infarction was only 34%. 
Similarly, Little and colleagues215 reviewed the coronary angiograms 
of 42 patients who also had this procedure performed at an inter-
val before and after myocardial infarction. Total occlusion of a pre-
viously patent artery was observed in 29 patients; yet, for 19 of these 
occluded arteries, the degree of stenosis was less than 50% on the initial 
angiogram. Therefore, although the revascularization of arteries with 
critical stenoses in target lesions is appropriately indicated to reduce 
symptoms and myocardial ischemia, the risk for further cardiac events 
remains because atherosclerosis is a diffuse process and mild or modest 
angiographic stenoses are more likely to result in subsequent myocar-
dial infarction than are severe stenoses.

With this background comes the question of predicting which arte-
rial segments with minimal angiographic disease will later develop new 
critical stenoses. Clues to the answer for this question are emerging 
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Figure 6-13 Arterial remodeling. Serial sections, proximal (A), mid 
(B), and distal (C), of an atherosclerotic human left circumflex coro-
nary artery (Movat's pentachrome-stained slide, original magnifica-
tion ×40). There is narrowing of the central arterial lumen in the mid 
and distal sections; however, the total arterial area of these sections 
is also larger than that of the proximal section. The ability of arter-
ies to undergo compensatory enlargement is referred to as arterial 
remodeling.
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Figure 6-14 Model of atherogenesis in human coronary arteries. A, Normal coronary artery. B, Infiltration of the intima by particles containing 
low-density lipoproteins (LDLs) stimulates expression of adhesion molecules on the luminal surface of the endothelium. C, Monocyte/macrophage 
translocation into the intima. Once translocation is complete, uptake of LDL via scavenger receptors on macrophages creates foam cells that secrete 
proinflammatory cytokines, such as interleukin-1. D, Further inflammation promotes division and migration of medial and/or adventitial smooth mus-
cle cells with ongoing accumulation of foam cells and extracellular matrix, resulting in intimal thickening. E, Local cell signaling via paracrine factors 
can lead to regional apoptosis and development of a necrotic core with accumulation of cholesterol deposits.
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Figure 6-15 Intravascular ultrasonography (IVUS) for assessment of human coronary arteries. A, A right anterior oblique projection of the left 
coronary circulation. The left main artery (LM), left anterior descending artery (LAD), circumflex artery (Cx), and obtuse marginal artery (OM) are seen. 
A severe distal LM stenosis is seen bifurcating into the LAD and Cx. B, Postpercutaneous intervention angiogram demonstrates no residual stenosis. 
Drug-eluting stents were placed in the left main, LAD, and Cx. The tip of an aortic balloon pump can be seen (arrow). Letters indicate location of IVUS 
images for correlating panels. C–E, IVUS images of LM, LM bifurcation, and LAD, respectively. In, intima; IP, IVUS probe; M, media. Asterisk indicates 
guidewire; arrows indicate stent struts.
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from careful pathologic studies of lesions by Davies and Thomas.216 
Superficial intimal injury (plaque erosions) and intimal tears of vari-
able depth (plaque fissures) with overlying microscopic mural throm-
bosis are commonly found in atherosclerotic plaques. In the absence 
of obstructive luminal thrombosis, these intimal injuries do not cause 
clinical events. However, disruption of the fibrous cap, or plaque rup-
ture, is a more serious event that typically results in the formation of 
clinically significant arterial thromboses. From autopsy studies, it is 
known that rupture-prone plaques tend to have a thin, friable fibrous 
cap.217 The site of plaque rupture is thought to be the shoulder of the 
plaque, where substantial numbers of mononuclear inflammatory cells 
are commonly found.218 The mechanisms responsible for the local 
accumulation of these cells at this location in the plaque are unknown; 
presumably, monocyte chemotactic factors, the expression of leuko-
cyte cell adhesion molecules, and specific cytokines are involved.162,219 
Moreover, macrophages in plaques have been shown to express factors 
such as stromelysin, which promote the breakdown of the extracellu-
lar matrix, and thereby weaken the structural integrity of the plaque.151 
Currently, no effective strategies have been designed to limit the pos-
sibility of plaque rupture; however, as discussed later, aggressive lipid-
lowering therapy may be a helpful preventative measure.

Hemodynamics
If accurate angiographic assessment of the geometry of a coronary 
stenosis is made, hydrodynamic principles can be used to estimate 
the physiologic significance of the obstruction.220 Energy is lost when 
blood flows through a stenosis because of entrance effects, frictional 
losses in the stenotic segment, and separation losses caused by tur-
bulence as blood exits the stenosis (Figure 6-16). The equation relating 
stenosis geometry to hemodynamic severity is:

where P is the pressure decline across the stenosis, Q is the volume flow 
of blood, f is a factor accounting for frictional effects, and s accounts for 
separation effects. Based on the Poiseuille law for laminar flow:

where  is the blood viscosity, L is stenosis length, A
n
 is the cross-sec-

tional area of the normal vessel, and A
s
 is the cross-sectional area of the 

stenosis. The separation or turbulence factor is:

where  is blood density, and k is an experimentally determined coef-
ficient. Thus, frictional losses are directly proportional to the first 
power of stenosis length but are inversely proportional to the square 
of the area (or fourth power of diameter). Separation losses are par-
ticularly prominent because they increase with the square of flow. Even 
at resting flows, more than 75% of energy loss is due to this turbulence 
when blood exits the stenosis. Except for very long stenoses, the fric-
tional term can be neglected.209 Thus, the amount of energy loss or 
pressure decline across the obstruction increases exponentially as flow 
rate increases. For this reason, exercise, anemia, and arteriolar vasodi-

lator drugs (e.g., dipyridamole) are poorly tolerated in the presence of 
a severe stenosis. Figure 6-17 illustrates that, although resting flow is 
unaffected until coronary diameter is reduced by more than 80%, max-
imal flow begins to decline when diameter is reduced by 50%.

Resting flow in Figure 6-17 remains constant as lumen diameter 
decreases because the coronary arterioles progressively dilate, thereby 
reducing the resistance of the distal coronary bed sufficiently to com-
pensate for the resistance of the stenosis. As the severity of the stenosis 
increases further, the arteriolar bed can no longer compensate and flow 
begins to fall. This is an example of autoregulation: As stenosis severity 
increases, distal perfusion pressure decreases, arterioles dilate to main-
tain flow until autoregulation is exhausted (in the subendocardium 
first) and flow becomes pressure dependent. As illustrated in Figure 
6-9, the distal pressure (or stenosis diameter) at which flow becomes 
pressure dependent is lower at low levels of myocardial metabolism 
(Mvo

2
). The interpretation of normal resting flow can be difficult in 

the presence of CAD. A coronary artery supplying blood through col-
laterals to a large mass of myocardium will require high resting flow 
rates and even a mild stenosis may be flow limiting.
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Figure 6-16 Sources of energy loss across a stenosis. Equations that 
(accurately) predict the pressure gradient across a stenosis usually ignore 
entrance effects. Frictional losses are proportional to blood velocity 
but are usually not important except in very long stenoses. Separation 
losses, caused by turbulence as blood exits the stenosis, increase with 
the square of blood velocity and account for more than 75% of energy 
loss. F, friction coefficient (Poiseuille); S, separation coefficient; V, blood 
velocity. (From Marcus ML: The physiologic effects of a coronary steno-
sis. In Marcus ML [ed]: The coronary circulation in health and disease, 
New York: McGraw-Hill, 1983, pp 242–269. Reproduced by permission 
of McGraw-Hill Companies.)
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Figure 6-17 Effect of increasing stenosis severity at resting and 
maximal coronary flows. At rest, lumen diameter must be reduced by 
more than 80% before flow decreases (green line). Because  pressure 
drop across a stenosis increases exponentially with blood velocity, 
 maximal coronary flow is restricted by a 50% diameter reduction  (purple 
line). (From Gould KL, Lipscomb K: Effect of coronary stenoses on 
 coronary flow reserve and resistance. Am J Cardiol 34:48, 1974.)

BOX 6-8. PATHOPHYSIOLOGY OF CORONARY 
BLOOD FLOW
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The term critical stenosis is frequently used. This is usually defined 
as a coronary constriction sufficient to prevent an increase in flow 
over resting values in response to increased myocardial oxygen 
demands.221 This is a greater degree of obstruction than an angio-
graphically significant stenosis, which is usually defined as a reduc-
tion in cross-sectional area of 75%, which is equivalent to a 50% 
decrease in the diameter of a concentric stenosis.212 A critical steno-
sis is demonstrated experimentally by blunting or abolishing reac-
tive hyperemia (see Autoregulation section earlier in this chapter). 
This is evidence that autoregulation has been exhausted in at least 
the inner layer of myocardium (see Transmural Blood Flow section 
earlier in this chapter). Notably, the critical nature of the stenosis 
is relative to the resting Mvo

2
. If oxygen demand decreases, some 

coronary autoregulatory reserve will be recovered and the stenosis 
will no longer be critical. The failure to recognize this fact has led 
to misinterpretation of studies designed to demonstrate coronary 
steal (see later).

Coronary Collaterals
Coronary collaterals are anastomotic connections, without an inter-
vening capillary bed, between different coronary arteries or between 
branches of the same artery. In the normal human heart, these vessels 
are small and have little or no functional role. In patients with CAD, 
well-developed coronary collateral vessels may play a critical role in 
preventing death and myocardial infarction. Individual differences in 
the capability of developing a sufficient collateral circulation is a deter-
minant of the vulnerability of the myocardium to coronary occlusive 
disease.222 There is great interspecies variation in the ability of the col-
lateral circulation to support myocardial perfusion after acute coro-
nary occlusion; pigs and rats have little collateral circulation and infarct 
almost all the area at risk, whereas dogs and cats with better collater-
alization will infarct less than 75% of the area at risk.223 In the guinea 
pig, collaterals are so well developed that coronary occlusion does not 
even decrease myocardial blood flow. There are also differences in the 
location of collateral vessels; in dogs, collaterals develop in a narrow 
subepicardial zone, at the border of the potentially ischemic region, 
whereas in pigs, a dense subendocardial plexus develops in response 
to coronary occlusion. In the presence of coronary disease, humans 
exhibit a small number of large epicardial collateral vessels and numer-
ous small subendocardial vessels.

In response to coronary occlusion, native coronary collateral 
vessels do not passively stretch but undergo an active growth pro-
cess that within 8 weeks, in the dog, can restore perfusion suffi-
cient to support normal myocardial function, even during exercise. 
Human collaterals have a tortuous corkscrew-like pattern visible on 
angiography. This may be because of an embryonal pattern of vas-
cular development in which longitudinal growth of smooth muscle 
cells occurs at the same time as radial growth. In the nongrowing 
adult heart, this increase in length results in tortuosity.224 There is 
much interest in discovering the factors that control collateral vessel 
growth in the hope of providing therapy for patients who cannot be 
revascularized otherwise. Arteriogenesis refers to the transforma-
tion of preexisting collateral arterioles into functional arteries with 
a thick muscular coat and the acquisition of viscoelastic and vaso-
motor properties.225 Fujita and Tambara226 provide an overview of 
the process: A high-grade coronary stenosis decreases distal intra-
arterial pressure, resulting in an increased pressure gradient across 
the preexisting collateral network. Increased collateral blood flow 
results in increased shear stress at the endothelium, which upreg-
ulates cell adhesion molecules. This leads to adherence of mono-
cytes, which transform into macrophage, and the production and 
release of growth factors such as granulocyte macrophage colony-
stimulating factor (GM-CSF), MCP-1, and basic fibroblast growth 
factor (bFGF). Angiogenesis is not directly related to collateral ves-
sel development but refers to the proliferation, migration, and tube 
formation of capillaries in the central area of ischemic regions.227 
The development of a treatment to promote collateral growth in 

patients with intractable CAD is currently a subject of intense 
investigation.

Evidence in dogs suggests that mature coronary collaterals respond 
differently to neurohumoral stimulation than normal coronary arter-
ies. Collaterals do not constrict in response to -receptor activation, but 
do dilate in response to 

1
- or 

2
-agonists. They constrict in response 

to prostaglandin F
2

 (PGF
2

) and AII, but less so than normal ves-
sels. Remarkably, collateral vessels constrict in response to vasopressin 
to a much greater extent than normal vessels. In vivo studies in dogs 
indicate that levels of vasopressin present during stress (hemorrhage, 
cardiopulmonary bypass) can diminish flow to collateral-dependent  
myocardium. This is likely due to constriction of collateral vessels,  
as well as enhanced vasoconstriction of the resistance vessels in the 
collateral-dependent myocardium.79 It is possible that the endothelial 
cells of both types of vessel are dysfunctional.228 Relaxation in response 
to nitroglycerin was enhanced. This is a further mechanism for the 
beneficial effects of nitroglycerin in CAD. The deleterious effects of 
coronary arteriolar dilators such as adenosine and dipyridamole are 
discussed later (see Coronary Steal).

It has been estimated that, in humans, perfusion via collaterals 
can equal perfusion via a vessel with a 90% diameter obstruction.229 
Although coronary collateral flow can be sufficient to preserve struc-
ture and resting myocardial function, muscle dependent on collateral 
flow usually becomes ischemic when oxygen demand increases above 
resting levels.230 It is possible that evidence from patients with angina 
underestimates collateral function of the population of all patients 
with CAD. Perhaps individuals with coronary obstructions but excel-
lent collateralization remain asymptomatic and are not studied.

Pathogenesis of Myocardial Ischemia
Ischemia is the condition of oxygen deprivation accompanied by inad-
equate removal of metabolites consequent to reduced perfusion.231 
Clinically, myocardial ischemia is a decline in the blood flow supply/
demand ratio resulting in impaired function. There is no universally 
accepted “gold standard” for the presence of myocardial ischemia. In 
practice, symptoms, anatomic findings, and evidence of myocardial 
dysfunction must be combined before concluding that myocardial 
ischemia is present.232 Conclusive evidence of anaerobic metabolism in 
the setting of reduced coronary blood flow (relative to demand) would 
be convincing. Such evidence is extremely difficult to obtain, even in 
experimental preparations.

Determinants of Myocardial Oxygen 
Supply/Demand Ratio

An increase in myocardial oxygen requirement beyond the capa city 
of the coronary circulation to deliver oxygen results in myocardial 
ischemia (Box 6-9). This is the most common mechanism leading to 
ischemic episodes in chronic stable angina and during exercise test-
ing. Intraoperatively, the anesthesiologist must measure and control 
the determinants of Mvo

2
 and protect the patient from “demand” isch-

emia. The major determinants of Mvo
2
 are heart rate, myocardial con-

tractility, and wall stress (chamber pressure × radius/wall thickness). 
Shortening, activation, and basal metabolic requirements are minor 
determinants of Mvo

2
 (Figure 6-18).

BOX 6-9. DETERMINANTS OF MYOCARDIAL 
OXYGEN SUPPLY/DEMAND RATIO
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An increase in heart rate can reduce subendocardial perfusion by 
shortening diastole. Coronary perfusion pressure may decline because 
of reduced systemic pressure or increased left ventricular end-diastolic 
pressure. With the onset of ischemia, perfusion may be further com-
promised by delayed ventricular relaxation (decreased subendocar-
dial perfusion time) and decreased diastolic compliance (increased 
left ventricular end-diastolic pressure). Anemia and hypoxia also can 
compromise delivery of oxygen to the myocardium. Several indices of 
myocardial oxygen supply/demand ratio have been proposed to guide 
therapy. The rate-pressure product (heart rate × systolic blood pressure) 
gives a good estimate of Mvo

2
 but does not correlate well with isch-

emia. A patient with a systolic pressure of 160 and heart rate of 70 has a 
much lower likelihood of ischemia than a patient with a pressure of 70 
and rate of 160, although both have a rate-pressure product of 11,200. 
The ratio of the diastolic pressure–time index (DPTI) to the systolic 
pressure–time index (SPTI) was devised to estimate subendocardial 
perfusion and takes into account determinants of oxygen delivery (Figure 
6-19).233–235 When blood oxygen content was included, the index became 
a good predictor of endocardial flow in animals with normal coronary 
arteries. More recently, the ratio of mean arterial pressure/heart rate has 
been proposed as a correlate of myocardial ischemia.236 In dogs with 
moderate-to-severe coronary stenoses, systolic shortening was best with 
high pressures and low heart rate, and worst with low pressure and high 
heart rate. None of these indices has proved to be reliable in the clinical 
setting. Their major value is to bring attention to the important vari-
ables determining the supply/demand ratio. These variables should be 
measured (or estimated) and controlled individually.

Dynamic Stenosis
Patients with CAD can have variable exercise tolerance during the day 
and between days. Ambulatory monitoring of the electrocardiogram 
has demonstrated that ST-segment changes indicative of myocardial 

ischemia, in the absence of changes in oxygen demand, are common.237 
These findings are explained by variations over time in the severity of 
the obstruction to blood flow imposed by coronary stenoses.

Although the term hardening of the arteries suggests rigid, narrowed 
vessels, in fact, most stenoses are eccentric and have a remaining arc of 
compliant tissue (Figure 6-20). A modest amount (10%) of shortening 
of the muscle in the compliant region of the vessel can cause dramatic 
changes in lumen caliber.209 This was part of Prinzmetal’s original pro-
posal to explain coronary spasm. Maseri et al238 suggest that the term 
spasm should be reserved for “situations where coronary constriction is 
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Figure 6-18 Relative importance of variables that determine myo-
cardial oxygen consumption (Mvo2). Each line roughly approximates 
the effect of manipulating one variable without changing the others. 
Most interventions cause changes in several of the variables at the same 
time. The importance of contractility, which is difficult to monitor in prac-
tice, is apparent. (From Marcus ML: Metabolic regulation of coronary 
blood flow. In Marcus ML [ed]: The coronary circulation in health and 
disease. New York: McGraw-Hill, 1983, pp 65–92. Reproduced by per-
mission of McGraw-Hill Companies.)
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Figure 6-19 Three indices, proposed to predict the adequacy of sub-
endocardial perfusion in normal dogs, illustrate the variables determin-
ing myocardial oxygen supply and demand. The systolic pressure-time 
index (SPTI) relates to oxygen demand. The diastolic pressure-time 
index (DPTI) relates to the supply of coronary blood flow (CBF) to the 
inner layers of the left ventricle. Arterial oxygen content (O2 content) is 
important when there are large changes in hematocrit. Ao, aortic pres-
sure; ENDO, subendocardial layer of left ventricle; EPI, subepicardial 
layer of the left ventricle; LV, left ventricular pressure. (From Hoffman JIE, 
Buckberg GD: Transmural variations in myocardial perfusion. In Yu PN, 
Goodwin JF [eds]: Progress in cardiology. Philadelphia: Lea & Febiger, 
1976, p 37.)

ECCENTRIC (74%)

CONCENTRIC (26%)

36% 22% 14% 2% 1%

12% 12% 2% 0.3%

Figure 6-20 Drawings and incidence of the various types of struc-
ture of stenoses observed in human coronary artery specimens. In 
almost three quarters of vessels with greater than 50% narrowing, the 
residual arterial lumen was eccentric and partially circumscribed by 
an arc of normal arterial wall. In such lesions, a decline in intraluminal 
pressure or an increase in vasomotor tone can cause lumen diameter 
to decrease further and sufficiently to precipitate myocardial ischemia. 
(From Brown BG, Bolson EL, Dodge HT: Dynamic mechanisms in human 
coronary stenosis. Circulation 70:917, 1984; redrawn from Freudenberg 
H, Lichtlen PR: The normal wall segment in coronary stenoses-a post-
mortem study. Z Kardiol 70:863, 1981.)
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both focal, sufficiently profound to cause transient coronary occlusion, 
and is responsible for reversible attacks of angina at rest” (i.e., variant 
angina). Although this syndrome is rare, lesser degrees of obstruction 
in response to vasoconstrictor stimuli are common among patients 
with CAD.

Sympathetic tone can be increased by the cold pressor test (immers-
ing the arm in ice water) or isometric handgrip testing. In response to 
this maneuver, coronary resistance decreased in normal subjects but 
increased in patients with coronary disease, some of whom experi-
enced angina.239 This increase in resistance appears to be mediated by 

 receptors because it can be prevented by phentolamine. Studies using 
quantitative coronary angiography have documented reductions in 
caliber in diseased vessels in contrast with dilation of vessels in healthy 
subjects.98,240 Zeiher et al240 showed that the same vessel segments that 
constricted with the cold pressor test also constricted in response to 
an infusion of acetylcholine. Because the normal, dilatory response to 
acetylcholine is dependent on intact endothelium, these findings sug-
gest that the abnormal response of stenotic coronary arteries is due to 
endothelial dysfunction.

Animal models of coronary vasospasm demonstrate that enhanced 
vascular smooth muscle reactivity also may underlie vasospasm.241 
Rho, a GTP-binding protein, sensitizes vascular smooth muscle cells 
to calcium by inhibiting myosin phosphatase activity through an effec-
tor protein called Rho-kinase. Upregulation of this pathway may be 
a mechanism of coronary vasospasm. Interestingly, Rho-kinase inhib-
itors have been shown to block agonist-induced vasoconstriction of 
internal thoracic artery segments from patients undergoing coronary 
artery surgery.242

It also has been noted that, in patients with coronary disease, some 
of the angiographically normal-appearing segments also respond 
abnormally.243 It appears likely that, during the development of coro-
nary atherosclerosis, endothelial dysfunction precedes the appearance 
of visible stenoses. In patients with angiographically smooth coronary 
arteries, Vita et al244 found that an abnormal response to acetylcholine 
was correlated with serum cholesterol, male sex, age, and family history 
of coronary disease. The normal dilation of epicardial coronary arter-
ies in response to increased blood flow (shear stress) has been shown to 
be absent in atherosclerotic vessels.245 As well, it has been demonstrated 
that patients with coronary disease respond to 5-HT with coronary 
vasoconstriction instead of the normal vasodilatory response.246,247 The 
concentrations of 5-HT used were within the range found in coronary 
sinus blood of patients with coronary disease. Very high concentrations 
of 5-HT may be found on the endothelium at the site of aggregating 
platelets.246 All these findings point to the central role of endothelial 
dysfunction in the abnormal coronary vasomotion of patients with 
atherosclerosis248 (see Endothelium section earlier in this chapter).

Coronary Steal
Steal occurs when the perfusion pressure for a vasodilated vascular 
bed (in which flow is pressure dependent) is lowered by vasodilation 
in a parallel vascular bed, both beds usually being distal to a stenosis. 
Two kinds of coronary steal are illustrated: collateral and transmural 
(Figure 6-21).

Collateral steal in which one vascular bed (R
3
), distal to an occluded 

vessel, is dependent on collateral flow from a vascular bed (R
2
) supplied 

by a stenotic artery is shown (see Fig 6-21A). Because collateral resis-
tance is high, the R

3
 arterioles are dilated to maintain flow in the resting 

condition (autoregulation). Dilation of the R
2
 arterioles will increase 

flow across the stenosis, R
1
, and decrease pressure, P

2
. If R

3
 resistance 

cannot further decrease sufficiently, flow there will decline, producing 
or worsening ischemia in the collateral-dependent bed. The values of 
all the resistances, including collaterals, and the baseline myocardial 
metabolic state will determine how powerful the vasodilator stimulus 
must be to produce ischemia in the collateral bed. Failure to recog-
nize this has confounded studies of vasodilator drugs. If collateral ves-
sels are very well developed or Mvo

2
 is low, sufficient autoregulatory 

reserve may remain in the collateral-dependent bed to maintain ade-
quate myocardial blood flow even with the administration of a moder-
ately powerful vasodilator.

Transmural steal is also illustrated (see Figure 6-21B). Normally, vaso-
dilator reserve is less in the subendocardium (see Transmural Blood Flow 
section earlier in this chapter). In the presence of a stenosis, flow may 
become pressure dependent in the subendocardium, whereas autoregu-
lation is maintained in the subepicardium. This is illustrated in Figure 
6-11, where at a perfusion pressure of 50 mm Hg, flow has declined in 
the subendocardium, whereas the subepicardium retains autoregulatory 
reserve. Dilation of the subepicardial arterioles, R

2
, will then increase 

flow across the stenosis (R
1
) causing P

2
 to fall and resulting in decreased 

flow to the subendocardium as subepicardial flow increases.
The term steal is most appropriate when the vasodilation is caused 

by a pharmacologic agent (adenosine, dipyridamole) producing “lux-
ury” flow (beyond metabolic requirements) in the vascular bed with 
coronary reserve (R

2
). The same redistribution of blood flow also 

occurs during exercise in response to metabolically mediated vasodila-
tion. The study of coronary steal demonstrates well the complex inter-
relations among the determinants of myocardial blood flow.

FUTURE DIRECTIONS
There is a major need not only to identify but to treat the vulnerable 
nonstenotic plaque that is prone to rupture. Although angiography is 
ideal for imaging the lumen of arteries, it provides little information 
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Figure 6-21 Conditions for coronary steal between different areas of the heart (collateral steal [A]) and between the subendocardial and the sub-
epicardial layers of the left ventricle (transmural steal [B]). P1, aortic pressure; P2, pressure distal to the stenosis; R1, stenosis resistance; R2 and R3, resis-
tance of autoregulating and pressure-dependent vascular beds, respectively. (From Epstein SE, Cannon RO, Talbot TL: Hemodynamic principles in 
the control of coronary blood flow. Am J Cardiol 56:4E, 1985.)
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about the atherosclerotic process within the vessel wall. Unfortunately, 
newer imaging techniques, such as IVUS and electron beam computer 
tomography, have yet to evolve as practical predictive modalities that 
can be used to manage patients at risk for acute coronary syndromes 
secondary to plaque rupture.

Interestingly, clues to the biology of plaque rupture are indirectly 
emerging from clinical trials with statins, in that these trials show 
modest reductions in the angiographic degree of vessel stenoses but 
consistently demonstrate a significant decrease in acute ischemic 
events well before the effects of LDL cholesterol lowering should 
appear. For example, the MIRACL (Myocardial Ischemia Reduction 
with Acute Cholesterol Lowering) trial demonstrated that treating 
only 38 patients with acute coronary syndromes with high-dose ator-
vastatin could prevent one recurrent infarction, refractory angina, 
or death as early as 30 days after the index event. 249 Similarly, the 
ARMYDA (Atorvastatin for Reduction of Myocardial Damage dur-
ing Angioplasty),250 ARMYDA-ACS (Atorvastatin for Reduction 
of Myocardial Damage During Angioplasty–Acute Coronary 
Syndromes),251 and ARMYDA RECAPTURE (Atorvastatin for 
Reduction of Myocardial Damage During Angioplasty)252 studies 
have demonstrated that acute treatment with atorvastatin in patients 
undergoing percutaneous coronary interventions results in reduc-
tions in periprocedural myocardial infarctions when started just days 
before the procedure. Certainly, given the impressive clinical benefits, 
there is much interest in exploring the pleiotropic effects of statins 
that extend beyond lipid lowering and understanding how plaque 
stabilization is occurring.253,254

Most recently, there has become a renewed focus on the adventi-
tia of the coronary artery and its role in initiation of inflammation 
in the vessel wall and subsequent development of atherosclerosis.12,255 
Although much effort has been devoted to studying the intima and 
media in development of vascular lesions, the adventitia is just now 
garnering the focus it may deserve. The adventitia is unique in that 
it houses the vaso vasorum, which provides nutrients and vasoactive 
factors and acts as a portal of entry for inflammatory cells into the 
media and intima of epicardial coronary arteries. As well, the adven-
titia is unique in that it alone supplies all neural input to the vessel 
wall—an input that has been implicated in plaque progression and 

destabilization.256 Supporting this notion of an “outside-in” hypothesis 
to the development of atherosclerosis is that changes in the adventitial 
vaso vasorum often precede intimal changes.257 In addition to athero-
sclerosis, the adventitia also has been implicated as a source of cells in 
neointimal development after vascular injury such as balloon angio-
plasty.258 Given the dynamic nature of the adventitia in disease and the 
unique role it serves in vessel homeostasis, understanding of adventi-
tial bio logy is lacking.

There also is a growing need to better understand the role of vas-
cular progenitor cells in both arterial repair259 and lesion formation 
after vascular injury.260 Studies suggest that endothelial and smooth 
muscle cells appear to be derived from multiple sources such as cir-
culating stem and progenitor cells, as well as tissue-resident progeni-
tor cell populations.259–261 A number of observational clinical studies 
have inversely correlated endothelial progenitor cell (EPC) number 
and cardiovascular risk, fueling the hypothesis that impaired progeni-
tor cell– mediated repair of arteries is a risk factor for atherosclerosis 
and clinical events.262,263 Moreover, reports of the involvement of vas-
cular progenitor cells in the pathogenesis of other vascular lesions are 
also emerging. For example, observations from organ transplantations 
highlight the involvement of a blood-borne population of human vas-
cular cells in development of transplant arteriosclerosis.264 Circulating 
EPC levels also have been found to be lower or have impaired adhe-
sion capacity in patients who develop in-stent restenosis compared 
with patients with patent stents or an absence of CAD. 265,266 Hence, 
taken together, the emerging data suggest that vascular progenitor cells 
may play a critical role, not only in maintaining the artery wall but 
in ensuring that appropriate repair mechanisms occur in the face of 
injury. Therapeutic strategies that target EPC mobilization, homing, 
and differentiation may prove beneficial. Already, early clinical trials 
have suggested potential benefit of progenitor cell transplantation after 
myocardial infarction in improving left ventricular ejection fraction,267 
and a combined clinical end point of death, recurrent myocardial 
infarction, or revascularization.268 Although these early clinical studies 
are promising, significant progress in our understanding the role vas-
cular progenitors play in the pathogenesis of a wide variety of vascular 
lesions remains hampered by the absence of a clear definition of what 
constitutes a true vascular stem cell.269
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Molecular and Genetic 
Cardiovascular Medicine

The past decades have witnessed what may be termed a revolution in 
the biomedical sciences, as molecular and genetic methodologies have 
suddenly jumped onto the clinical scene. Molecular biology originated 
in the 1950s, its birth most commonly identified with the description 
of the structure of deoxyribonucleic acid (DNA) by Watson and Crick.1 
For many years after, it was practiced almost exclusively in the research 
laboratory. Much of this research involved the laborious process of 
cloning: the identification of DNA molecules encoding specific pro-
teins. Although at the time most people in the field realized that these 
advances would one day be of immense importance to clinical medi-
cine, the exact place they would take was unclear.

Not generally appreciated was the rapidity with which molecu-
lar biology would advance. Now, more than a half century since the 
discovery of the structure of DNA, the human genome has been 
sequenced completely. Techniques for manipulating nucleic acids have 
been simplified enormously, and for many routine procedures, kits are 
available. The development of the polymerase chain reaction (PCR), 
a technique of remarkable simplicity and flexibility, has dramatically 
increased the speed with which many molecular biology procedures 

can be  performed; in addition, it has allowed the invention of many new 
ones. Recent years have seen the development of techniques directed 
at screening large amounts of genetic material for changes associated 
with disease states. As a result of these and other developments, molec-
ular biology has become a practical tool to study the expression and 
functioning of proteins in health and disease.

Cardiovascular medicine has been a major beneficiary of these 
advances. Not only have the electrophysiologic and pump function of 
the heart been placed on a firm molecular footing, but for a number 
of disease states, the pathophysiology has been determined, allowing 
progress in therapeutic development. Importantly, there is no indica-
tion that the pace of progress in molecular biology has slowed. If any-
thing, the opposite is the case, and more dramatic advances may be 
expected in the years to come. Thus, techniques such as gene therapy 
may become available as therapeutic options in cardiac disease.

In this chapter, the most important aspects of molecular and genetic 
cardiovascular medicine are surveyed, with specific emphasis on medi-
cal issues relevant to the anesthesiologist. The myocyte membrane sig-
naling proteins are of prime importance in this respect, and the two 
major classes—membrane channels and membrane receptors—are 
discussed. Simply stated, the channels form the machinery behind the 
cardiac rhythm, whereas the receptors are involved in regulation of car-
diac function. This is, of course, an overgeneralization because close 
interactions among the various systems exist. In fact, these interac-
tions have stimulated some of the more exciting areas of investigation 
in molecular cardiovascular medicine. In each of these sections, a brief 
overview of the general properties of the class of proteins is provided, 
and then several examples specific to the cardiovascular system are dis-
cussed. Each section ends with a discussion of some clinical correlates 
flowing from the material discussed.

The actions of anesthetics on these systems are also described. This 
is an area of active investigation. Much detail remains to be filled in, 
but it is clear now that anesthetics, at clinically relevant concentrations, 
interact with a number of cardiac signaling systems. Although it is too 
early to explain completely the cardiac effects of the various anesthet-
ics through these mechanisms, there is no doubt that such interactions 
can be of significant clinical relevance. Considering the rapid pace of 
research in this area, rather than attempting to be all-inclusive, two 
examples in which a significant body of information is available, and 
in which clinical relevance appears likely, are emphasized. These exam-
ples are the cardiac Ca++ channels and the muscarinic acetylcholine 
receptors.

The final section looks at the role of genetics in cardiovascular medi-
cine, again with emphasis on developments of relevance to anesthesi-
ology. The authors discuss techniques for genetic diagnostic screening, 
and their applications in the clinical setting. In addition, the potential 
of genetic therapy is also described briefly, an area that at this time has 
not yet made it into clinical practice.

In addition to providing an overview of the current state of knowl-
edge, this chapter demonstrates a few of the many methodologies that 
have been used to obtain these results, to enable the reader to access the 
current literature with more ease. In quoting the literature, the authors 
have, therefore, chosen to provide references to many of the original 
articles describing techniques and findings, complemented by refer-
ences to recent review articles to provide a current viewpoint.

KEY POINTS

1. The rapid development of molecular biologic 
and genetic techniques has greatly expanded the 
understanding of cardiac functioning, and they 
are beginning to be applied to the clinic.

2. Cardiac ion channels form the machinery behind 
the cardiac rhythm; cardiac membrane receptors 
regulate cardiac function.

3. Na+, K+, and Ca++ channels are the main types 
involved in the cardiac action potential. Many 
subtypes exist, and their molecular structure 
is known in some detail, allowing a molecular 
explanation for phenomena such as voltage 
sensing, ion selectivity, and inactivation.

4. Muscarinic and adrenergic receptors, both of the 
G-protein–coupled receptor class, are the main 
regulators of cardiac function.

5. Adenosine plays important roles in myocardial 
preconditioning through an action on ATP-
regulated K+ channels and is an effective 
antiarrhythmic drug by its action on G-protein–
coupled adenosine receptors.

6. Volatile anesthetics significantly affect Ca++ 
channels and muscarinic receptors.

7. Powerful genetic analysis techniques allow 
cardiovascular diagnosis through molecular 
approaches, but treatment through gene therapy 
has not yet become standard practice.

7



158 SECTION II Cardiovascular Physiology, Pharmacology, Molecular Biology, and Genetics

THE MACHINERY BEHIND THE CARDIAC 
RHYTHM: ION CHANNELS
The cardiac action potential results from the flow of ions through 
ion channels, which are the membrane-bound proteins that form the 
structural machinery behind cardiac electrical excitability. In response 
to changes in electrical potential across the cell membrane, ion chan-
nels open and allow the passive flux of ions into or out of the cell along 
their electrochemical gradients. This flow of charged ions results in 
a current, which will alter the cell membrane potential toward the 
potential at which the electrochemical gradient for the ion is zero and 
is called the equilibrium potential (E) for the ion. Depolarization of 
the cell could, in principle, result from an inward cation current or 
an outward anion current; for repolarization, the reverse is true. In 
excitable cells, action potentials are mainly caused by the flow of cat-
ion currents. Membrane depolarization results principally from the 
flow of Na+ down its electrochemical gradient (E

Na
 is around +50mV), 

whereas repolarization results from the outward flux of K+ down its 
electrochemical gradient (E

K
 is around −90 mV). Opening and clos-

ing of ion channels selective for a single ion result in an individual 
ionic current. The integrated activity of many different ionic currents, 
each activated over precisely regulated potential ranges and at differ-
ent times in the cardiac cycle, results in the cardiac action potential. 
Ion channels are usually highly (but not uniquely) selective for a single 
ion (e.g., K+ channels, Na+ channels). Channels may rectify, that is, 
pass current in one direction across the membrane more easily than 
the other. Electrical and chemical stimuli, which lead to opening and 
closing of the channel, cause a conformational change in the chan-
nel molecule (gating). The rate of change of channel conformation 
(gating kinetics) may be rapid, in which case the channel will open 
(activate) almost immediately (e.g., Na+ channels), or relatively slowly, 
which will result in a delay in channel activation (e.g., delayed recti-
fier K+ channels). After activation, ion channels may stay open until 
closed by another stimulus (e.g., repolarization of the membrane) or 
may close (inactivate) in the face of a continued stimulus. Inactivated 
channels will usually not reopen on repeat stimulation until they have 
recovered from inactivation (Box 7-1).

Patch Clamping
Much of the understanding of the molecular mechanisms behind the 
action potential has derived from the development and implementa-
tion of three techniques: patch clamping, a technique that allows record-
ing of ion flow through individual channel molecules, voltage clamping 
of isolated cardiac cells, and cloning and heterologous expression of ion 
channel genes. Comparison of ionic currents recorded in isolated myo-
cytes with currents recorded from cells expressing ion channel genes 
has resulted in the identification of many of the ion channel molecules 
that underlie the cardiac action potential.

The development of the voltage clamp technique in the early 1950s 
and its application to multicellular preparations of cardiac muscle 
allowed identification of the major ionic currents that underlie the 
cardiac action potential. The whole-cell currents recorded by the tech-
nique were smooth waveforms derived from summation of the activity 
of thousands of ion channels, and many different patterns of events at 
the single-channel level, arising from more than one molecular specie, 

can summate to produce identical whole-cell current waveforms. Patch 
clamping allows resolution of events at the single-channel level. In this 
technique, small patches of cell membrane (< 1 m2) are isolated elec-
trically and physically in the tip of a glass micropipette.2 Single-channel 
events can then be resolved because there are only a few ion channel 
molecules present in the patch. Current flowing across the patch typ-
ically jumps between well-defined values corresponding to sudden 
opening or closing of the ion-conducting pore (Figure 7-1A). The whole-
cell current will be the sum of the currents through all of the individ-
ual channels in the cell membrane; summation of the current flowing 
through a single channel during repeated stimuli will reproduce the 
macroscopic whole-cell current (see Figures 7-1A and B). As channel 
opening and closing in response to a stimulus are a stochastic phe-
nomena, the regulation of ion flow, whether resulting from a change 
in membrane potential or from interaction with regulator molecules, 
is usually achieved by increasing the probability that the channel will be 
open. Thus, in Figure 7-1, which shows records from human cardiac 
muscle Na+ channels, the channels open (activate) a few milliseconds 
after depolarization because the probability that the channel will be 
open increases. Similarly, as the channels spontaneously close (inacti-
vate), the open probability decreases.

An ion current with distinct electrical and pharmacologic proper-
ties indicates the presence of a population of identical ion channel 
molecules. Application of molecular techniques has allowed the iden-
tification of many ion channel molecules, and thus a better under-
standing of the currents that underlie the cardiac action potential. 
An as-yet unrealized dream would be tailoring of pharmacologic 
agents that interact with specific channel types to shape the action 
potential.

Voltage

Current

Patch clamp—small membrane area

Whole-cell clamp—large membrane area
–10 mV

Single sweeps
Single channel events

Sum of 100 sweeps
Macroscopic current

Whole cell
Sodium current

–100 mV

A

B

Figure 7-1 Voltage clamp recordings from muscle Na+ channels. A, 
Patch-clamp recordings. Individual Na+ channel openings are recorded 
as short-lived downward deflections. Note that openings are concen-
trated in the first part of the trace. The top five traces represent a single 
depolarizing clamp pulse. The sum of 100 such pulses (bottom trace) 
recreates the whole-cell current (B).

BOX 7-1. PROPERTIES OF ION CHANNELS
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Electrical Events Underlying 
the Cardiac Action Potential
Figure 7-2 shows a diagram of a cardiac action potential with a sum-
mary of the ionic currents flowing during each phase. As far as has been 
determined, the probable molecular identity of the ion channels that 
underlie these currents is also given. This section examines the biophys-
ical properties of these currents; subsequent sections focus on possible 
molecular mechanisms underlying the biophysical phenomena.

The Resting Membrane Potential and the Role of IK1

The resting cardiac membrane potential is maintained close to the 
equilibrium potential for potassium (E

K
) by a background, inwardly 

rectifying, highly selective K+ current (I
K1

). Under physiologic condi-
tions, the E

K
 is around −90 mV, and displacement of the membrane 

potential from this value should result in an inward or outward cur-
rent through I

K1
, thus returning the membrane potential toward E

K
. 

However, although I
K1

 passes significant inward current at potentials 
negative to E

K
, at positive potentials, the channels display inward rec-

tification (i.e., they pass inward current more easily than outward cur-
rent), which limits outward current flow and reduces the tendency for 
I

K1
 to hyperpolarize the membrane. This has obvious significance for 

an excitable cell; inward rectification3 allows the initiation of action 
potentials and limits cellular K+ loss during the action potential. I

K1
 is 

large in ventricular cells, smaller in atrial cells, and almost absent in 
nodal tissue.4 This explains why ventricular cells rest near E

K
 and have 

a high threshold for excitation, atrial cells have a more positive resting 
potential, and nodal cells have no defined resting potential.

Phase 0: Rapid Upstroke of the Cardiac 
Action Potential
The rapid upstroke of the cardiac action potential (phase 0) is caused 
by the flow of a large inward Na+ current (I

na
) (Box 7-2).5 I

Na
 is acti-

vated by depolarization of the sarcolemma to a threshold potential of  

−65 to −70 mV. I
Na

 activation, and hence the action potential, is an 
all-or-nothing response. Subthreshold depolarizations have only local 
effects on the membrane. After the threshold for activation of fast Na+ 
channels is exceeded, Na+ channels open (i.e., I

Na
 activates) and Na+ ions 

enter the cell down their electrochemical gradient. This results in dis-
placement of the membrane potential toward the equilibrium potential 
for Na+ ions, around +50 mV. I

Na
 activation is transient, lasting at most 

1 to 2 msec because, simultaneous with activation, a second, slightly 
slower conformational change in the channel molecule occurs (inacti-
vation), which closes the ion pore in the face of continued membrane 
depolarization (see Figures 7-1A and B). The channel cannot open again 
until it has recovered from inactivation (i.e., regained its resting con-
formation), a process that requires repolarization to the resting poten-
tial for a defined period. Thus, the channels cycle through three states: 
resting (and available for activation), open, and inactivated. Although 
the channel is inactivated, it is absolutely refractory to repeated stimu-
lation. Stimuli that occur during recovery from inactivation will result 
in opening of fewer Na+ channels (because not all have recovered), 
and the resulting action potential will have a reduced maximal rate of 
depolarization and reduced conduction velocity. Na+ channels do not 
need to open to become inactivated. If the resting membrane potential 
depolarizes for a time, inactivation will occur in some channels and 
subsequent stimulation will result in an action potential of reduced 
amplitude and conduction velocity.

Current Probable clone

Sodium current

L-type calcium current

T-type calcium current

ITO1 (4-AP sensitive)

ITO2 (Ca-activated)

If (pacemaker current) – –

– –

– –

Na-Ca exchange Na/Ca exchanger

ROMK1/(G)IRK1 family

CFTR (and possibly others)

?Kv1.5

HERG

KvLQT1 + Isk

Kv 1.2, 1.4, 1.5, 2.1, +/or 4.2

Dihydropyridine receptor

SCN5A (hH1)

IKs

IKr

IKur

ICI

IK1

Figure 7-2 Ionic currents underlying the cardiac action potential. Currents are listed on the left, and the ion channel genes encoding the cur-
rents are listed on the right. 4-AP, 4-aminopyridine; CFTR, cystic fibrosis transmembrane regulator. (From Roden DM, Lazzarra R, Rosen R, et al, for the 
SADS Foundation Task Force on LQTS: Multiple mechanisms in the long QT syndrome: Current knowledge, gaps and future directions. Circulation 
94:1996, 1996.)
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Phase 1: Early Rapid Repolarization
The early rapid repolarization phase of the action potential, which fol-
lows immediately after phase 0, results both from rapid inactivation 
of the majority of the Na+ current and from activation of a transient 
outward current (I

TO
), carried mainly by K+ ions. On depolarization of 

the membrane, I
TO

 opens rapidly, over about 20 msec, before sponta-
neously inactivating. I

TO
 comprises two separate currents: the rapidly 

inactivating I
TO1

, which is activated by depolarization and blocked by 
4-aminopyridine, and the slowly inactivating I

TO2
, which is activated 

by elevated intracellular Ca++ (possibly explaining the observation that 
action potential duration tends to decrease with rapid heart rates and 
hypercalcemia)6,7 (Figure 7-3).

In addition to its effect on phase 1, I
TO

, in combination with the 
delayed rectifier potassium currents (I

Kr
 and I

Ks
) and I

K1
, also contrib-

utes to membrane repolarization. Arrhythmogenic prolongation of the 
action potential in myocardial cells recovered from patients with myo-
cardial hypertrophy,8 congestive cardiomyopathy,6 and from the bor-
der zone of myocardial infarction in animals9 appears to result from 
depression of I

TO
.

Phases 2 and 3: Plateau Phase and Final 
Rapid Repolarization
The action potential plateau and final rapid repolarization are medi-
ated by a balance between the slow inward current and outward, 
predominantly K+ current. During the plateau phase, membrane 
conductance to all ions falls and very little current flows. Potassium 
conductance is low because of inward rectification of I

K1
 (i.e., inward 

current passes more easily than outward current), so little outward 
current flows despite the large outward electrochemical gradient for 
K+ ions and the delayed onset of the outwardly rectifying K+ currents 
(I

Ks
, I

Kr
, and I

Kur
). The resulting small outward current is balanced by 

inward current, predominantly through L-type Ca++ channels (I
Ca-L

), 
but also via a slowly inactivating population of Na+ channels, and a 
small inward flux of chloride (Cl-) ions, possibly carried by the car-
diac variant of the ATP-dependent channel (abnormalities of which 
underlie cystic fibrosis).10,11 Phase 3, regenerative rapid repolarization, 

results from time-dependent inactivation of L-type Ca++ current and 
increasing outward current through delayed rectifier K+ channels. The 
net membrane current becomes outward and the cell repolarizes.

Slow Inward Ca++ Current
The slow inward current (I

Ca-L
) is activated by depolarization of the 

cell to potentials less negative than −40 to −50 mV. In ventricu-
lar and atrial myocytes and in Purkinje fibers, I

Ca-L
 is activated by 

the regenerative depolarization caused by I
Na

 during phase 0 of the 
action potential. I

Ca-L
 does not contribute significantly to phase 

0 because, in comparison with I
Na

, it activates much more slowly 
(over about 10 msec) and is smaller in amplitude. I

Ca-L
 also inac-

tivates slowly and, therefore, contributes the major inward cur-
rent during the plateau of the action potential. I

Ca-L
 flows through 

L-type (long-lasting) Ca++ channels, which are sensitive to block by 
dihydropyridines (e.g., nifedipine), and activation of contraction is 
related to the magnitude of the resulting calcium influx.12 Gating 
of I

Ca-L
 is generally similar to I

Na
 in that channel opening and clos-

ing are dependent on membrane potential and time. Ca++ chan-
nels are also, importantly, dynamically regulated by the autonomic 
nervous system.13  agonists activate I

Ca-L
 (and hence increase myo-

cardial contractility) indirectly by activating adenylyl cyclase via a 
guanosine triphosphate (GTP)–binding protein, G

s
 (Figure 7-4). The 

resulting increase in intracellular cyclic adenosine monophosphate 
(cAMP) activates protein kinase A (PKA), which phosphorylates the 
Ca++ channel. Phosphorylated channels open in response to mem-
brane depolarization; nonphosphorylated channels do not, so the 
effect of -adrenergic stimulation is to increase the number of func-
tional channels. The electrophysiologic effect of this is illustrated in 
Figure 7-5, which shows enhancement of the slow inward current by 
increase of adenosine monophosphate (AMP) level in single-chan-
nel Ca++ channels and intact cells. -Adrenergic effects on I

Ca-L
 are 

antagonized by acetylcholine, which, in myocardial cells, activates 
M

2
 muscarinic receptors and inhibits adenylyl cyclase through acti-

vation of the GTP-binding protein G
i
.

In the relatively depolarized pacemaker cells, which lack I
K1

, I
Na

 is 
inactivated and the slow inward current is solely responsible for the 
upstroke of the action potential. I

Ca-L
 also can generate slowly prop-

agated action potentials in diseased or damaged myocardial cells in 
which I

Na
 has been inactivated by depolarization. These slow responses, 

which may occur in the border zone of myocardial infarcts, are impor-
tant because they may cause the slow conduction that can lead to reen-
trant arrhythmias.

Delayed Rectifier K+ Currents
Delayed rectifier K+ channels are present in all cardiac myocytes. 
They open slowly (over 200 to 300 msec) after depolarization of the 
membrane to the plateau level (−10 mV and greater), producing a 
K+-selective outward current, I

K
. I

K
 does not inactivate on prolonged 

depolarization (unlike I
Na

 and I
Ca-L

), and the channels close on repo-
larization of the membrane. Unlike I

K1
, I

K
 displays outward rectifica-

tion; that is, it passes outward current more easily than inward current. 
This is the expected behavior for a K+-selective channel because both 
the concentration and electrical gradients for potassium are outward. 
Thus, for any depolarizing displacement of membrane potential from 
E

K
, the driving force will be larger in an outward direction. Similar to 

I
Ca-L

, I
K
 is under autonomic control (see Figure 7-4). -Adrenergic stimu-

lation enhances I
K
 by a mechanism similar to that of the enhancement 

of I
Ca-L

, thus ensuring repolarization of the cell in the face of increased 
inward Ca++ current.14

Three components of I
K
, carried by different channel molecules, can 

be distinguished. A rapidly activating component, I
Kr

, is blocked by 
the compound E4031 (a Class III antiarrhythmic agent), which leaves 
a slower activating component, I

Ks
, unaffected.15 This is illustrated in 

Figure 7-6, which also emphasizes the importance of I
K
 in the regula-

tion of repolarization, and hence of action potential duration. A third 
component, the ultra-rapidly activated delayed rectifier, I

Kur
, can be dis-

tinguished in atrial (but not ventricular) myocytes.16 This additional 

ito1 (Co2+)

Co2+ + 4AP

100pA

8 msec

+20 mV

–70 mV

Caf + 4AP (no Co2+)

ito2 (4AP)

Figure 7-3 Voltage clamp recordings from an atrial myocyte show-
ing pharmacologic separation of ITO1 (ito1) and ITO2 (ito2). In the 
presence of cobalt ions, only ITO1 is seen. When cobalt is omitted and 
4-aminopyridine (4-AP) is added, ITO2 is revealed. Caffeine (Caf) elimi-
nates ITO2, leaving the underlying inward calcium current. In the presence 
of both 4-AP and cobalt ions, all outward currents are inhibited. (From 
Wang Z, Fermini B, Nattel S: Delayed rectifier outward current and repo-
larization in human atrial myocytes. Circ Res 73:276, 1993.)
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Figure 7-5 Effects of elevated cyclic adenosine monophosphate (cAMP) on cardiac calcium channels. A, Single-channel recordings; B, whole-
cell currents. Left panels are control recordings; right panels show the effect of elevation of intracellular cAMP (in this case, induced by exposure to 
parathyroid hormone). Note the increased probability of channel opening and resulting increase in whole-cell current in the presence of increased 
cAMP. (A, B, Modified from Rampe D, Lacerda AE, Dage RC, Brown AM: Parathyroid hormone: An endogenous modulator of cardiac calcium chan-
nels. Am J Physiol 261[6 Pt 2]:H1945, 1991.)



162 SECTION II Cardiovascular Physiology, Pharmacology, Molecular Biology, and Genetics

repolarizing current explains, in part, the enhancement of repolariza-
tion in atrial myocardium when compared with ventricle and Purkinje 
fibers.

Repolarization in Different Cardiac Tissue Types
Phase 3 repolarization in atrium and pacemaker tissues, but not in ven-
tricular myocardium, is also enhanced by the presence of a large out-
ward repolarizing K+ current (I

K[ACh]
).17,18 This potential independent 

current is activated indirectly by stimulation of muscarinic (M2-type) 
receptors by acetylcholine or purinergic (A-type) receptors by adenos-
ine.19 This channel is potential independent and is activated via bind-
ing of an activated, membrane-bound GTP-binding protein (G

i
), as 

discussed later.20

There is variability in action potential duration between cells in nor-
mal ventricle.21 A gradient in action potential duration exists across the 
myocardium (from epicardium to endocardium), and specialized mid-
myocardial cells (M cells) have been identified, which exhibit prolon-
gation of action potential duration at slow stimulation rates, possibly 
as a result of a decrease in I

Ks
.

Phase 4: Diastolic Depolarization and If
Phase 4 diastolic depolarization, or normal automaticity, is a normal 
feature of cardiac cells in the sinus and atrioventricular (AV) nodes, but 
subsidiary pacemaker activity is also observed in the His-Purkinje sys-
tem and in some specialized atrial and ventricular myocardial cells (see 
Chapter 4). Pacemaker discharge from the sinus node normally pre-
dominates because the rate of diastolic depolarization in the sinoatrial 
(SA) node is faster than in other pacemaker tissues. Pacemaker activity 
results from a slow net gain of positive charge, which depolarizes the 
cell from its maximal diastolic potential to threshold.

Pacemaker cells in the sinus node are relatively depolarized, with a 
maximal diastolic potential of −60 to −70 mV and a threshold potential 
of −40 mV. Rapid regenerative depolarization (phase 0) is dependent 
on opening of T-type and then L-type Ca++ channels. Repolarization 
is dependent on activation of delayed rectifier K+ channels, and the 
maximum diastolic potential is around −80 mV. Pacemaker channels 
are activated by hyperpolarization to this potential and produce a slow 
inward Na+ current, I

f
. This flows against slowly inactivating delayed 

rectifier K+ currents and results in diastolic depolarization.22 Because 
the current is nonselective among cations, its reversal potential lies 

between E
K
 and E

Na
, at around −10 mV, and activation of I

f
 will tend to 

depolarize the cell toward this value. Similar to I
Ca-L

, I
f
 is under auto-

nomic control (see Figure 7-4) through GTP-dependent binding proteins 
G

s
 and G

i
, which regulate cAMP production by adenylyl cyclase.23,24 

-Adrenergic stimulation shifts the voltage dependence of activation of 
I

f
 to more depolarized potentials, so for any hyperpolarizing stimulus, 

more I
f
 will be activated and diastolic depolarization will be enhanced. 

Acetylcholine has the opposite effect (Figure 7-7).

Molecular Biology of Ion Channels
The preceding sections have focused on the electrical events that 
underlie cardiac electrical excitability, and on the identification of car-
diac ionic currents on the basis of their biophysical properties. Here the 
molecular structures behind these electrical phenomena are reviewed. 
The first step in understanding the molecular physiology of cardiac 
electrical excitability is to identify the ion channel proteins responsible 
for the ionic currents. Figure 7-2 gives the current classification of the 
ion channel responsible for each of the cardiac ionic currents. There are 
firm molecular candidates for voltage-gated Na+ and L-type Ca++ chan-
nels. Similarly, channel molecules with properties similar to delayed 
rectifier K+ channels, the 4-aminopyridine–sensitive component of 
I

TO
, the inward rectifier I

K1
, the ligand-gated K+ channel I

K(ACh)
, and the 

pacemaker current I
f
 have been cloned. Figure 7-8 shows diagrams of 

the predicted membrane topology of some of these channels. Voltage-
gated Na+, Ca++, and K+ channels exist as conglomerates of molecules, 
consisting of a large  subunit and several accessory subunits (labeled 

, , and  in Figure 7-8). The  subunit alone is usually sufficient 
to induce channel activity in biologic membranes, but its activity is 
modulated by the presence of the accessory subunits. The diagrams in 
Figure 7-8 were deduced from hydrophobicity analysis of the primary 
structure of the major channel polypeptides. Regions of the polypep-
tides predicted to span the membrane are those that contain a high 
concentration of hydrophobic amino acids, whereas peptides linking 
these transmembrane sections are hydrophilic. Similarities among the 
various channels strongly suggest a common evolutionary ancestry. 
Na+ and Ca++ channel  subunits (see Figures 7-8A and B) are strikingly 
similar, each consisting of four homologous transmembrane domains 
(labeled I to IV), linked by cytoplasmic peptides. Each homologous 
domain contains six linked membrane-spanning segments (labeled 
S1 to S6). These large polypeptides, containing more than 2000 amino 
acids, form a tetrameric structure and generate Na+ or Ca++ channel 
activity in biologic membranes. Voltage-gated K+ channel  subunits, 
in contrast, are much smaller (see Figure 7-8C) and consist of a single 
transmembrane domain with six membrane-spanning segments, an 
arrangement similar to one of the individual domains of Na+ and Ca++ 
channels. Four molecules are noncovalently linked in the membrane 
to produce a tetrameric structure, similar to a Na+ or Ca++ channel, to 
produce K+ channel activity. The structure of the inwardly rectifying 
K+ channel molecules, I

K1
 and I

K(ACh)
, is dissimilar to other K+ channels 
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Figure 7-6 A, Effect on action potential duration of blockade of IKr by 
E4031 in isolated guinea pig ventricular myocytes. After application of 
E4031, outward repolarizing currents are inhibited and action potential 
duration is increased. B, Voltage clamp records showing separation of 
IKr and IKs by E4031. The control delayed rectifier K+ current (C) is par-
tially inhibited by E4031 (E), and the difference between the two cur-
rents (DIF) represents IKs. (A, B, From Sanguinetti MC, Jurkiewicz NK: 
Two components of cardiac delayed rectifier K+ current. Differential sen-
sitivity to block by class III antiarrhythmic agents. J Gen Physiol 96:195, 
1990. Reproduced from The Journal of General Physiology by copyright 
permission of The Rockefeller University Press.)
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Figure 7-7 Effect of acetylcholine on spontaneous pacemaker activity 
in isolated sinoatrial (SA) node cells. Pacemaker activity in control solu-
tion is compared with activity in increasing doses of acetylcholine (ACh). 
Note the slowing of diastolic depolarization and resultant slowing of 
heart rate. (From DiFrancesco D: Current I and the neuronal modulation 
of heart rate. In Zipes DP, Jaliffe J [eds]: Cardiac electrophysiology from 
cell to bedside. Philadelphia: WB Saunders Company, 1990, p 28.)
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(see Figure 7-8C). The molecules are much less complex, having only two 
membrane-spanning segments, although these segments share consid-
erable homology with the S5 and S6 segments of the classic voltage-
gated K+ channel.

Voltage-gated ion channel activity requires that the channel mole-
cule should sense and respond to changes in membrane potential, form 
an ion-selective membrane pore, and (in some cases) inactivate despite 
continuing depolarization. The molecular mechanisms for these phe-
nomena are examined in separate sections later.

Molecular Mechanisms
The Voltage Sensor
Channel proteins respond to changes in electrical potential across the cell 
membrane by conformational changes (gating), which result from elec-
trostatic interactions between charged portions of the molecule and the 
membrane electric field (Box 7-3). Gating of the channel is associated 
with a measurable flow of electrical charge through the membrane lipid 
bilayer (called gating current), as a zone of the molecule rich in electrical 
charge moves within the membrane.25 This charge movement is linked 
to opening of the channel pore. The voltage sensor of voltage-dependent 
ion channels resides in the mobile S4 membrane-spanning segments, 

-helical structures unusually rich in positively charged amino acids.26 
At rest, each of the positive charges in the S4 segment is balanced by fixed 
negative charges in other segments of the molecule. The resting mem-
brane potential (negative inside) forces the (mobile) positive charges 
inward and the fixed negative charges outward. This dynamic equilib-
rium holds the channel pore closed. On depolarization, the force pulling 
the positive charge inward is relieved; positive charges (the S4 segments) 
are repelled outward and assume new partners with the fixed negative 
membrane charges. This charge movement comprises the gating current. 
If the depolarizing stimulus is short, repolarization of the membrane is 
followed by a gating current of equal and opposite magnitude as the S4 
segment relaxes to its original position. If the depolarizing stimulus is 
prolonged, however, the movement of the S4 segments induces a confor-
mational change in the channel molecule, which prohibits easy return to 
baseline. This conformational change in the channel molecule is mani-
fested as activation (or channel opening), and this is closely coupled to 
channel closing (or inactivation; see later) in channels that inactivate. 
Thus, small changes in the membrane electric field cause conformational 
changes in the channel molecule, which result in opening (and closing) 
of the channel pore. An S4 segment rich in positive charge is a remark-
ably consistent feature of voltage-gated ion channels from a variety of 
different species and with a variety of ion selectivities. The dependence 
of channel activation on membrane potential is proportional to the den-
sity of positive charge in the S4 segment.

Ion Channel Pore and Selectivity Filter
The presence of four homologous domains in voltage-gated Na+ and 
Ca++ channels suggests that basic ion channel architecture consists of 
a transmembrane pore surrounded by the four homologous domains 
arranged symmetrically (see Figure 7-8). The membrane- spanning seg-
ments each form an  helix so that the walls of the pore will be derived 
from -helical segments from each of the four domains. A pore formed 
from four such  helices would have limiting dimensions of 3 by 5 
Angstrom units, similar to the size inferred for the Na+ channel pore 
by measurement of the permeability of cations of different sizes.27,28

The selectivity filter is formed by the S5 and S6 membrane-span-
ning segments of each domain together with their peptide linker.29 As 
emphasized in Figure 7-8, unlike the hydrophilic extracellular linkers 
between other membrane-spanning segments, the S5/S6 linker is suf-
ficiently hydrophobic to place it (at least partially) within the mem-
brane lipid bilayer. The channel pore is lined both by the S5/S6 linker 
and the S5 and S6 membrane-spanning segments. Point mutations in 
the S5/S6 linker have dramatic effects on channel ion selectivity and 
reduce channel conductance to its primary ion. Extensive site-directed 
mutagenesis experiments of the S5/S6 linkers from a variety of chan-
nels suggest that they form a funnel that allows the passage of a specific 
ion into the pore. In Na+ channels, selectivity is imposed by two rings 
of negatively charged amino acids at the outer mouth of the funnel, 
which collect Na+ ions for transmission into the cell.27

Channel Inactivation
Inactivation gating is the process by which ion channels close in the 
face of continuing depolarization. Inactivation is characteristic of volt-
age-gated Na+ and Ca++ channels, as well as the K+ channels underlying 
I

TO
. Inactivation begins after activation gating, as a second, slower con-

formational change in the molecule that halts the ion flux through the 
channel. Inactivation gating is thus closely coupled to activation gat-
ing, and ionic current flows only while both the activation and inacti-
vation gates are open simultaneously. In Na+ channels, the inactivation 
gate is formed by the intracellular peptide linker between homologous 
domains III and IV (Figure 7-9A).30 This peptide is postulated to act as a 
hinged lid, which moves upward to plug the ion pore (and thus halt cur-
rent flow) shortly after membrane depolarization.26 For the channel to 
recover from inactivation (i.e., to be ready to open in response to a new 
depolarizing stimulus), the III/IV linker peptide must resume its rest-
ing position, a process that requires hyperpolarization of the membrane 
to the resting potential for a finite period. Site-directed mutagenesis of 
the III/IV linker peptide has revealed a trio of hydrophobic amino acid 
residues (isoleucine, I; phenylalanine, F; and  methionine, M), near to 
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Figure 7-9 Mechanism of inactivation of Na+ and K+ channels. A, 
Hinged-lid mechanism of Na+-channel inactivation. B, Ball-and-chain 
mechanism of K+-channel inactivation. F, phenylalanine; I, isoleucine; M, 
methionine. (A, B, From Catterall WA: Structure and function of volt-
age-gated ion channels. Annu Rev Biochem 64:493, 1995, by permis-
sion of the Annual Review of Biochemistry, Volume 64, ©1995, by Annual 
Reviews, Inc.)

BOX 7-3. MOLECULAR MECHANISMS 
OF ION CHANNELS
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the domain III end of the peptide, which are crucial for normal chan-
nel inactivation. Replacement of just one of these residues (the phe-
nylalanine) almost completely removes inactivation. These residues are 
postulated to latch on to a receptor in the channel pore to close the 
channel. The molecular basis of inactivation in K+ channels is rather 
different from Na+ channels. Because the four domains of K+ channels 
are formed by noncovalently linked molecules, there are no interdo-
main linkers to plug the channel pore. In K+ channels, a picture of an 
N-terminal ball-and-chain mechanism has emerged (see Figure 7-9B).31 
The terminal 20 or so amino acids are very hydrophobic and are postu-
lated to swing up and attach to the open pore. The next few amino acids 
contain a number of positively charged residues that draw the whole 
N-terminal end up to the membrane. These two domains act as a ball. 
The remaining amino acids, up to the beginning of the transmembrane 
S1 segment, act as a chain. If the chain is made longer, inactivation is 
slower, and vice versa.

Clinical Correlates
Ion Channels and Antiarrhythmic Drugs
Drug therapy of cardiac arrhythmias would ideally be targeted at an 
individual ionic current, tailoring the cardiac action potential in such 
a way that abnormal excitability was reduced but normal rhythmicity 
was unaffected. This remains an as-yet unrealized goal. The prototype 
antiarrhythmic agents (e.g., disopyramide and quinidine) have diverse 
effects on cardiac excitability and, similar to agents introduced more 
recently, frequently exhibit significant proarrhythmic activity with 
potentially fatal consequences. In the Cardiac Arrhythmia Suppression 
Trial (CAST), mortality among asymptomatic postmyocardial infarc-
tion patients was approximately doubled by treatment with the potent 
Na+-channel–blocking agents encainide and flecainide—an effect likely 
attributable to slowing of conduction velocity with a consequent 
increase in fatal reentrant arrhythmias.32 The results of the CAST 
prompted efforts to approach antiarrhythmic drug therapy by pro-
longing action potential duration (e.g., dofetilide)—a strategy with 
some support from animal studies, but one that also may cause proar-
rhythmia through induction of polymorphic ventricular tachycardia 
(the acquired long QT syndrome [LQTS]).33 Drugs that prolong action 
potential duration all block I

Kr
, and it is not clear that this therapeutic 

goal will result in arrhythmia control without induction of clinically 
significant proarrhythmia. The only drugs currently available that def-
initely prolong life by reducing fatal arrhythmias are -blockers (e.g., 
ISIS-1, 1997), and these agents have no channel-blocking effects.

Ion Channels in Disease
Elucidation of the molecular mechanisms of the cardiac action poten-
tial is beginning to have direct impact on patient management. This is 
most obvious in patients with inherited genetic abnormalities of ion 
channels leading to cardiac sudden death, and two groups of diseases 
serve to illustrate this point: the LQTS and Brugada syndrome. An 
understanding of the molecular mechanism of cardiac electrical excit-
ability is also starting to lead to the emergence of gene therapies and 
stem cell therapies that may in the future allow manipulation of cardiac 
rhythm and function.

Long QT Syndromes
This rare group of ion-channel abnormalities causes abnormal pro-
longation of the cardiac action potential, resulting in early afterdepo-
larizations (i.e., oscillations in the action potential during the plateau 
phase) and death from polymorphic ventricular tachycardia (torsades 
de pointes type). To date, six LQTS subtypes have been identified on 
the basis of the affected gene. They are numbered sequentially accord-
ing to the date of discovery (Table 7-1), and all the loci so far iden-
tified encode ion channels except for LQT4. LQTS occurs because of 
disruption of cardiac repolarization, and in principle this can occur 
either from enhancement of inward depolarizing current or reduction 
of outward current. LQT3 is a gain-of-function mutation of the  cardiac 

Na+ channel that results in failure of channel inactivation, most com-
monly from a deletion of three amino acids from the inactivation gate. 
LQT1 and LQT2 result from mutations of the delayed rectifier K chan-
nels that underlie I

Ks
 and I

Kr
, and LQT5 and LQT6 result in reductions 

of I
Kr

 and I
Ks

 through mutations in channel accessory subunits. Loss 
of repolarizing current results in prolongation of the QT interval, and 
this leads to the syndrome. LQT4 is unique in that it results from a 
mutation in ankyrin B, an adapter protein that binds to the Na+ pump 
and Na+/Ca++ exchanger. The resulting effects on cellular Ca++ homeo-
stasis cause ventricular arrhythmias.34 Identification of the molecular 
substrate for LQTS will allow detection of the disease in asymptom-
atic carriers and may in the future allow targeted gene therapy; these 
issues are discussed in more detail later in the Genetic Cardiovascular 
Medicine section.

Brugada Syndrome
The Brugada syndrome also is a group of ion-channel abnormalities 
that affect cardiac repolarization and result in cardiac sudden death. 
It is characterized by incomplete right bundle-branch block and per-
sistent ST-segment elevation in the anterior precordial leads of the 
electrocardiogram (ECG).35 Cases for which the genotype is available 
appear to result from channel mutations that reduce depolarizing Na+ 
current. This results in loss of the action potential dome, an effect that 
is most marked in the right ventricular epicardium where the tran-
sient outward current I

TO1
 is strongly expressed (hence the ST-segment 

elevation in the anterior chest ECG leads). Early repolarization of the 
epicardial action potential results in a transmural repolarization gradi-
ent, and this can lead to reentry and sudden cardiac death.36 In more 
than two thirds of patients with Brugada syndrome, the genetic locus is 
unknown, and much work remains to be done to elucidate the mecha-
nism of this condition.

CONTROLLING CARDIAC FUNCTIONING: 
RECEPTORS
Receptors are membrane proteins that transduce signals from the out-
side to the inside of the cell. When a ligand—a hormone carried in 
blood, a neurotransmitter released from a nerve ending, or a local mes-
senger released from neighboring cells—binds to the receptor, it induces 
a conformational change in the receptor molecule. This changes the 
configuration of the intracellular segment of the receptor and results 
in activation of intracellular systems, with a variety of potential effects, 
ranging from enhanced phosphorylation and changes in intracellular 
(second) messenger concentrations to activation of ion channels.

Receptors
Receptors are grouped in several broad classes, the protein tyrosine kinase 
receptors and the G-protein–coupled receptors (GPCRs) being the most 
important ones. The protein tyrosine kinase receptors are large molecular 

Spectrum of Long QT Syndrome

Type Gene Current Chromosome Comment

LQT1 KCNQ1  
(KvLQT1)

I
Ks

11 Induced by stress 
and exercise

LQT2 KCNH2 (hERG) I
Kr

7 Noise, emotional 
stress

LQT3 SCN5A I
Na

3 Sleep, -blockers 
less effective

LQT4 ANKB — 4 Ankyrin B, 
transporter 
accessory 
protein

LQT5 KCNE1 (minK) I
Ks

21 Associated 
congenital 
deafness

LQT6 KCNE2 (MiRP1) I
Kr

21 Drugs, exercise

TABLE  
7-1
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complexes that incorporate phosphorylating enzyme activity in the intra-
cellular segment. Ligand binding induces activation of this enzyme activ-
ity. Because phosphorylation is one of the major mechanisms of cellular 
regulation (see, for example, the phosphorylation of the Ca++ channel 
described earlier), such receptors can have a variety of cellular effects (Box 
7-4). GPCRs are much smaller than protein tyrosine kinase receptors. 
Ligand binding results in activation of an associated protein (G protein) 
that subsequently influences cellular processes. The receptors discussed in 
this section all belong to the GPCR superfamily, and the properties of this 
class are discussed in some detail.

The number of GPCRs is large. For more than 100 receptors, the 
function has been defined. In addition, the olfactory epithelium 
expresses hundreds of GPCRs, which are thought to mediate the sense 
of smell, and another large group, with unknown function, is expressed 
on sperm cells. Taken together, the superfamily has more than 1000 
members.

All of these have similar molecular characteristics. They are generally 
several hundred to 1000 amino acids in length and contain 7 stretches 
of 20 to 25 hydrophobic amino acids. These hydrophobic domains are 
thought to form  helices and traverse the membrane, thus anchoring 
the receptor to the cell (Figure 7-10). For this reason, the family is often 
referred to as the “seven transmembrane” family. Although crystallo-
graphic data are not yet available for the clinically relevant GPCRs, it is 
thought that the seven-transmembrane domains arrange in a funnel-
like structure, the inside of which forms the ligand-binding domain. 
The intracellular domains, particularly the third intracellular loop and 
the C terminus, bind to the G protein.

The heart and blood vessels express a variety of GPCRs, the most 
important of which are discussed later. The -adrenergic and muscar-
inic acetylcholine receptors are those most important for regulation of 
cardiac functioning, but a number of others play relevant modulatory 
roles. These include the -adrenergic, adenosine A

1
, ATP, histamine H

2
, 

vasoactive intestinal peptide (VIP), and angiotensin II receptors.

G Proteins
As do the receptors, G proteins (GTP-binding proteins) also come in 
two families: the small (cytoplasmic) G proteins and the heterotrimeric 
(membrane) G proteins. Common to both groups is their mechanism 
of function. In their resting state, they bind a molecule of guanosine 
diphosphate (GDP). When activated by a GPCR (in the case of het-
erotrimeric G proteins) or by an intracellular messenger (in the case of 
cytoplasmic G proteins), this GDP is exchanged for a GTP molecule. 
The activated G protein can now perform functions within the cell, as 
discussed later, until it is inactivated when an intrinsic enzyme activity 
hydrolyzes the GTP to a GDP. The critical point about this hydrolytic 
activity is that it is (molecularly speaking) very slow, on the order of 
seconds. As a result, brief activation of a receptor (on the order of mil-
liseconds) can lead to more prolonged activation of the intracellular 
signaling machinery.

GPCRs bind to heterotrimeric G proteins, so called because they con-
sist of three subunits: , , and . Of these, the  and  subunits are so 
tightly associated that, for practical purposes, they can be viewed as a 
single unit, often termed the  unit. The  subunit contains both the 
GDP-GTP binding domain and the hydrolytic activity, and it was classi-
cally thought to be the “business end” of the molecule, with the  unit 

roaming freely and inactively, serving as an anchor and a sink of free  
units. This turns out not to be the case; the  subunit has activating 
functions as well, as is discussed later in relation to the muscarinic K+ 
channel.

Several classes of heterotrimeric G proteins exist, indicated by 
subscripts (Box 7-5). The classic types are G

s
 and G

i
, which stimu-

late and inhibit, respectively, the enzyme adenylate cyclase, thereby 
leading to changes in cytoplasmic cAMP concentrations. G

q
 pro-

teins (and G
o
 in brain) activate phospholipase C (PLC) and thereby 

induce the generation of inositol-1,4,5-triphosphate (IP
3
) and dia-

cylglycerol (DAG) from phosphatidylinositol bisphosphate (PIP
2
). 

IP
3
 acts on its own receptor/channel complex on intracellular Ca++ 

storage sites and induces release of Ca++ from these sites, thereby 
increasing intracellular Ca++ concentrations. DAG activates protein 
kinase C (PKC), leading to phosphorylation of a variety of targets 
(including the receptors that initiated the cascade). In recent years, 
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Figure 7-10 Model of G-protein–coupled receptor. A, Linear model. 
Seven hydrophobic stretches of approximately 20 amino acids are pres-
ent, presumably forming  helices that pass through the cell membrane, 
thus forming seven transmembrane domains. (t1–t7). Extracellularly, the 
amino terminus (N) and three outside loops (o1 through o3) are found; 
intracellularly there are similarly three loops (i1 through i3) and the car-
boxy-terminus (C). B, Top-down view. Although in (A), the molecule is 
pictured as a linear complex, the transmembrane domains are thought 
to be in close proximity, forming an ellipse with a central ligand-binding 
cavity (dashed circle). Asp and Tyr refer to two amino acids important for 
ligand interaction. G-protein binding takes place at the i3 loop and the 
carboxy terminus.

BOX 7-4. G-PROTEIN–COUPLED RECEPTORS

BOX 7-5. G-PROTEIN CLASSES

q
++

+
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cloning efforts have shown each of these classes of G proteins to con-
sist of a number of members, but their functional differences are as 
yet incompletely defined.

Adrenergic Receptors and  
Signaling Pathways
Adrenergic Receptors
Main control over cardiac contractility is provided by the -adrenergic 
signaling pathways, which can be activated by circulating catechola-
mines (derived from the adrenal glands) or those released locally from 
adrenergic nerve endings on the myocardium.

The two main subtypes of -adrenergic receptors are the 
1
 and 

2
 

subclasses. A 
3
 subtype exists as well, but its role in the cardiovascular 

system is unclear37; its most important role is in fat cells. Both 
1
 and 

2
 

receptors are present in the heart, and both contribute to the increased 
contractility induced by catecholamine stimulation (this is different 
from the situation in vascular muscle, where -adrenergic stimulation 
induces relaxation). Under normal conditions, the relative ratio of 

1
 to 

2
 receptors in heart is approximately 70:30, but as discussed later, this 

ratio can be changed dramatically by cardiac disease.
Structurally, as well as functionally, the various -adrenergic recep-

tors are closely related. Both couple to G
s
 proteins and, as described 

earlier, thereby activate adenylate cyclase, leading to increased intrac-
ellular levels of cAMP. Some differences in their intracellular signaling 
are likely, however. For example, it has been suggested that 

2
 receptors 

couple more effectively than 
1
 receptors and induce greater changes in 

cAMP levels.38 In addition to their effect on cAMP signaling,  recep-
tors may couple to myocardial Ca channels.39 However, these additional 
actions are species specific, and care should be taken in extrapolating 
animal data to humans.

The inotropic and electrophysiologic effects of -adrenergic sig-
naling are an indirect result of increases in intracellular cAMP levels. 
cAMP activates a specific protein kinase (PKA) that, in turn, is able 
to phosphorylate several important cardiac ion channels (including 
L-type Ca++ channels, Na+ channels, voltage-dependent K+ channels, 
and Cl- channels). Phosphorylation alters channel functioning, and it 
is these changes in membrane electrophysiologic events that modify 
myocardial behavior.

The -adrenergic receptors, like their -receptor counterparts, can 
be divided into two groups: the 

1
 and 

2
 receptors. Both of these 

groups consist of several closely related subtypes, with different tis-
sue distributions and functions that are as yet not very well differenti-
ated. In general, 

1
 receptors couple to G

q
 proteins, thereby activating 

PLC, which results in increases in intracellular Ca++ concentrations. 
2
 

receptors couple to G
i
, which inhibits adenylate cyclase, thereby reduc-

ing intracellular cAMP concentrations.
The primary role of  receptors is in the vasculature, where 

1
 receptors 

on vascular smooth muscle are the main mediators of neuronally medi-
ated vasoconstriction. 

2
 receptors on the neurons themselves function 

in a negative feedback loop to control -adrenergic vasoconstriction.
In the heart, the primary subtype present is 

1
. Activation of these 

receptors leads to a modest increase in cardiac contractility.40

Regulation of -Receptor Functioning
Whereas -receptor stimulation allows the dramatic increases in cardiac 
output of which the human heart is capable, it is clearly intended to be a 
temporary measure. Prolonged adrenergic stimulation has highly detri-
mental effects on the myocardium; the pronounced increases in cAMP 
levels are followed by increases in intracellular Ca++ concentration, 
reductions in RNA and protein synthesis, and finally, cell death. Thus, 

-receptor modulation is best viewed as part of the “fight-or-flight” 
response: beneficial in the short term, but detrimental if depended on 
for too long. Cardiac failure, in particular, has been shown to be associ-
ated with prolonged increases in adrenergic stimulation—even to the 
extent that norepinephrine “spillover” from cardiac nerve endings can 
be detected in the blood of patients in heart failure.41

For this reason, the regulation of -receptor functioning has received 
significant attention, and it is now known that a number of mecha-
nisms exist that are capable of modifying adrenergic responsiveness of 
the myocyte. Unfortunately, it appears that the reduction of adrenergic 
responsiveness necessary to prevent cell death in the face of adrener-
gic overstimulation may be in large part responsible for the decreased 
myocardial performance that is the hallmark of cardiac failure.

One mechanism for decreasing -receptor functioning is the down-
regulation (i.e., decrease in density) of receptors. In cardiac failure, 
receptor levels are reduced up to 50%. 

1
 receptors downregulate more 

than 
2
 receptors do, resulting in a change in the 

1
:

2
 ratio. As men-

tioned earlier, the normal ratio is approximately 4:1; in the failing 
heart, it is approximately 3:2.42 Various molecular mechanisms exist 
for this downregulation. In the long term, receptors are degraded and 
permanently removed from the cell surface. In the short term, recep-
tors can be temporarily removed from the cell membrane and “stored” 
in intracellular vesicles, where they are not accessible by an agonist. 
These receptors are, however, fully functional and can be recycled to 
the membrane when adrenergic overstimulation has ceased.43

An additional method by which -adrenergic receptor functioning 
can be modified is through phosphorylation of the agonist-occupied 
receptor by a specific -adrenergic receptor kinase ( -ARK, which can 
itself be activated by  subunits).44 Phosphorylation by this kinase 
allows binding to the receptor of a protein, -arrestin, that inhibits 
receptor functioning.45 In addition, the  receptor can be phospho-
rylated by PKA, which itself can be activated by several other recep-
tors. The detrimental actions of adrenergic overstimulation can also 
be modified by activation of muscarinic receptors, as discussed in the 
next section.

Despite the existence of these various regulatory mechanisms and 
the known detrimental effects of adrenergic overstimulation, para-
doxic increases in -receptor functioning occur in clinical disease 
states. For example, under ischemic conditions,  receptors are upreg-
ulated, so that after periods of ischemia as brief as 15 minutes, signifi-
cant increases in expressed and functional receptor levels are found. 
Interestingly, reperfusion rapidly decreases the number of receptors 
back to their normal levels.

Muscarinic Receptors and  
Signaling Pathways
Muscarinic Acetylcholine Receptors
The second major receptor type involved in cardiac regulation is the 
muscarinic receptor. Although five subtypes of muscarinic receptors 
exist, only one of these (M2) is present in cardiac tissue. Most of these 
muscarinic receptors are present on the atria. Indeed, it was thought 
until recently that there was no vagal innervation of the ventricles, but 
this view turns out to be incorrect. The ventricles are innervated by the 
vagus, and muscarinic receptors are, in fact, present in the ventricles, 
albeit at lower concentrations than in the atria; the amount of muscar-
inic receptor protein in atrium is approximately twofold greater than in 
ventricle (200 to 250 vs. 70 to 100 fmol/mg protein).46 Thus, although 
the primary function of cardiac muscarinic signaling is heart rate con-
trol through actions at the atrial level, vagal stimulation is, in fact, able 
to directly influence ventricular functioning.

M2-muscarinic receptors couple to G
i
 proteins, thereby inhibiting 

adenylate cyclase and decreasing intracellular levels of cAMP. In fact, 
the M2 receptors have been used as an elegant model to determine the 
site of G-protein binding to the receptor. Exchanging approximately 
20 amino acids of the third intracellular loop (i3) (see Figure 7-10) 
between M2 and M3 receptors resulted in altered coupling; M2 recep-
tors mutated in this manner were now able to release Ca++ from intra-
cellular IP

3
-sensitive stores by coupling to G

q
.47

In the impulse-generating system of the heart, a more important sig-
naling mechanism than changes in cAMP is opening of an inwardly 
rectifying K+ channel (K

ACh
) in the plasma membrane. The coupling 

between M2 receptor and K
ACh

 is performed by G
K
, a member of the 
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G
i
 class of G proteins. Interestingly, it is not the  subunit of G

K
 that 

activates K
ACh

, but rather the  subunit.48 As discussed later, cardiac 
adenosine receptors couple to this channel as well.

Whereas the adenylate cyclase system is ubiquitous, differential 
expression of K

ACh
 determines the actions of muscarinic signaling on 

the heart. K
ACh

 is largely absent from ventricular tissue. Therefore, in 
the ventricle, muscarinic signaling will primarily involve decreases in 
cAMP levels, and because these are low under resting conditions, little 
effect will be seen unless the heart has been stimulated previously by 
adrenergic agents. In other words, in the absence of adrenergic stimula-
tion, acetylcholine will have little effect on the ventricle; in conditions 
of high adrenergic tone, however, muscarinic stimulation can modify 
the adrenergic effects, as discussed in the next section.

Regulation of Muscarinic Acetylcholine Receptors
Whereas the role of atrial muscarinic receptors in impulse generation 
and the conduction system is straightforward, the role of ventricular 
muscarinic receptors is not as clear. It appears that under nonstressed 
conditions, muscarinic signaling has little influence on cardiac contrac-
tility. In contrast, the system might act as a brake on overstimulation 
by adrenergic receptors (see earlier discussion). The effects of musca-
rinic signaling, which virtually all oppose those induced by adrenergic 
signaling (because muscarinic receptors couple to G

i
 and adrenergic 

receptors couple to G
s
), may counteract adrenergic effects and thereby 

preserve cardiac functioning during prolonged stress responses.
Unfortunately, these compensatory mechanisms may not be avail-

able in the old heart. Increased age is accompanied by changes in 
cardiac muscarinic receptor expression that might make it more dif-
ficult for the heart to respond to adrenergic stress. In senescent rats, 
muscarinic receptor density was decreased by approximately 50%.49 
Adrenergic receptor levels also were decreased, but to a lesser extent. 
As a result, the adrenergic/muscarinic receptor ratio is increased, from 
0.29 in young adults to 0.42 in senescent animals. Although the physi-
ologic implications of these changes are not well known, the data at 
least suggest that the muscarinic systems in the aged heart might not 
be as well prepared to react to prolonged adrenergic stimulation, such 
as observed in hypertension and cardiac failure.

With the exception of age, muscarinic receptors are little affected in 
settings that profoundly modify -receptor expression. There are, for 
example, no consistent data supporting changes in muscarinic recep-
tor expression in hypertension, cardiac failure, or ischemic heart dis-
ease.50,51 Therefore, imbalances between adrenergic and muscarinic 
stimulation might occur in each of these situations.

Regulation of G-Protein Functioning
In view of the profound changes in GPCR expression that occur in 
various disease states, the expression and function of G proteins in car-
diovascular disease have been studied with interest. G

s
 proteins appear 

unchanged in cardiac failure, both in expression level and in function. 
With G

i
 proteins, the situation is more interesting, because G

i
 is con-

sidered to have a secondary role in addition to its inhibition of adeny-
late cyclase. Under normal conditions, G

i
 is present in greater amounts 

than G
s
. Activation of receptors coupled to G

i
 would, therefore, lead 

to the release of a large number of free  subunits. These could com-
bine with any free G

s
, thereby making it unavailable for activation of 

adenylate cyclase.52 In addition, these  units can enhance the phos-
phorylation of  receptors by -ARK.53 In failing human cardiac tis-
sue, the amount of G

i
 (as assessed by ADP-ribosylation by pertussis 

toxin) is increased.54 Although this would be expected to make musca-
rinic signaling more efficacious (thereby helping counteract the adren-
ergic overstimulation), it has been difficult to correlate these changes 
with alterations in adenylate cyclase functioning. It is similarly unclear 
whether the reported increases in G

i
 levels are a result of increased 

mRNA expression or increased stability of the G protein itself.
The catalytic subunit of adenylate cyclase appears little influenced by 

cardiac disease. Pressure overload is the only situation in which a con-
sistent decrease in its activity has been observed.55

Other Receptors
As stated earlier, the heart and vasculature express a large variety of 
GPCRs apart from the adrenergic and muscarinic receptors. A few 
examples are mentioned here. Angiotensin receptors mediate hor-
monal vasoconstriction in the vascular tree and are also present in the 
heart, although their function there is not fully defined. Receptors for 
several purinergic compounds are expressed in the heart as well and 
are the subject of intense investigation, as discussed in the next section. 
In addition, histamine H

2
 and VIP receptors are present, the former 

mediating the inotropic action of histamine.
Although less is understood about the role and regulation of these 

receptors than about their adrenergic and cholinergic counterparts, it 
is clear that some are affected by cardiovascular disease. For example, 
VIP receptors are downregulated by 70% in idiopathic dilated cardi-
omyopathy (DCM), whereas histamine receptors are unaffected.56 In 
general, receptors coupled to G

i
 show little alteration in expression 

and function during disease states, whereas G
s
-coupled receptors are 

affected more profoundly.

Clinical Correlates
Understanding of the role of adenosine in cardiac regulation has 
expanded significantly over the past years. Its established use as an anti-
arrhythmic compound and its probable role in cardiac precondition-
ing are two examples of clinical advances resulting from this increase 
in understanding. Adenosine acts through a GPCR, activating several 
intracellular signaling systems. This section discusses the molecular 
aspects of adenosine signaling, as well as their clinical implications. 
More detailed recent reviews on the topic are available.57,58

Adenosine Signaling
Although adenosine can be generated by several pathways, in the heart, 
it is usually found as a dephosphorylation product of AMP.59 Because 
AMP accumulation is a sign of a low cellular energy charge, an increased 
adenosine concentration is a marker of unbalanced energy demand 
and supply; thus, ischemia, hypoxemia, and increased catecholamine 
concentrations are all associated with increased adenosine release.60 
Adenosine is rapidly degraded by various pathways, both intracellu-
larly and extracellularly. As a result, its half-life is extremely short, on 
the order of 1 second.61 Therefore, it is not only a marker of a cardiac 
“energy crisis,” but its concentrations will fluctuate virtually instantly 
with the energy balance of the heart; it provides a real-time indication 
of the cellular energy situation.

Adenosine signals through GPCR of the purinergic receptor family. 
Two subclasses of purinoceptors exist: P

1
 (high affinity for adenosine 

and AMP) and P
2
 (high affinity for ATP and ADP). The P

1
 receptor class 

can be divided into two main receptor subtypes: A
1
 and A

2
. A

1
 receptors 

are present mostly in the heart and, when activated, inhibit adenylate 
cyclase; A

2
 receptors are present in the vasculature and, when activated, 

stimulate adenylate cyclase. The A
2
 receptors mediate the vasodilatory 

actions of adenosine. The A
1
 receptors mediate its complex cardiac 

effects, and they are the topic of the remainder of this section.
The A

1
 adenosine receptor couples to (at least) two intracellular sig-

naling systems. Both of these actions are mediated by G proteins of 
the G

i
 class. The first intracellular system is one already encountered: 

the K
ACh

 channel. Presumably, through the same G
K
 protein, adenosine 

activates this channel in the same way as does M2 muscarinic stimu-
lation, and the cardiac electrophysiologic effects of acetylcholine and 
adenosine are therefore quite similar. The specific effect of adenosine 
depends on the cardiac tissue studied because K

ACh
 expression varies 

with location. As has been discussed, whereas the channel is present in 
large amounts in the atrial conduction system and atrial myocardium, 
it is virtually absent in the ventricle. Therefore, in the unstimulated 
heart, adenosine shortens the atrial action potential, decreases atrial 
refractoriness and decreases atrial contractile force, but it is almost 
without effect on the ventricle.62



 7 Molecular and Genetic Cardiovascular Medicine 169

The second intracellular signaling system activated is a G
i
 protein 

that inhibits adenylate cyclase. As cAMP levels are quite low under rest-
ing conditions, this mechanism plays little role until cAMP concentra-
tions are increased by adrenergic stimulation of the heart. Therefore, 
cAMP-mediated cardiac actions of adenosine are observed only under 
conditions of adrenergic drive. Because the adenylate cyclase system is 
present throughout the heart, its effects are widespread; L-type Ca++ 
channel functioning is diminished (by inhibiting cAMP-induced phos-
phorylation of the channel) in atrium as well as ventricle, resulting in 
decreased inotropy and shortening of the action potential.63

Antiarrhythmic Actions of Adenosine
From these molecular actions of adenosine, its clinical effects easily can 
be deduced. The antiarrhythmic actions are largely a result of its activa-
tion of K

ACh
. Recalling the tissue distribution of K

ACh
, it could be antici-

pated that adenosine will be much more effective in the treatment of 
supraventricular arrhythmias than ventricular arrhythmias, and such 
is indeed the case. Because of its negative chronotropic effects on the 
atrial conduction system, the compound is most effective in treat-
ing supraventricular tachycardias that contain a reentrant pathway 
involving the AV node. The efficacy of adenosine in terminating such 
tachycardias has been reported as greater than 90%.64 In contrast, it is 
consistently ineffective in tachycardias not involving the AV node.65

Most ventricular tachycardias are insensitive to adenosine. The 
only exception is again easily deduced from the compound's molecu-
lar mechanism of action; a rare form of exercise- or catecholamine-
induced ventricular tachycardia responds promptly to adenosine.66 
Presumably, in this setting, adenosine-mediated inhibition of adeny-
late cyclase counteracts the stimulatory effects of catecholamines.

Occasionally, adenosine may be useful because of its ability to dif-
ferentiate between true ventricular tachycardia and supraventricular 
tachycardia with aberrant conduction. In view of concerns that the 
often already precarious cardiovascular status of patients in ventricu-
lar tachycardia could be temporarily worsened by vasodilatation, many 
clinicians have been hesitant to use adenosine for this purpose. In con-
trast, it has been found very useful as a diagnostic agent for supraven-
tricular tachycardias. Care should be taken, however, in the patient with 
Wolff–Parkinson–White syndrome, who may respond with increases 
in ventricular rate and hemodynamic deterioration.

The side effects of adenosine would be significant if the half-life of 
the compound was not as short as it is. Many of the adverse effects 
result from activation of A

2
 receptors in the vascular system: flushing, 

headache, and light-headedness. Chest pain, anxiety, nausea, vomiting, 
and occasional bronchospasm are seen as well. However, these effects 
are usually short-lived, and if the patient has been adequately warned 
about their occurrence, they are rarely of significance. Profound but 
brief electrophysiologic responses are observed on the ECG, ranging 
from premature atrial and ventricular beats to short periods of asys-
tole. Again, these are rarely of significance.

Adenosine and Myocardial Preconditioning
Myocardial preconditioning is the phenomenon in which brief expo-
sure of the myocardium to ischemic conditions will allow it to with-
stand a subsequent, more prolonged, exposure. The phenomenon has 
received much attention because its application in the clinical setting 
might allow the heart to better withstand, for instance, the insults of 
cardiac surgery. Thus, the mechanisms of this effect were investigated 
in the hope that they might be activated directly, without the need for 
ischemia. A variety of mechanisms might account for preconditioning, 
as has been reviewed recently.58,67

A G-protein–linked K+ channel located on the mitochondrial mem-
brane, the mitochondrial K

ATP
 channel (mitoK

ATP
), is a key mediator in 

myocardial preconditioning. Opening of this channel using compounds 
that selectively open mitoK

ATP
 without affecting other cellular K

ATP
 

channels68 has been shown to have a protective effect, whereas inhibi-
tion of the channel (with the channel blocker glibenclamide) increases 

 ischemic damage to the myocardium. For example, abolishment by 
glibenclamide of preconditioning could be shown in a study measuring 
ST-segment changes and cardiac pain in patients undergoing balloon 
angioplasty.69 Similar findings have been observed in various ani-
mal studies. K

ATP
, like K

ACh
, belongs to the class of G-protein–coupled 

inward rectifier-type channels; its structure is indicated in Figure 7-10. 
In contrast with K

ACh
, however, it appears to be modulated primarily 

by changes in intracellular ATP derivatives. For example, intracellular 
increases in ATP levels have a direct inhibitory effect on the channel. 
In addition, K

ATP
 can be modulated by PKC, which phosphorylates the 

channel. PKC can be activated directly by ischemic conditions or by acti-
vation of -adrenergic and adenosine receptors. In addition, adenos-
ine also may be able to influence behavior of K

ATP
 in the same manner 

that it regulates K
ACh

: through a G
i
 protein.70 The mechanisms by which 

mitoK
ATP

 opening is protective are still a focus of investigation. Potential 
beneficial effects involve inhibition of mitochondrial Ca++ uptake, regu-
lation of mitochondrial volume, and modulation of the generation of 
reactive oxygen species. Of interest from the anesthesiologist's point of 
view are observations that volatile anesthetics induce preconditioning 
by similar mechanisms. For example, sevoflurane preconditions human 
myocardium against hypoxia through activation of K

ATP
 channels and 

activation of A
1
-adenosine receptors.71 Similarly, lidocaine was shown to 

induce protection against inflammatory stimulation of endothelial and 
vascular smooth muscle cells by affecting mitoK

ATP
.72

ANESTHETIC ACTIONS
Although the functioning and the physiologic role of the receptors and 
channels described are of obvious importance to the anesthesiologist, 
from a practical perspective, the interactions between anesthetic drugs 
and these signaling molecules are at least as relevant. As mentioned at 
the end of the previous section, effects of anesthetics on such proteins 
may be beneficial to the cardiovascular system. However, detrimental 
interactions may exist as well.

Volatile anesthetics are administered in extremely high concentra-
tions as compared with most other pharmacologic agents. Most com-
monly used drugs are administered in doses that result in micromolar 
blood concentrations. This reflects the fact that these compounds are 
sufficiently potent so that a half-maximal effect on the site of action 
requires only low micromolar concentrations. Anesthetics, in contrast, 
require low millimolar concentrations in blood to be effective, almost 
a thousand times as much. Although they commonly are referred to as 
“potent agents,” they are certainly not very potent as compared with 
other pharmacologic compounds. As a result, it is not surprising that 
they have a wide range of actions in addition to their primary effect site 
(which, of course, is still not completely defined). In addition, volatile 
anesthetics are lipophilic compounds, and if, under laboratory con-
ditions, concentrations are increased even further, they can be found 
to interact with almost any preparation exhibiting a certain degree of 
lipophilicity. As a result, data exist demonstrating interactions between 
volatile anesthetics and virtually every component of the cardiovas-
cular system. The issue, then, is not with which channels and recep-
tors the anesthetics interact, but which of all these interactions are 
clinically important, and this has been difficult to determine. A first 
test that should be applied, of course, is that of reasonable concentra-
tions; if effects are not observed at 1 to 2 minimal alveolar concentra-
tion (MAC) equivalents, it is unlikely that an interaction has clinical 
relevance. As many experiments are performed at temperatures below 
37°C, temperature correction of anesthetic solubility is an important 
issue. It is also important that actions are shown in several models. 
Effects observed in an isolated system may not necessarily be repro-
duced in an organ or whole-animal model; in that case, the relevance of 
the finding is in doubt. This issue has been reviewed in some detail.73

Injected anesthetics are less troublesome in this regard. Most of 
these act at defined sites (the -aminobutyric acid [GABA

A
] recep-

tor/channel complex for most of them; ketamine's primary action on 
the N-methyl-D-aspartate [NMDA] receptor/channel is an exception), 
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they are more potent, and they are therefore active at significantly lower 
concentrations. However, this does not necessarily mean that they are 
without other interactions, as their various side-effect profiles show.

This section focuses on some of the interactions between anesthetics 
and the molecular systems described in previous sections; those inter-
actions for which there is most support in the literature, and which, 
in addition, help explain some of the specific side effects of anesthetic 
drugs. Thus, rather than providing a detailed overview of all interac-
tions reported, several well-described examples with probable clini-
cal relevance are presented. Unfortunately, many of these interactions 
have not yet been described in the molecular and submolecular detail 
desired. Although it may be known that an anesthetic inhibits func-
tioning of a receptor or channel type, it is usually not defined where 
in the molecule this interaction takes place. Most times it cannot even 
be ascertained that the interaction occurs with the protein itself, rather 
than with the lipid membrane environment surrounding the protein. 
More detailed site-directed mutagenesis and the study of chimeric 
molecules are likely to shed light on these issues.

Interactions with Channels: Ca++ Channels
Of the variety of ion channels present in the heart, those most likely 
to be significantly affected by anesthetics in the clinical setting are the 
voltage-gated Ca++ channels. Although interactions with other cardiac 
channel types may also be relevant (particularly with K+ channels, such 
as the K

ATP
 channel, described earlier), they have not yet received as 

much research attention, and it is not yet possible to draw firm conclu-
sions about the clinical relevance of these interactions. Hence, in this 
section, the focus is on Ca++ channels only.

Anesthetic actions on cardiac Ca++ channels have been studied in a 
variety of models. The original observations that halothane blocked 
Ca++ flux into heart cells date back approximately 30 years,74 and much 
specific information has been gained since. In particular, voltage-clamp 
and patch-clamp studies have contributed significantly to the under-
standing of the interactions between anesthetics and Ca++ channels, and 
have elegantly described the effects of anesthetics on electrophysiologic 
behavior. However, it is not straightforward to assign the observed elec-
trophysiologic effects to a molecular substrate. This issue is only begin-
ning to be addressed with the use of recombinant technology.

Almost all volatile anesthetics inhibit L-type Ca++ channels.75,76 
Inhibition is modest, approximately 25% to 30% at 1 MAC anesthetic, 
but certainly sufficient to account for the physiologic changes induced 
by the anesthetics. Volatile anesthetics decrease peak current and, 
in addition, tend to increase the rate of inactivation.77 Hence maxi-
mal Ca++ current is depressed, and duration of Ca++ current is short-
ened. Together, these actions significantly limit the Ca++ influx into the 
cardiac myocyte. However, some specific actions may depend on the 
particular compound studied. In the presence of -adrenergic stimu-
lation, halothane, but not sevoflurane, is associated with a long-last-
ing enhancement of Ca++ channel function that may contribute to its 
proarrhythmic effects.78 Xenon is without effect on cardiac Ca++ chan-
nels, explaining, in large part, its lack of effect on myocardial contractil-
ity. Other types of Ca++ channels have different sensitivities. Neuronal 
(N-type) channels have been shown to be quite resistant to volatile 
anesthetics. T-type channels in general tend to be much more sensitive 
than L-type channels; at clinical concentrations of most volatile anes-
thetics, T currents are inhibited 50% or more.

The effects of volatile anesthetics on cardiac Ca++ channels can be 
modulated greatly by concurrent interactions of the compounds on other 
cardiac signaling systems. As discussed later, volatile anesthetics inhibit 
function of several types of muscarinic acetylcholine receptor systems. 
Because Ca channel function can be inhibited by muscarinic signaling, 
as discussed earlier, clinicians would anticipate additional interactions 
when this system is exposed to volatile anesthetics, and such is the case. 
Halothane and isoflurane further inhibited currents through Ca++ chan-
nels when either volatile anesthetic was applied after inhibition produced 
by prior muscarinic stimulation. However, when muscarinic receptors 
were stimulated after administration of volatile anesthetic, its effect was 

reduced. Thus, whereas volatile anesthetics directly inhibit L-type chan-
nels, they also interfere with channel modulation by GPCR.79

Not only volatile but also injected anesthetics have been reported 
to inhibit cardiac L-type Ca++ channels in some models. However, the 
concentrations used generally exceed those used in clinical practice. 
Thiopental and methohexital block L-type Ca++ currents.76,80 Similarly, 
propofol has been reported to inhibit these channels, but at concentra-
tions well beyond the clinical range.

Interactions with Receptors:  
Muscarinic Receptors
As with cardiac channels, anesthetic interactions with a variety of 
GPCRs may be of potential relevance to cardiovascular side effects of 
anesthetic compounds. However, most of these potential interactions 
have not been described in significant detail. The two main control 
systems of myocardial functioning, the muscarinic and adrenergic sys-
tems, have been studied to some extent, and a generalizing conclusion 
can be that muscarinic receptors are and adrenergic receptors are not 
sensitive to many anesthetics. Hence the focus is on muscarinic recep-
tors in this section.

Determination of anesthetic effects on GPCR is in some ways more 
complex than determination of the effects on channels. Although the 
receptors are smaller and consist of a single subunit only, they are only 
one part of very complex signaling pathways. Therefore, it is not suffi-
cient to determine the effects on the receptor itself; actions on intracel-
lular signaling should be investigated as well.

There is no doubt that at least some volatile anesthetics interfere 
with muscarinic signaling. Unfortunately, most of these investigations 
have not studied the heart, or even looked specifically at the M2 recep-
tor, the only subtype expressed in cardiac tissue.

Aronstam et al81 published a series of articles reporting the effect 
of various anesthetics on muscarinic receptor binding. A summary of 
their findings has appeared in print as well. Several studies investigated 
the effect of halothane on agonist and antagonist binding.82,83 The con-
clusions drawn from this work were: (1) the anesthetic enhanced antag-
onist binding by slowing the rate of ligand dissociation, and (2) the 
anesthetic inhibited agonist binding (by 48%, using 10% halothane).

The site of action of these effects was studied in more detail by inves-
tigating the interactions of anesthetics with G-protein functioning.84 
As discussed earlier, G proteins are activated by GDP-GTP exchange. 
An intrinsic, but remarkably slow, enzyme activity hydrolyzes GTP 
back to GDP, thereby inactivating the G protein after several seconds. 
While active, the G protein is no longer able to couple to the receptor, 
and uncoupled receptors exhibit a decreased affinity for their agonist. 
This decrease in activity can be induced in the experimental setting 
by including a nonhydrolyzable analog of GTP [such as Gpp(NH)p] 
in the reaction mixture, resulting in irreversibly activated G proteins. 
This effect is known as the GTP shift in receptor affinity. Halothane 
shifts the Gpp(NH)p concentration–response relation to the right. In 
other words, a greater concentration of the GTP analog was necessary 
to induce a similar decrease in agonist binding. In the absence and 
presence of 5% halothane, the half-maximal inhibitory concentration 
(IC

50
) values for the inhibitory effect on agonist binding of Gpp(NH)

p were 0.7 and 83 M, respectively—a 100-fold difference. These find-
ings were interpreted as an ability of halothane to stabilize high-affinity 
G-protein–receptor complexes.

Therefore, it appears that halothane affects receptor binding, as well 
as receptor–G-protein interaction. In a subsequent study, the effect of 
the anesthetic on G-protein functioning—its ability to hydrolyze bound 
GTP—was investigated. Halothane was found not to inhibit binding of 
radiolabeled GTP analog to G proteins.82 However, the anesthetic com-
pletely blocked the stimulation of G-protein GTPase activity induced by 
acetylcholine, with a half-maximal effect at the clinically relevant halot-
hane concentration of 0.3 mM. The site of this effect was not deter-
mined. Largely similar findings were obtained with other anesthetics. 
Halothane also has been shown to interfere with G-protein–mediated 
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Ca++ sensitization in airway smooth muscle by inhibiting G proteins.85 
More recently, however, the interaction between halothane and purified, 
recombinant G

i
 was investigated. In contrast with the findings described 

earlier, no effect of the anesthetic on G
i
 protein function was found.86 

Hence the earlier results might have been contaminated by interac-
tions with other G-protein subtypes that are less relevant to muscarinic 
M2-receptor signaling. The conclusion to be drawn from these studies 
is that anesthetics may interfere with several components of the musca-
rinic signaling pathway. However, the following should be kept in mind: 
(1) most times a mixture of muscarinic receptor subtypes was studied; 
(2) the anesthetics were administered in relatively high, and clinically 
unequal, concentrations; and (3) anesthetic effects on functional prop-
erties of the receptor–G-protein unit were not specifically addressed. 
Magyar and Szabo,87 using the patch-clamp technique, have investigated 
the effects of halothane (0.9 mM) and isoflurane (0.8 mM) on acetylcho-
line (10 M)-induced activation of the muscarinic K+ channel in frog 
atrial myocytes. They found that if anesthetic and agonist were adminis-
tered at the same time, a reduction in the peak K+ current was observed, 
which was greater with halothane than with isoflurane. However, pre-
treatment with the anesthetic was found to have a significant, time-
dependent, additional effect: 25-minute exposure to halothane restored 
the peak and significantly increased the steady-state current, whereas 
exposure to isoflurane decreased both. As equilibration of the anesthetic 
with the direct signaling pathway should be complete within millisec-
onds to seconds, the prolonged time course of these effects appears to 
indicate that additional intracellular pathways (such as PKC-mediated 
phosphorylation) are involved. Exposure of the membrane patches to 
the nonhydrolyzable GTP analog GTP S, thereby irreversibly activating 
G

K
, prolonged the current. When single-channel measurements were 

performed, halothane was found to enhance the frequency of channel 
opening without significantly affecting the single-channel conductance. 
Isoflurane was without effect. Therefore, halothane affects the signaling 
pathway downstream of the muscarinic receptor in this model. Whether 
this action is on the G protein or on the channel itself cannot be conclu-
sively determined from these studies. When the time considerations are 
taken into account, it appears likely that the initial action of halothane 
on the system is inhibiting, whereas that of isoflurane is less so. After 
prolonged exposure, halothane is found to enhance signaling, whereas 
isoflurane inhibits it. These results are probably due to various effects 
of the anesthetics on intracellular systems that modify the signaling 
properties of the muscarinic pathway. In addition, halothane, but not 
isoflurane, has a direct activating effect downstream of the muscarinic 
receptor. The latter is consistent with findings of halothane effect on 
Ca++ channels mentioned earlier.

Genetic Cardiovascular Medicine
Over the past few decades, considerable progress has been made in the 
identification and understanding of the genetic basis of cardiovascular 
disease. More than 40 cardiovascular disorders are now known to be 
caused directly by gene defects. These disorders, spanning all aspects of 
cardiovascular disease and affecting all parts of the heart structure, can 
be divided into two groups (Box 7-6). Monogenic disorders are (usu-
ally rare) Mendelian disorders for which single gene changes are impli-
cated in the disease process and which usually exhibit characteristic 
inheritance patterns. Examples include familial hypercholesterolemia, 
hypertrophic cardiomyopathies (HCM), DCMs, and the LQTSs.88 More 
commonly, however, multiple genes influence the disease process by 
enhancing disease susceptibility or by augmenting the impact of envi-
ronmental risk factors. The genetic component in those multigenic 
disorders comprises a collection of gene variants such as single nucle-
otide mutations, referred to as single nucleotide polymorphisms (SNPs). 
Each individual SNP may have a modest effect on the quantity or func-
tion of a translated protein product. However, when individual SNPs 
aggregate and interact with environmental risk factors, they may have 
a major impact on disease biology. Common diseases postulated to fol-
low this paradigm include coronary artery disease (CAD), hyperten-
sion, and atherosclerosis.89

This section discusses the current status of genetic diagnosis of 
monogenic and complex cardiovascular disorders, as well as the main 
techniques used to perform such diagnostic testing (Box 7-7).

Monogenic Cardiovascular Disorders
Great progress has been made in the identification and characterization 
of the disease genes specific to Mendelian cardiovascular diseases,88,90 
but several factors complicate these investigative efforts. Locus hetero-
geneity (many genes causing the same disease) is one of those.91 The 
channelopathies, encompassing the LQTS and related genetic arrhyth-
mogenic disorders, are accounted for by more than 10 genes. Whereas 
HCM genes MYH7, MYBPC3, and TNNT2 (encoding the -myosin 
heavy chain, cardiac myosin-binding protein C, and cardiac troponin 
T genes, respectively) account for 70% to 80% of HCM as diagnosed 
by molecular genetic approaches,92 an additional 19 genes have been 
implicated to cause the HCM phenotype.93 In addition, more than 20 
genes have been implicated in DCM.91 A second, related factor compli-
cating genetic diagnosis is that not all disease loci have been identified, 
which diminishes the sensitivity of molecular testing. Whereas it has 
been estimated that a mutation causing LQTS can be identified in up to 
three quarters of index patients, this is not true for other cardiovascu-
lar single-gene disorders. For example, only 30% to 60% of the genetic 
causes of HCM94 and only 20% to 30% of genetic causes for DCM have 
been identified.90,91 Further complicating diagnostic strategies is allelic 
heterogeneity (many mutations within a single gene). As an example, 
MYH7 consists of 40 exons encoding the -myosin heavy chain pro-
tein, and 194 mutations in this structure have been reported to be asso-
ciated with HCM. For diagnostic purposes, this necessitates sequencing 
the entire coding sequence and intron/exon boundaries of each gene, 
making sequencing a time- and effort-intensive undertaking.

Methodologies for Identifying Mutations:  
Sequencing and Microarrays
Techniques for identifying gene sequences have evolved from the clas-
sic Southern blotting procedure into highly automated systems that 
can rapidly screen hundreds of thousands of gene sequences. Southern 

BOX 7-6. IMPORTANT CARDIOVASCULAR 
DISORDERS WITH A GENETIC BASIS

BOX 7-7. MAJOR GENETIC DIAGNOSTIC 
TECHNIQUES



172 SECTION II Cardiovascular Physiology, Pharmacology, Molecular Biology, and Genetics

 blotting, invented in the mid-1970s, is based on the transfer to nitrocel-
lulose of DNA molecules separated on gels and their subsequent identi-
fication with DNA probes. It allows detection of small mutations, as well 
as large deletions, duplications, and gene rearrangements. The principle 
was expanded and automated in the development of DNA microarrays 
(Figure 7-11), which consist of series of thousands of microscopic spots 
of DNA oligonucleotides, each containing tiny amounts of a specific 
DNA sequence. The arrays are printed on a platform, usually a glass slide. 
A DNA probe, encoding a specific sequence, is then used to bind to and 
identify homologous nucleic acids, as detected by fluorophore-labeled 
targets whose signal is proportional to the relative abundance of nucleic 
acid sequences in the target. This makes it possible to examine the rela-
tive abundance of thousands of genes at any given time. Newer chip-
based sequencing methods, designed to improve speed and efficiency, 
enable simultaneous sampling of 25,000 genes (Figure 7-12).

Clinical Applications
The ability of these techniques to identify diseases before they become 
clinically manifest allows preventive treatment as summarized in 
Table 7-2. For example, implantable cardioverters-defibrillators (ICDs) 
can prevent sudden cardiac death, improve quality of life, and prolong the 
time to cardiac transplantation (or avoid it altogether) in patients with 
genetic cardiomyopathies and arrhythmias95–97 (Figure 7-13). Medical 
therapy may ameliorate the progression of genetic DCM. Prospective 
identification of those patients yet asymptomatic, but at greater risk 
for development of the disease, enables close surveillance and early 

intervention. Knowledge of the LQTS genotype may be used to tailor 
the treatment plan (Figure 7-14). For instance, LQT3 patients benefit less 
from -blockers, so a lower threshold for ICD implantation is advised in 
LQT3 patients.98 In addition, the triggers for malignant arrhythmias have 
been found to differ based on gene involved, and, for example, patients 
with LQT1 can be asked to avoid vigorous activities such as exercise and 
competitive sports.99

Multigenic Cardiovascular Disorders
Identifying the gene variants associated with the development and pro-
gression of multigenic diseases allows them to be used to assess treatment 
response or serve as targets for novel treatment strategies. The obvious 
challenge is to identify the genes and gene variants that collectively con-
tribute to the disease. Several genomic technologies allow researchers to 
study the genetic components of multigenic disorders like CAD.

Methodologies for Multigenic Genetic Screening: 
Linkage Analysis, Whole-Genome Association,  
and Gene Expression Profiling
Linkage analysis is a nonbiased and powerful approach for identify-
ing causative genes underlying complex diseases.100 The analysis is 
conducted after a priori identification of potential candidate genes 
or their chromosomal locations. It then looks for DNA markers that 
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Figure 7-11 Schematic representation of a microarray experiment. 
RNA is extracted from the tissue(s) of interest, labeled, and then hybrid-
ized (competitively, two color arrays; noncompetitively, one color arrays) 
to the DNA microarray where it binds complementary sequences. Bound 
sequences are identified by their position on the array. Signal intensities 
are normalized allowing interarray comparisons. Normalized datasets are 
filtered and subjected to computational analysis. Finally, differentially regu-
lated transcripts should be prospectively validated and/or confirmed using 
independent methods. (From Cook SA, Rosenzweig A: DNA microarrays: 
Implications for cardiovascular medicine. Circ Res 91: 559–564, 2002.)

Figure 7-12 Chip method of sequencing combines chromatin immunopre-
cipitation (ChIP) with massively parallel DNA sequencing, allowing improved 
speed and efficiency. (From Central European Journal of Medicine, 1895–
2058 (print) 1644–3640 (online), 2009, vol 4, No.1, pp 1–10.)

Only conditions in which consistent epidemiologic data are available have been listed.
ARVC, arrhythmogenic right ventricular cardiomyopathy; BrS, Brugada syndrome; 

CPVT, catecholaminergic polymorphic ventricular tachycardia; DCM, dilated 
cardiomyopathy; HCM, hypertrophic cardiomyopathy; LQTS, long QT syndrome; 
MFS, Marfan syndrome; NA, not applicable; NS, Noonan syndrome.

(From Camm AJ, Lüscher TF, Serruys PW: The ESC Textbook of Cardiovasular Medicine, 2nd ed. 
New York, Oxford University Press Inc., 2009.)

Clinical Applicability of Genetic Testing in Monogenic 
Cardiac Diseases

 
 
Success Rate

Identification of 
Silent Carriers/
Diagnosis

Reproductive 
Risk 
Assessment

 
 
Prognosis

 
 
Therapy

HCM 60–65% + + ± −
DCM Na + + − −
ARVC < 10% + + − −
MFS 80–90% + + − −
LQTS 60–65% + + + +
BrS 20% + + − −
CPVT 50% + + + −
NS 40% + + − −

TABLE  
7-2
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 cosegregate with the disease phenotype between affected family mem-
bers at a rate that is statistically greater than random chance. The chro-
mosomal region containing the DNA markers can then be examined in 
further detail to look for potential candidate genes. Several successful 
studies have been performed using CAD as a model.101–103

Genetic association studies are performed to determine whether 
a genetic variant is associated with a disease or trait; if association is 
present, a particular allele, genotype, or haplotype of a polymorphism 
or polymorphism(s) will be seen more often than expected by chance 
in an individual carrying the trait. Thus, a person carrying one or 
two copies of a high-risk variant is at increased risk for development 
of the associated disease or having the associated trait. Using mod-
ern genomic technologies, researchers can now assay hundreds and 
thousands of SNPs simultaneously in a single individual using “SNP 
chips,” the principle of which is the same as previously described for 
gene arrays. Two recent studies performed whole-genome association 
to identify SNPs associated with the development and progression of 
myocardial infarctions.104,105

Gene expression profiling (functional genomics) is another approach 
to identify genes and pathways that contribute to the development and 
progression of complex cardiovascular diseases such as coronary ath-
erosclerosis. This approach analyzes disease in relevant tissues to look 
for changes in the abundance of transcribed genes or messenger RNA 
(mRNA) that correlate with a disease state, clinical outcome, or thera-
peutic response.106,107

Clinical Application
As in single-gene disorders, genetic information is used in multi-
genic disorders to establish disease susceptibility by defining a  person’s 
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Figure 7-13 Proposed sequence of genetic test-
ing for patients with hypertrophic cardiomyopathy. 
HCM, hypertrophic cardiomyopathy; LV, left ventricu-
lar; SCD, sudden cardiac death. (From Keren A, Syrris 
P, McKenna WJ: Hypertrophic cardiomyopathy: The 
genetic determinants of clinical disease expression. 
Nat Clin Pract Cardiovasc Med 5:158–168, 2008.)
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Figure 7-14 Genotype-phenotype relations seen in LQT1, LQT2, 
and LQT3. The linear topologies for the three principal cardiac channels 
that account for two thirds of long QT syndromes (LQTSs) are superim-
posed on the cardiac action potential of a ventricular myocyte. The inset 
next to each channel summarizes some of the signature phenotypes 
associated with the three most common LQTS-causing genotypes. AV, 
atrioventricular. (From Ackerman, Michael J: Genetic testing for risk 
stratification in hypertrophic cardiomyopathy and long QT syndrome: 
Fact or fiction? Curr Opin Cardiol 20:175–181, 2005.)
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 individual risk beyond currently available clinical and laboratory 
assessment tools. Several commercially available tests fall in this cat-
egory, including tests for susceptibility to atrial fibrillation108 and myo-
cardial infarction.104,105 Higher risk individuals, once identified, can 
then receive more intensive preventive medical treatments to delay 
or prevent disease development. However, there are several issues to 
consider before using genetic testing in this set of patients.109 The first 
concern is the interpretation of results. Unlike single-gene disorders, 
the results of a positive or negative test provide no concrete diagnostic 
or prognostic information. A positive test simply means that a patient 
has an increased risk for development of the disorder—it is not a near 
certainty. Similarly, a negative test does not guarantee that the patient 
will not ultimately develop the disease. A second issue is the clinical 
interventions that should be administered given the test results. For 
example, if genotyping indicates that the individual is at risk for a 
future myocardial infarction, should intensive medical therapies be 
prescribed? Approaches such as blood pressure reduction, augmented 
antiplatelet therapy, and aggressive cholesterol lowering have all been 
shown to substantially reduce risk for CAD and are considered safe, 
but universal administration of these therapies is financially unfeasible 
and would lead to unavoidable side effects. Theoretically, with the use 
of more precise genomic information, it may be possible to identify 
disease-susceptible individuals for whom intensive prevention is cost 
effective, but this remains to be proven. Will the benefits of interven-
tions applied in response to a positive genomic test outweigh the risks 
for unnecessary treatment and financial costs and result in durable and 
cost-effective improvements in health? On the other hand, given that 
there is no guarantee of a disease-free future, will a negative test lead 
to a false sense of security and encourage the maintenance or resump-
tion of prior deleterious behaviors? Further evaluation of the utility of 
these tests through carefully designed disease outcome trials is needed. 
Finally, potentially problematic legal and ethical issues surround the 
clinical genetic testing for complex diseases. Although the results of 
the test provide no concrete diagnostic or prognostic information, they 
may have potentially significant effects on health insurance premiums 
or employment.

Another application of genetic testing in multigenic disorders lies 
in the development of new diagnostic and prognostic tools. This can 
be exemplified by its use in cardiac transplantation, in which it can 
identify subtle changes in peripheral blood mononuclear cells, allow-
ing the detection of organ rejection much earlier than traditional 
histopathology.110 In this example, genetic testing can be thought of 
as an extension of currently available biochemical and histopatho-
logic approaches that aids in clinical decision making or determining 
prognosis by virtue of providing more detailed molecular phenotype 
information. Unfortunately, there are currently no genetic tests that 
meet these criteria with respect to more common disorders such as 
CAD.

Finally, an additional way to translate new genetic information into 
clinical practice is through the identification of targets for drug devel-
opment or more precise indications for currently used medications. 
This is a straightforward idea, but a number of hurdles need to be over-
come. The primary problem is to provide convincing evidence that a 
gene contributes to disease development and progression. In the case 
of linkage studies, it is sometimes difficult to determine the dominant 
candidate genes. Often, these studies identify chromosomal regions 
associated with disease that are 10 cM (roughly 10 million nucleotides) 
in length. A region of this size may contain 100 to 300 potential genes, 
making it challenging to identify the causal gene(s). For whole-genome 
association studies, an associated SNP is not necessarily functionally 
relevant and may simply be tightly linked with the real (but uniden-
tified) causal gene. In some cases, the SNP may not even lie within a 
known or putative gene. For candidate genes identified by functional 
genomic studies, the difficulty is in determining whether gene expres-
sion levels are altered because the genes are contributing to disease 
biology or whether the genes are altered as a consequence of the dis-
ease process. There are success stories, however. The information on 
genes obtained from genome-wide association studies has been used 

successfully to study the variations in response to some critical drugs 
such as warfarin. Warfarin has a narrow therapeutic window and shows 
large variations in dose requirements between patients. Patients with 
CYP29*2 and CYP29*3 allele variants seem to require lower doses of 
warfarin to achieve an optimal state of anticoagulation.111 In 2005, the 
U.S. Food and Drug Administration (FDA) changed the label of warfa-
rin to point out the potential relevance of genetic information to pre-
scribing decisions.112

Perioperative Genomics  
in Cardiac Surgery
Despite advances in surgical, anesthetic, and cardioprotective strategies, 
the incidence of perioperative adverse events in cardiac surgery contin-
ues to be significant and is associated with reduced short- and long-term 
survival.113 Because all surgical patients are exposed to perturbations 
that potentially activate inflammation, coagulation, and other stress-
related pathways, but only a subset experience adverse perioperative 
events (even after controlling for coexistent disease), a genetic com-
ponent is likely to be involved114–116 (Figure 7-15). Perioperative genom-
ics is a new field that uses functional genomic approaches to discover 
underlying biologic mechanisms that explain why similar patients have 
dramatically different outcomes after surgery.117

Genetic variants have been found for adverse events such as myo-
cardial ischemia,118 postoperative arrhythmias,119 vein graft resteno-
sis,118 renal compromise,120 neurocognitive dysfunction,121 stroke,122 
and death,118 as well as more systemic outcomes such as bleeding,123 
thrombosis,124 inflammatory responses, and severe sepsis125–128 (Figure 
7-16). The Duke Perioperative Genomics investigative team initiated 
a prospective study (the Perioperative Genomics And Safety Study, 
US [PEGASUS]) in 2001. In recent years, broader multi-institutional 
perioperative genomics groups have been formed in the United States 
(PeriGReN) and internationally (iPEGASUS). The goal of the PEGASUS 
group is to use genetic variability to determine which individuals are 
at risk for adverse events after surgery. As an example of the power 
of perioperative genetic/genomic approaches, the PEGASUS group 
recently examined the perioperative myocardial injury/infarction 
(PMI) end point by genotyping 48 polymorphisms from 23 candidate  
genes in a prospective cohort of 434 patients undergoing elective 
cardiac surgery with cardiopulmonary bypass.129 After adjusting  
for multiple comparisons and clinical risk factors, three polymor-
phisms were found as independent predictors of PMI. These represent 
SNPs in genes encoding IL-6 and 2 adhesion molecules, intercellular  
adhesion molecule 1 (ICAM-1) and E-selectin. In contrast, one  
mutation (SELE98G>T) decreased the risk for PMI in the study. The 
investigators concluded that functional genetic variants in cytokine 
and leukocyte-endothelial interaction pathways are independently 
associated with severity of myonecrosis after cardiac surgery.

Do these genetic/genomic studies result in practical information 
capable of facilitating therapeutic interventions designed to improve 
outcome? A study of the effects of a 5-lipoxygenase-activating pro-
tein (FLAP) inhibitor on biomarkers associated with increased 
risk for myocardial infarction demonstrated that, by defining at-
risk patients using two genes in the leukotriene pathway, it can be 
predicted who will respond to targeted drug therapy.130 Use of the 
FLAP inhibitor DG-031 in patients with these variants leads to sig-
nificant and dose-dependent suppression of biomarkers associated 
with increased risk for myocardial infarction events. Although this 
study did not take place during surgery, similar principles would be 
expected to be operational in the perioperative period. These find-
ings may soon translate into prospective risk assessment incorpo-
rating genomic profiling of markers important in inflammatory, 
thrombotic, vascular, and neurologic responses to perioperative 
stress, with implications ranging from individualized additional 
preoperative testing and physiologic optimization, to perioperative 
decision making, options for monitoring approaches, and critical 
care resource utilization.
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Gene Therapy
Whereas molecular diagnosis is here, molecular therapy appears just 
tantalizingly out of reach—and has seemed that way for much of the 
past decade. The concepts are clear. The application, however, has been 
fraught with much more difficulty than at first appreciated.

Gene therapy attempts to modify expression of genetic material. 
Although a myriad of approaches have been suggested, those with the 
most promise are replacement of lacking or defective genes and selec-
tive inhibition of gene expression by antisense treatment. Another 
approach, further removed from clinical practice at this time, is the tar-
geting of drug delivery to specific tissues using molecular techniques.

Replacement of genes is by now a routine technique in laboratory 
cell cultures, and can be performed with reasonable ease in animal 
models such as transgenic animals. Application in the clinical setting 
has been difficult, however. Obviously, it is most times not necessary 
to replace a gene in every cell of the body. In cystic fibrosis, for exam-
ple, a disease in which gene therapy is probably closest to succeeding, 
the main target tissue will be the pulmonary system. The main issue 
then becomes the delivery of the functional gene to the target tissue 
in such a manner that it will be consistently expressed at adequate lev-
els. A variety of experimental techniques exists. Cells can be removed 
from the patient's body, changed in culture, and then be returned to 
the patient. Alternatively, the gene can be incorporated in an otherwise 
innocuous virus that then is used to infect the patient's tissues. Both 
approaches show promise, but the technical difficulties indicate that 
this is still a considerable time away from routine clinical application. 
Nonetheless, several clinical trials are in progress.131,132

Inhibition of gene expression by antisense treatment is similarly full 
of promise.133–135 The technique is based on the fact that mRNA can no 
longer be translated efficiently into protein when bound to a comple-
mentary strand of nucleic acid, a so-called antisense strand. Thus, by 
introducing specific antisense DNA into cells, expression of a selected 
gene product can be inhibited. The problem here, again, is efficient tar-
geting of the tissue of interest. Remarkably, cells are able to take up 
antisense material from the extracellular environment without degrad-
ing it, but the material still has to be brought in contact with the tis-
sue of interest. A second technical problem involves the stability of the 
antisense DNA. Because most diseases for which this technique seems 
suitable require constant inhibition of gene expression over long peri-
ods, the antisense construct has to be highly stable, and this degree of 
stability has not been consistently achieved yet.

Thus, molecular therapy seems feasible but is not quite ready for the 
clinic yet. Several times clinicians have believed that a breakthrough 
would be achieved rapidly; each time they have been disappointed. It 
would, therefore, be dangerous to predict that these techniques will 
find practical clinical application in the next few years. Nonetheless, 
the concepts appear sound, and have been proved in animal models. It 
appears to be only a matter of time before patients will be treated with 
these methods.
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Figure 7-15 Diagram illustrating how 
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Somatic Gene Therapy for Cardiac Arrhythmias
Somatic gene therapy means addition of genes as either DNA or RNA 
to cells other than eggs or sperm, with the goal of treating or prevent-
ing a disease. Potential delivery strategies include replication-deficient 
viruses, and physicochemical techniques such as liposomes and direct 
injection. Viral transfection of an inhibitory G protein into the AV 
node of pigs has been used to control the ventricular response to atrial 
fibrillation.136 The rationale for this strategy was that overexpression 
of an inhibitory G protein would, in effect, create a localized  recep-
tor blockade. The success of this strategy may point to human trials in 
the future.

Stem Cell Therapy
Stem cells are immature tissue precursor cells that are undifferenti-
ated and can differentiate into specialized cells including cardiomyo-
cytes and cardiac rhythm-generating tissue. Stem cells may be isolated 
from the fetus, but limited supply and ethical considerations have 

 mandated a search for a more easily accessible source. Skeletal myo-
blasts, endothelial progenitor cells, and adult mesenchymal stem cells 
have all been used. There are early reports of the use of stem cells for 
cellular cardiomyoplasty in patients with end-stage heart failure after 
myocardial infarction, but there remain concerns about incorporation 
of the cells into the myocardium and the possibility of arrhythmogen-
esis.137 Prospective randomized trials are awaited. Human mesenchy-
mal stem cells transfected with HCN2, a pacemaker channel, have been 
incorporated into canine myocardium. These cells have been shown 
to form gap junctions with the myocardium and to generate rhythmic 
activity after AV nodal blockade.138 These experiments offer the distant 
prospect of a biologic cardiac pacemaker.
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Systemic Inflammation

Numerous advances in perioperative care have allowed increasingly 
high-risk patients to safely undergo cardiac surgery. Although mortal-
ity rates of 1% are quoted for “low-risk” cardiac surgery, results from 
large series of patients older than 65 years suggest that mortality rates 
are actually more substantial.1 For example, Birkmeyer et al1 reviewed a 
large number (n = 474,108) of “all-comers” undergoing coronary artery 
bypass surgery (CABG) or aortic valve surgery in the Medicare Claims 
Database. Notably, 30-day all-cause mortality was in the range of 4.0% 
to 5.4% after CABG and 6.5% to 9.1% after aortic valve replacement. 
The patient population studied, although elderly (age > 65), would not 
be considered to be particularly high risk by today’s standards. These 
data do not point to the cause of death. Nevertheless, they indicate 
that outcome after routine cardiac surgery is poor for many patients. 
Outcome after these procedures is even worse if the extent of postop-
erative complications is considered. Postoperative morbidity is com-
mon,2 and complications include atrial fibrillation, poor ventricular 
function requiring inotropic agents, and noncardiac-related causes 
such as infection, gastrointestinal dysfunction, acute lung injury, 
stroke, and renal dysfunction. For example, in Rady et al’s3 large series 
of patients  75 years of age undergoing cardiac surgery (n = 1,157), 
the mortality rate was 8%. The rate of serious complications, however, 
exceeded 50%.

Many postoperative complications appear to be caused by an exag-
gerated systemic proinflammatory response to surgical trauma.4–6 The 
most severe form of this inflammatory response leads to multiple 
organ dysfunction syndrome and death.5,6 Milder forms of a proin-
flammatory response cause less severe organ dysfunction, which does 
not lead to admission to an intensive care unit (ICU), but nevertheless 
causes suffering, increased hospital length of stay, and increased cost. 
The cause and clinical relevance of systemic inflammation after cardiac 
surgery are poorly understood. Systemic inflammation is a multifacto-
rial process and has profound secondary effects on both injured and 
normal tissues. Proinflammatory mediators can have beneficial as well 
as deleterious effects on multiple organ systems. According to most 
theories, tissue injury, endotoxemia, and contact of blood with the for-
eign surface of the cardiopulmonary bypass (CPB) circuit are some 
of the major factors postulated to initiate a systemic inflammatory 
response. Nevertheless, controversy surrounds the cause and patho-
genesis of inflammation in the perioperative period.

TERMINOLOGY
The terminology of inflammation is confusing and has hampered 
effective communication among scientists and clinicians. Despite 
attempts to standardize the terminology, variation in usage still exists 
in the scientific literature, as well as the clinical setting.7 Much of the 
confusion relates to the term inflammation, defined as “a fundamen-
tal pathologic process consisting of a dynamic complex of cytologic 
and chemical reactions that occur in the affected blood vessels and 
adjacent tissues in response to an injury or abnormal stimulation 
caused by a physical, chemical, or biologic agent, including (1) the 
local reactions and resulting morphologic changes, (2) the destruc-
tion or removal of the injurious material, (3) the responses that lead 
to repair and healing.”8 This definition acknowledges the potential 
role of noninfectious causative factors; that is, infection is not a pre-
requisite for the development of inflammation. The American College 
of Chest Physicians/Society of Critical Care Medicine Consensus 
Conference has developed definitions for terms related to inflamma-
tion (Table 8-1). Figure 8-1 demonstrates the possible interrelations 
among many of these terms.

In particular, the systemic inflammatory response syndrome (SIRS) 
refers to an inflammatory process that can arise from or in the absence 
of infection. A viewpoint consistent with the recommended terminol-
ogy is that systemic inflammation is a spectrum from mild systemic 
inflammation without organ dysfunction to a more severe form char-
acterized by multisystem organ failure and death. There are three 
reasons why many clinicians do not routinely think of systemic inflam-
mation as a clinical entity: (1) There are no universally accepted tests, 
for example, physical diagnosis or laboratory assays, which can reliably 
and accurately measure the degree of systemic inflammation; (2) even 
if such a test existed and it is known that a patient has “severe” SIRS, 
the clinician still would not be able to predict (a) whether organs will 
fail, (b) which organ(s) will fail, and (c) when organ(s) will fail; and 
(3) even if SIRS could be diagnosed accurately, currently, there are no 
therapies in widespread clinical use for the prevention or treatment of 
systemic inflammation.

In the surgical population, the use of the phrase and definition for 
SIRS has generated some controversy.9 This controversy relates to the 
fact that almost all patients after major surgery fulfill the criteria for 
SIRS. Most patients, however, clearly do not develop clinically signifi-
cant organ dysfunction from their systemic inflammation. Critics may 
argue that the use of the term SIRS in cardiac surgery patients, there-
fore, is meaningless because it does not differentiate patients who will 
have a benign versus a complicated postoperative course. For these rea-
sons, SIRS is used more commonly by investigators than by practic-
ing physicians. Use of the phrase SIRS, nevertheless, has the benefit 
of increasing awareness regarding the many noninfectious causes of 
inflammation.

The distinction of systemic versus local inflammation is important. 
Local inflammation has several beneficial purposes. Invasion of the 
injured or infected tissue by inflammatory cells, that is, neutrophils 
and macrophages, results in high concentrations of cells involved in 
host defense. Local mediator-induced edema and clotting of lymphat-
ics by fibrinogen result in the effective “walling off” of the injured 
area. In contrast, systemic inflammation is not limited to the initial 
area of infection or injury. The systemic elaboration of inflammatory 
mediators may be beneficial by heightening the host’s general defenses.  
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KEY POINTS

1. Mortality and morbidity are relatively common 
after major surgery.

2. Postoperative morbidity often involves multiple 
organ systems, which implies a systemic process.

3. A large body of evidence suggests that excessive 
systemic inflammation is a cause of postoperative 
organ dysfunction.

4. No interventions have been proved in large, 
randomized clinical trials to protect patients from 
systemic inflammation–mediated morbidity.

8



 8 Systemic Inflammation 179

It, however, may lead to the “autodestruction” of the host through sec-
ondary damage to tissues/organs not originally affected by the primary 
injury or infection.

The acute-phase response to tissue injury and infection is char-
acterized by leukocytosis, fever, increased vascular permeability, a 
negative nitrogen balance, changes in plasma steroid and metal 
concentrations, and increased synthesis of hepatic acute-phase 

 proteins. Examples of these proteins include haptoglobin, fibrino-
gen, C-reactive protein (CRP), complement factors (C3, factor B), 
serum amyloid A, 

1
-acid glycoprotein, and 

1
-antichymotrypsin.10 

The terms acute-phase response and systemic inflammation often are 
used interchangeably.

A common misconception relates to the terms bacteremia and endo-
toxemia. Whereas bacteremia refers to the presence of viable bacteria in 
the blood, endotoxemia refers to the presence of endotoxin in the blood. 
Endotoxin, also known as lipopolysaccharide (LPS), is a component of 
the cell membranes of gram-negative bacteria, and hence its presence 
does not require the existence of viable organisms. In fact, it has been 
clearly established that cardiac surgical patients have a high incidence 
of intraoperative endotoxemia despite simultaneously exhibiting a low 
incidence of culture-proven bacteremia. This observation is consistent 
with the observation that “sterile” instruments and solutions, includ-
ing intravenous fluids and the CPB circuit, may be  contaminated with 
endotoxin.11

SYSTEMIC INFLAMMATION AND 
CARDIAC SURGERY
The systemic inflammatory response after cardiac surgery is multifac-
torial. As described earlier, the term SIRS is not particularly helpful 
in clarifying the pathophysiology of inflammation in cardiac surgery.9 
A schematic of the inflammatory process is depicted in Figure 8-2. 
There does not appear to be much disagreement with the statement 
that all of these processes may happen and may be responsible for caus-
ing complications in cardiac surgical patients. Tissue injury, endotox-
emia, and contact of blood with the foreign surface of the CPB circuit 
are thought to initiate a systemic inflammatory response after cardiac 
surgery. What is least understood and of most controversy is the issue of 
which of these many processes is the most clinically relevant. It appears 
as if major surgery is an important cause of systemic inflammation, 
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Figure 8-1 The interrelations among systemic inflammatory response 
syndrome (SIRS), sepsis, and infection. (From Bone RC, Balk RA, Cerra 
FB, et al: Definitions for sepsis and organ failure and guidelines for 
the use of innovative therapies in sepsis: ACCP/SCCM Consensus 
Conference. Chest 101:1644–1655, 1992.)

From Bone RC, Balk RA, Cerra FB, et al: Definitions for sepsis and organ failure and 
guidelines for the use of innovative therapies in sepsis: ACCP/SCCM consensus 
conference. Chest 101:1644–1655, 1992.

Definitions Related to Inflammation

Infection = microbial phenomenon characterized by an inflammatory response 
to the presence of microorganisms or the invasion of normally sterile host 
tissue by those organisms.

Bacteremia = the presence of viable bacteria in the blood.
Systemic inflammatory response syndrome (SIRS) = the systemic inflammatory 

response to a variety of severe clinical insults. The response is manifested by 
two or more of the following conditions: (1) temperature > 38°C or < 36°C; 
(2) heart rate > 90 beats per minute; (3) respiratory rate > 20 breaths per 
minute or PaCO

2
 < 32 mm Hg; and (4) white blood cell count > 12,000/mm3, 

< 4000/mm3, or > 10% immature (band) forms.
Sepsis = the systemic response to infection, manifested by two or more of the 

following conditions as a result of infection: (1) temperature > 38°C or < 
36°C; (2) heart rate > 90 beats per minute; (3) respiratory rate > 20 breaths 
per minute or PaCO

2
 < 32 mm Hg; and white blood cell count > 12,000/mm3, 

< 4000/mm3, or > 10% immune (band) forms.
Severe sepsis = sepsis associated with organ dysfunction, hypoperfusion, or 

hypotension. Hypoperfusion and perfusion abnormalities may include, but 
are not limited to, lactic acidosis, oliguria, or an acute alteration in mental 
status.

Septic shock = sepsis-induced with hypotension despite adequate fluid 
resuscitation together with the presence of perfusion abnormalities that may 
include, but are not limited to, lactic acidosis, oliguria, or an acute alteration 
in mental status. Patients who are receiving inotropic or vasopressor 
agents may not be hypotensive at the time that perfusion abnormalities are 
measured.

Sepsis-induced hypotension = a systolic blood pressure < 90 mm Hg or a 
reduction of  40 mm Hg from baseline in the absence of other causes for 
hypotension.

Multiple organ dysfunction syndrome (MODS) = presence of altered organ 
function in an acutely ill patient such that homeostasis cannot be maintained 
without intervention.

TABLE  
8-1

Tissue injury
ischemia/

reperfusionEndotoxin

Contact
activation
(factor XII)

Cells and mediators
Complement
Cytokines—TNF, IL-1, IL-8, IL-10
Leukotrienes—Prostaglandins
Endothelium—Platelets-PAF
Neutrophil—Monocyte activation
Kallikrein—Bradykinin
Contact activation (factor XII)

Mechanisms of injury
Oxygen free radicals
Microvascular occlusion
Fibrinolysis—Thrombosis
Capillary leak
Inducible nitric oxide
  synthetase
Neutrophil elastase

End-organ effects
Myocardial depression
Renal dysfunction
Coagulopathy—DIC
Pulmonary injury
Intravascular thrombosis
Hepatic dysfunction
Multiple system organ
  failure 
Death

Signs and
symptoms
Fever
Diaphoresis
Rigors
Mental status
  changes
Hypotension
Tachycardia
Nausea
Vomiting

Figure 8-2 Overview of inflammation. DIC, disseminated intravas-
cular coagulation; IL, interleukin; PAF, platelet-activating factor; TNF, 
tumor necrosis factor.
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and that CPB further exacerbates the elaboration of proinflammatory 
mediators. Various causes and mediators of inflammation are reviewed 
in the subsequent sections.

Mechanisms of Inflammation-Mediated 
Injury
It is not entirely clear how inflammation ultimately damages cells and 
organ systems. Activation of neutrophils and other leukocytes is cen-
tral to most theories regarding inflammation-induced injury.6,12–15 
Neutrophil activation leads to the release of oxygen radicals, intracellu-
lar proteases, and fatty acid (i.e., arachidonic acid) metabolites. These 
products, as well as those from activated macrophages and platelets, 
can cause or exacerbate tissue injury.

In localized areas of infection, oxygen free radicals liberated by acti-
vated neutrophils aid in the destruction of pathogens.16 Complement, 
in particular, C5a, results in activation of leukocytes and oxygen free 
radical formation.17 These activated neutrophils liberate toxic amounts 
of oxygen free radicals such as hydrogen peroxide, hydroxyl radicals, 
and superoxide anion. Oxygen free radicals are thought to cause cel-
lular injury, ultimately through damage to the lipid membrane.18–20 
Increased levels of lipid peroxidation products, that is, products of oxi-
dation of membrane lipids such as malondialdehyde, are thought to 
reflect the severity of free radical cellular damage.21 Consistent with 
this model of injury, Royston et al22 demonstrated increased levels of 
peroxidation products in cardiac surgical patients. In another study, 
oxygen free radicals were found to be increased in 21 patients under-
going cardiac surgery; however, the clinical relevance of these changes 
was not studied.21

A related mechanism of injury results from the degranulation 
of neutrophils. Activated neutrophils release granules that con-
tain myeloperoxidase, as well as other toxic digestive enzymes such 
as neutrophil elastase, lactoferrin, -glucuronidase, and N-acetyl-

-glucosaminidase.23–26 Release of these intracellular enzymes not 
only causes tissue damage but also reduces the number of cells that 
can participate in bacterial destruction. In one study, cardiac surgical 
patients who developed splanchnic hypoperfusion, a possible cause of 
inflammation, demonstrated increased neutrophil degranulation and 
increased plasma neutrophil elastase concentrations.26

Another mechanism of inflammation-mediated injury involves 
microvascular occlusion. Activation of neutrophils leads to adhesion 
of leukocytes to endothelium and formation of clumps of inflam-
matory cells, that is, microaggregates.14,27 Activated leukocytes have 
less deformable cell membranes, which affects their ability to pass 
through capillaries.28 Microaggregates can cause organ dysfunction 
through microvascular occlusion and reductions in blood flow and 
oxygen at the local level.22,28,29 After the disappearance of these micro-
aggregates and restoration of microvascular flow, reperfusion injury 
may occur.

Finally, activated leukocytes release leukotrienes such as leukotriene 
B

4
. Leukotrienes are arachidonic acid metabolites generated by the 

lipoxygenase pathway. They markedly increase vascular permeability 
and are potent arteriolar vasoconstrictors. These leukotriene-mediated 
effects account for some of the clinical signs of systemic inflamma-
tion, in particular, generalized edema, as well as “third-space losses.” 
Prostaglandins, generated from arachidonic acid via the cyclooxyge-
nase pathway, also act as mediators of the inflammatory process.

Physiologic Mediators of Inflammation
Cytokines
Cytokines are believed to play a pivotal role in the pathophysiology 
of acute inflammation associated with cardiac surgery.30,31 Cytokines 
are proteins released from activated macrophages, monocytes, fibro-
blasts, and endothelial cells, which have far-reaching regulatory effects 
on cells.32 They are small proteins that exert their effects by binding 

to specific cell-surface receptors. Many of these proteins are called 
 interleukins because they aid in the communication between white 
blood cells (leukocytes).

Cytokines are an important component of the acute-phase response 
to injury or infection. The acute-phase response is the host’s physiologic 
response to tissue injury or infection and is intended to fight infection, 
as well as contain areas of diseased or injured tissue. Cytokines medi-
ate this attraction of immune system cells to local areas of injury or 
infection. They also help the host through activation of the immune 
system, thus providing for an improved defense against pathogens. For 
example, cytokines enhance the function of both B and T lymphocytes, 
therefore improving both humoral and cell-mediated immunity. Most 
cytokines are proinflammatory, whereas others appear to exert an anti-
inflammatory effect, suggesting a complex feedback system designed 
to limit the amount of inflammation. Excessive levels of cytokines, 
however, may result in an exaggerated degree of systemic inflamma-
tion, which may lead to greater secondary injury. Numerous cytok-
ines (tumor necrosis factor [TNF], interleukin-1 [IL-1] to -16), as well 
as other protein mediators (e.g., transforming growth factors, mac-
rophage inflammatory proteins), have been described and may play an 
important role in the pathogenesis of postoperative systemic inflam-
mation. The cytokines that have received the most attention related to 
cardiac surgery include TNF and IL-1, interleukin-1 receptor antago-
nist (IL-1ra), IL-6, IL-8, and IL-10.

Tumor Necrosis Factor
TNF is one of the earliest cytokines detected in the blood after the acti-
vation of macrophages and other proinflammatory cells. One factor 
complicating studies of TNF relates to the fact that there are two simi-
lar forms of TNF, TNF-  and TNF- , as well as two distinct receptors, 
TNFR-I and TNFR-II. TNF appears to be pivotal in initiating the com-
plex inflammatory cascade. Endotoxin is a potent stimulus for TNF 
production.

Endotoxemia unequivocally results in initiation of proinflamma-
tory pathways, most likely through stimulation of TNF.33–36 Michie 
et al33 administered endotoxin intravenously to human volunteers 
and detected peak levels of TNF 90 to 180 minutes later. Peak con-
centrations of TNF correlated with increased temperature and heart 
rate (HR), as well as circulating levels of adrenocorticotropic hormone 
and epinephrine. In this and other studies, TNF levels soon appear 
after a proinflammatory stimulus and disappear quickly, which helps 
explain a common finding from clinical studies. TNF levels are often 
not increased when measured in patients with systemic inflamma-
tion, probably because test samples are obtained long after exposure to 
the primary inflammatory stimulus. This issue of sampling time may 
partially account for the fact that some cardiac surgical studies have 
detected increased TNF levels, whereas others have not.37–53

Interleukins
After the appearance of TNF, levels of IL-1 increase in cardiac surgi-
cal patients.47,50,52,54 Measured levels are low and may peak within sev-
eral hours after CPB.54 Others have demonstrated maximum levels 
1 day after cardiac surgery, which may explain the inability of some 
investigators to detect IL-1 during the intraoperative period.50 IL-1 
may decrease systemic vascular resistance after CPB through induc-
tion of nitric oxide synthesis in vascular endothelial cells.55 Although 
IL-1 appears to be important in the initiation and propagation of the 
inflammatory cascade, it is not clear whether IL-1 levels cause delete-
rious effects or even serve as a marker for patients who will develop 
organ dysfunction after cardiac surgery. Some of the reported effects of 
IL-1 may be due instead to other cytokines, in particular, TNF, which 
are detected at the same time.

IL-8 is also believed to be an important component of the proin-
flammatory cascade. It is a potent chemoattractant of neutrophils to 
the site of injury or infection. IL-8 also is responsible for the activa-
tion, priming, and degranulation of neutrophils.56,57 The relevance of 
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increases in IL-8 levels to outcome after cardiac surgery has not been 
established.42–44,46,47,51,53,58,59 Rothenburger et al60,61 observed a significant 
association between prolonged mechanical ventilation and postopera-
tive IL-8 levels but not IL-6 levels.

IL-6 levels have been shown to increase in the setting of cardiac sur-
gery, although this is not a universal finding.10,42,43,45–48,51–54,58,62–65 Peak 
levels of this cytokine appear after maximum values for TNF and IL-1. 
For example, Steinberg et al54 measured plasma cytokine levels in 29 
patients undergoing CPB. IL-6 levels peaked at 3 hours after separation 
from CPB and remained increased 24 hours after surgery. No associa-
tion was found between IL-6 levels and hemodynamic parameters or 
postoperative pulmonary function.

Anti-inflammatory Cytokines
The regulation of inflammation is complex and involves a balance 
between proinflammatory and anti-inflammatory cytokines. IL-10 is 
a potent inhibitor of the synthesis of TNF, IL-1, IL-6, and IL-8, and 
increases in the perioperative period.44,66–68 McBride et al68 obtained 
blood samples perioperatively from 20 patients undergoing car-
diac surgery. Before and during CPB, increases were observed in the 
proinflammatory cytokines TNF, IL-1, and IL-8. At the same time 
that proinflammatory cytokine levels began to decrease, increases in 
the anti-inflammatory cytokines IL-10 and IL-1ra were observed. The 
authors suggest that the balancing effects of these two types of cytok-
ines may determine whether a patient suffers from the effects of exces-
sive systemic inflammation (i.e., postoperative organ dysfunction) or 
the effects of inadequate immune system enhancement (i.e., postoper-
ative infection and poor wound healing). Using this theory to improve 
outcome has not been translated yet into a clinical trial involving sur-
gical patients. One concern related to potentially deleterious effects 
of inhibiting proinflammatory mediators has been borne out in sep-
sis trials in which mortality was increased in the group given an anti-
inflammatory agent.69 An understanding of the interaction between 
proinflammatory and anti-inflammatory mediators may result in the 
development of an effective and safe approach to reducing complica-
tions related to excessive systemic inflammation.

Complement System
The complement system describes at least 20 plasma proteins and is 
involved in the chemoattraction, activation, opsonization, and lysis of 
cells. Complement also is involved in blood clotting, fibrinolysis, and 
kinin formation. These proteins are found in the plasma, as well as in 
the interstitial spaces, mostly in the form of enzymatic precursors.

The complement cascade is illustrated in Figure 8-3. The comple-
ment cascade can be triggered by either the classic pathway or the alter-
nate pathway. In the alternate pathway, C3 is activated by contact of 
complement factors B and D with complex polysaccharides, endotoxin, 
or exposure of blood to foreign substances such as the CPB circuit. 
Contact activation (Figure 8-4) describes contact of blood with a foreign 
surface with resulting adherence of platelets and activation of factor XII 
(Hageman factor). Activated factor XII has numerous effects, including 
initiation of the coagulation cascade through factor XI and conversion 
of prekallikrein to kallikrein. Kallikrein leads to generation of plasmin, 
which is known to activate the complement and the fibrinolytic sys-
tems. Kallikrein generation also activates the kinin-bradykinin system.

The classic pathway involves the activation of C1 by antibody-
antigen complexes. In the case of cardiac surgery, there are two likely 
mechanisms for the activation of the classic pathway. Endotoxin can 
be detected in the serum of almost all patients undergoing cardiac 
surgery. Endotoxin forms an antigen-antibody complex with antien-
dotoxin antibodies normally found in serum, which can then acti-
vate C1. The administration of protamine after separation from CPB 
has been reported to result in heparin/protamine complexes, which 
also can activate the classic pathway70,71 (see Chapters 28 through 31). 
Others, however, have not observed this effect.72 Contact activation 
leads to activation of factor XII, which results in the generation of 
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Figure 8-3 Simplified components of the complement system. 
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plasmin. Plasmin is capable of activating complement factors C1 and C3. 
Table 8-2 is a summary of the physiologic effects of the complement 
system.

Activated C3, as well as other complement factors downstream in 
the cascade, have several actions. The effects of activated comple-
ment fragments on mast cells and their circulating counterparts, 
the basophil cells, may be relevant to the development of postoper-
ative complications potentially attributable to complement activa-
tion. Fragments C3a and C5a (also called anaphylatoxins) lead to the 
release of numerous mediators including histamine, leukotriene B

4
, 

platelet- activating factor, prostaglandins, thromboxanes, and TNF. 
These mediators, when released from mast cells, result in endothelial 
leak, interstitial edema, and increased tissue blood flow. Complement 
factors such as C5a and C3b complexed to microbes stimulate mac-
rophages to secrete inflammatory mediators such as TNF. C3b acti-
vates neutrophils and macrophages, and enhances their ability to 
phagocytose bacteria. The lytic complex, composed of complement 
factors C5b, C6, C7, C8, and C9, is capable of directly lysing cells. 
Activated complement factors make invading cells “sticky,” such that 
they bind to one another, that is, agglutinate. The complement-medi-
ated process of capillary dilation, leakage of plasma proteins and 
fluid, and accumulation and activation of neutrophils make up part 
of the acute inflammatory response.

Although some elements of complement activation have been elu-
cidated, clinicians are only now learning about the clinical relevance 
of this process to patients undergoing cardiac surgery. Several stud-
ies have reported increased complement levels during cardiac sur-
gery.38,58,73–78 Chenoweth et al73 measured plasma C3a and C5a levels at 
different time points in 15 adults undergoing cardiac surgery with CPB. 
Although C3a levels were not affected by surgical stimulation, comple-
ment activation increased significantly during CPB (Figure 8-5). 
This and other studies did not test the association between increased 
complement levels and adverse postoperative outcome. Thus, they do 
not provide any evidence that complement activation causes clinically 
significant systemic inflammation. Kirklin et al.75 measured plasma 
C3a levels in 116 patients undergoing cardiac surgery with CPB and 12 
patients undergoing operations without CPB. In this study, an increase 
of complement activation during CPB was associated with postopera-
tive morbidity. Patients undergoing procedures without CPB did not 
demonstrate increases in complement. This result suggests that a factor 
unique to CPB causes activation of complement. This study, however, 
did not pinpoint the clinical relevance of complement activation or of 
the CPB circuit, in part because even patients without postoperative 
morbidity had increased complement levels. Furthermore, confound-
ing factors capable of causing SIRS, such as endotoxin, were not mea-
sured and accounted for in this study.

The results from several large, randomized clinical trials in which 
complement activation was selectively blocked have become avail-
able.79–81 These studies indicate that attenuation of complement activa-
tion results in less myocardial injury; however, there did not appear to 
be an impact on complications such as pulmonary and renal dysfunc-
tion and severe vasodilation. These results suggest that complement 

activation may not play as large a role in the development of systemic 
inflammation-mediated morbidity as previously thought. These trials 
are discussed in more detail later in this chapter.

Endotoxin
Endotoxin, also called LPS, is a component of the cell membrane of 
gram-negative bacteria. It is a potent activator of complement and 
cytokines, and appears to be one of the initial triggers of systemic 
inflammation, as summarized in Figure 8-2.12,82–84 Although the LPS 
constituent varies from one bacterial species to another, it generally 
may be described with reference to Figure 8-6 as consisting of three 
structural regions: (a) lipid A, (b) core, and (c) O-polysaccharide 
outer region. The lipid region of lipid A is embedded in the outer leaf-
let of the outer membrane. The oligosaccharide core region is posi-
tioned between lipid A and the O-polysaccharide outer region. Lipid 
A has the same basic structure in practically all gram-negative bac-
teria and is the toxic component of endotoxin. The LPS core region 
shows a high degree of similarity among various bacteria. It usually 
consists of a limited number of sugars. For example, the inner core 
region is constituted of heptose and 3-deoxy-d-manno-2-octulosonate 
(KDO) residues, whereas the outer core region comprises galactose, 
glucose, or N-acetyl-d-glucosamine residues displayed in various man-
ners depending on the strain. The O-polysaccharide outer region (also 
called O-specific antigen or O-specific side chain) is highly variable and 
is composed of one or more oligosaccharide repeating units character-
istic of the serotype.

ENDOTOXEMIA
Endotoxemia refers to the presence of endotoxin in the blood. 
Endotoxemia is common in cardiac surgical patients.10,11,38,41,60,64,65,85–95 It 
is not surprising that some investigators have failed to detect endotox-
emia during cardiac surgery given its transient and intermittent nature, 
although differences in endotoxin-assaying techniques used also may 
contribute to this discrepancy.51,52,96,97 Andersen et al11 measured cir-
culating endotoxin levels in 10 patients undergoing cardiac surgery. 
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Figure 8-5 Plasma levels of C3a in patients undergoing cardiopul-
monary bypass. Levels were unaffected by routine surgical procedures 
(prebypass) but displayed a time-dependent increase during cardio-
pulmonary bypass. Postoperative levels remained increased. Each 
point represents the mean (± standard deviation) of observations in 15 
patients. (From Chenowith DE, Cooper SW, Hugli TE, et al: Complement 
activation during cardiopulmonary bypass: Evidence for generation of 
C3a and C5a anaphylatoxins. N Engl J Med 304:497, 1981. Copyright 
1981 Massachusetts Medical Society. All rights reserved.)

From Knudsen F, Anderson LW: Immunological aspects of cardiopulmonary bypass. 
J Cardiothorac Anesth 4:245, 1990.

Biologically Significant Effects of the Various 
Complement-Split Products

Biologic Effect Complement-Split Products

Mast cell degranulation, contraction of 
smooth muscle, increased vascular 
permeability

C3a, C5a

Chemotaxis of neutrophils C5a, C5a des Arg
Neutrophil aggregation C5a, C5a des Arg
Lysosomal enzyme release C5a, C3b
Leukocytosis C3e
Immune adherence/opsonization C3b, C4b
Membrane lysis C5b-9 (membrane attack complex)

TABLE  
8-2



 8 Systemic Inflammation 183

All preoperative blood samples were free of endotoxin; however, sub-
stantial levels of endotoxin were detected intraoperatively. Blood endo-
toxin levels from eight typical patients undergoing cardiac surgery are 
presented in Figure 8-7.85 Although endotoxin can be found in sterile 
fluids administered to patients, it is believed that the majority of endo-
toxin arises through a patient’s impaired gut barrier.11 Rothenburger 
et al60 studied the association of endotoxin levels with prolonged 
mechanical ventilation in 78 cardiac surgical patients. Endotoxin levels 
were three times greater in patients with a postoperative mechanical 
ventilation time longer than 24 hours (n = 13) compared with patients 
with ventilator time less than 24 hours.

Normally, intestinal flora contain a large amount of endotoxin from 
gram-negative microorganisms.98 The average human colon contains 
approximately 25 billion nanograms of endotoxin, which is an enor-
mous quantity when 300 ng endotoxin is toxic to humans.33,34 The leak-
age of live bacterial cells into the bloodstream can result in infection 
as these viable bacteria multiply.99 However, many of the bacteria in 
the intestine are dead, and thus endotoxin also can enter the blood-
stream contained within cell membrane fragments of dead bacteria. 
In this case, infection per se does not develop. Instead, endotoxin may 
initiate a systemic inflammatory response through potent activation 
of macrophages and other proinflammatory cells.100 A plasma endo-
toxin concentration of only 1 ng/mL has been reported to be lethal in 
humans.101

On entry to the bloodstream, endotoxin forms complexes with 
numerous intravascular compounds including high-density lipopro-
tein, LPS-binding protein, and endotoxin-specific immunoglobulins. 
Endotoxin has been linked to dysfunction in every organ system of the 
body and may be the key initiating factor in the development of sys-
temic inflammation.12,82–84,93

Normal Host Defenses against 
Endotoxemia
Early Tolerance
If endotoxemia is deleterious to patients, it would be logical to assume 
that patients have defense mechanisms against this ubiquitous toxin. 
Tolerance to endotoxin was studied extensively by Greisman and 
Hornick in the early 1970s.102 Two distinct types of tolerance to endo-
toxin exist and are classified as early tolerance and late tolerance.102 Early 
tolerance to endotoxin represents a reduction in the proinflammatory 
effects of LPS when administered several hours after a prior infusion 

C

D

B A

15–20

O antigen Core region Lipid A

Glm
KDO
Hep
Gluc
Gal
GlmNAc
A,B,C,D

– Glucosamine
– Ketodeoxyoctonic acid
– Heptose
– Glucose
– Galactose
– N-acetyl glucosamine
– Monosaccharides such as mannose, galactose, rhamnose, fructose, glucose,
   abequose, and colitose. These sugars exist in a repeating sequence of 15 to 20
   units of 3 or 4 sugars.

Gluc

GlmNAc

Gal Gluc

Gal

Hep Hep KDO KDO

KDO

OH

P

Glm Glm

–O O
1–6

O P O–

OH

O

Figure 8-6 Schematic structure of one unit of Salmonella cell wall lipopolysaccharide (LPS; endotoxin). The structure of the cell wall LPS may 
vary slightly from one genus of gram-negative organism to another, but as far as is known, all contain three general regions, as shown. Although not 
shown here, all free hydroxyl groups of the glucosamines in lipid A are esterified with fatty acids. The serologic differences between different strains 
within a genus lie in the kinds of sugars and their linkages that exist in the O-antigen region. (From Volk WA, Benjamin DC, Kadner RJ, Parsons JT 
[eds]: Essentials of medical microbiology, 3rd ed. Philadelphia: JB Lippincott Company, 1986, p 399.)

0

0.1

0.2
LP

S
 (n

g/
m

L)

3 2 1 0 1 2 3

Hours

(1)

(2)

(3)

(4)

(5)
(6)

(7)

(8)

Figure 8-7 Time course of plasma lipopolysaccharide (LPS) concen-
trations during cardiopulmonary bypass procedures for Patients 1 to 8. 
Hatched boxes indicate the period of aortic crossclamping. For clar-
ity, records were offset and aligned at the time of removal of the aortic 
clamp. (From Rocke DA, Gaffin SL, Wells MT, et al: Endotoxemia asso-
ciated with cardiopulmonary bypass. J Thorac Cardiovasc Surg 93:832, 
1987.)



184 SECTION II Cardiovascular Physiology, Pharmacology, Molecular Biology, and Genetics

of LPS.103 It appears to be due to an LPS-induced refractory state of 
macrophages in which they release less TNF in response to endotoxin. 
This early refractive state shows no LPS specificity and can be over-
come with increased doses of endotoxin. The degree of this tolerance 
is directly proportional to the dose, and hence intensity of the initial 
LPS-induced inflammatory state. Early tolerance begins within hours 
of LPS exposure and decreases almost to baseline within 2 days. It can-
not be transferred with plasma. Early tolerance may protect the host 
from lethal systemic inflammation after an overwhelming exposure 
of LPS.

Late Tolerance
Late tolerance to endotoxin is due to the synthesis of immunoglobu-
lins, that is, antibodies, directed against the offending LPS.102 Late tol-
erance begins approximately 72 hours after exposure to LPS, which 
correlates with the appearance of the early-appearing IgM class of anti-
bodies. This form of tolerance persists for at least 2 weeks and corre-
lates with the presence of serum immunoglobulins. In contrast with 
early tolerance, the late response is not proportional to the intensity 
of the initial LPS-induced inflammatory response but is related to the 
immunogenicity of the initial LPS. Furthermore, late tolerance does 
not generally protect against a subsequent challenge with a dissimilar 
type of LPS. In other words, late tolerance is most pronounced when 
the same, that is, homologous, LPS serotype is used for both the ini-
tial and the subsequent challenge. It is not definitively understood how 
antiendotoxin antibodies responsible for late tolerance confer protec-
tion from LPS-induced systemic inflammation. Proposed mechanisms 
include increased clearance of endotoxin into the reticuloendothelial 
system, as well as direct neutralization through binding.

Understanding of the host’s normal humoral defense against endo-
toxin is further complicated because of the numerous serotypes of 
endotoxin.98 Serotype-specific antibodies, that is, antibodies synthe-
sized in response to a particular LPS, exhibit high-affinity binding to 
and protection from the specific serotype of endotoxin. These serotype, 
that is, O-specific, antiendotoxin antibodies, however, do not recog-
nize the many possible variations of endotoxin O-polysaccharide side 
chains, and thus are ineffective at conferring protection against the 
numerous serotypes of endotoxin likely to be encountered in the clin-
ical setting. Antibodies, however, directed against the well-conserved 
inner core structure of endotoxin should theoretically be cross-reactive 
against many clinically relevant serotypes of endotoxin. Cardiac sur-
gical patients are exposed to a wide variety of endotoxin types. For 
example, at least 164 O-antigens exist for Escherichia coli, the gram-
negative bacteria most commonly isolated in high-risk surgical and 
ICU patients.104,105

Criticisms of Endotoxin  
as a Causative Factor
There are several criticisms of the theory that endotoxemia is an 
important cause of postoperative morbidity. A common criticism 
relates to the low incidence of culture-proven bacteremia in surgi-
cal and ICU patients.106–109 Endotoxemia, however, is clearly prevalent 
in these patients and usually exists in the setting of negative blood 
cultures.10,11,24,38,41,64,65,85–95 In fact, studies attempting to detect endo-
toxemia probably underestimate its incidence given its intermittent 
nature.

The failure of two anti-lipid A monoclonal antibodies (HA-1A, 
Centocor, Malvern, PA; and E5, Xoma, Berkeley, CA) to improve out-
come on an “intention-to-treat” basis in ICU patients with established 
sepsis also has been used to suggest that endotoxemia is not clinically 
relevant.110,111 These monoclonal antibodies may not bind to endotoxin 
with high affinity, which may explain, in part, their lack of demonstr-
able efficacy.112 In addition, they were tested in patients with established 
sepsis and organ failure, which is an entirely different setting from 
elective surgical patients, who are more likely to benefit from prophy-

laxis with endotoxin-neutralizing drugs. Arguing against the clinical 
 relevance of endotoxin is the negative result from a trial of prophylactic 
administration of a lipid A antagonist (E5564) in cardiac surgery.113

SPLANCHNIC PERFUSION
Splanchnic hypoperfusion appears to be an important cause of sys-
temic inflammation.114–117 The gut is one of the most susceptible 
organs to hypoperfusion during conditions of trauma or stress.117–119 
In the 1960s, Price et al118 removed 15% of the blood volume from 
healthy volunteers, causing a 40% reduction in splanchnic blood vol-
ume. In this study, cardiac output (CO), blood pressure (BP), and HR 
did not change from baseline. A study was conducted by Hamilton-
Davies et al, in which 25% of the blood volume was removed from 
six healthy volunteers.120 Gastric mucosal perfusion, as measured 
by saline tonometry, was the first variable to decline (in five of the 
six subjects). Stroke volume (SV) also decreased; however, routinely 
measured cardiovascular variables such as HR, BP, and CO did not 
change significantly enough from baseline values to cause suspicion 
of a hypovolemic state. Based on these types of studies, the Advanced 
Trauma Life Support (ATLS) course teaches that a 15% blood loss 
(Class I hemorrhage) rarely results in changes in HR, BP, or urine 
output.121 Significant decreases in systolic BP are a late sign of shock, 
which typically occurs after Class III hemorrhage (30–40% blood 
loss).

These studies suggest that during periods of hypovolemia, the gut 
vasoconstricts, thus shunting blood toward “more vital organs” such 
as the heart and brain.117–119 In addition to hypovolemia, endogenously 
released vasoconstrictors during CPB, such as angiotensin II, throm-
boxane A

2
, and vasopressin, also may result in decreased splanchnic 

perfusion.122–125 Vasoconstrictors, such as phenylephrine, are routinely 
administered by anesthesiologists and perfusionists to increase BP and 
are likely to further reduce gut perfusion. Oudemans-van Straaten 
et al89 measured intestinal permeability and endotoxin levels in 23 
patients during cardiac surgery. Intestinal leak was measured by the 
amount of orally administered cellobiose present in the patients’ urine. 
Intestinal permeability increased during surgery and correlated with 
circulating endotoxin levels. Administration of ephedrine, low central 
venous pressures, and less fluid balance during surgery also were asso-
ciated with intestinal permeability, confirming the theory that gut per-
fusion is reduced by vasoconstrictors, as well as hypovolemia. There is 
also evidence that systemic endotoxemia may worsen intestinal per-
meability, thus exacerbating splanchnic hypoperfusion and initiating 
a vicious circle.126

Several studies have observed a high incidence of splanchnic hypo-
perfusion during cardiac surgery, with some showing an association 
between abnormal gut perfusion during cardiac surgery and post-
operative complications.10,87,88,127–130 Fiddian-Green and Baker127 used 
saline tonometry to measure gastric mucosal perfusion in 85 cardiac 
surgical patients. Half (49%) of these patients developed evidence 
of abnormal perfusion, and all serious postoperative complications 
(eight patients, including five deaths) developed in this group. Gastric 
tonometry was shown in this and in two other studies to be a more 
sensitive predictor of adverse postoperative outcome compared with 
more routinely used global measures such as CO, BP, HR, and urine 
output.128,130 A study using air tonometry demonstrated an increased 
gastric mucosal Pco

2
 in 52% of cardiac surgical patients. Thirty-five 

percent of these patients with abnormal perfusion developed postop-
erative complications, in contrast with 5% in the group without evi-
dence of hypoperfusion.130

Studies that have failed to demonstrate an association between 
splanchnic hypoperfusion and adverse postoperative outcome are lim-
ited, in part, by small sample size, insensitive measures of postoperative 
morbidity, and deviation from validated methodology of tonome-
try.87,88 Tonometric measurements of gastric mucosal perfusion during 
hypothermic CPB have not been validated in terms of their ability to 
predict postoperative morbidity.
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POSTOPERATIVE COMPLICATIONS 
ATTRIBUTABLE TO INFLAMMATION

Types of Complications
Many postoperative complications appear to be caused by an exagger-
ated systemic proinflammatory response to surgical trauma. A common 
misunderstanding relates to the types of postoperative complications 
that may be attributable to systemic inflammation and, in particular, 
splanchnic hypoperfusion. Many of the complications that are thought 
to be linked to splanchnic hypoperfusion do not involve the gastro-
intestinal system. Because splanchnic hypoperfusion may cause injury 
through a systemic inflammatory response, it would be expected that 
every organ system of the body potentially would be involved.131 For 
example, endotoxin has been reported to have adverse effects on the 
pulmonary, renal, cardiac, and vascular systems.41,46,83,84,132–135 It affects 
the coagulation system and may be both antihemostatic, potentially 
explaining bleeding, and prothrombotic.83,132,136 Prothrombotic effects 
may account for some cases of postoperative stroke, deep venous 
thrombosis, and pulmonary emboli. There is also circumstantial evi-
dence that systemic inflammation may worsen neurologic injury.137 
Activation of inflammatory cascades has been shown to worsen neuro-
logic injury in numerous animal models.

Infections are common after cardiac surgery and increase hospi-
tal length of stay and cost.107,138,139 Infecting bacteria may arise from 
translocation across the patient’s gastrointestinal tract.107,114,116 Surgical 
wounds (sternum and lower extremity) and the respiratory tract are 
common sources of postoperative infection.140 Infections of prosthetic 
heart valves are less common but represent a devastating complica-
tion.141 Infections are probably not caused by the direct effects of inflam-
mation, but instead through secondary effects on host immunity.142

Widespread activation of the complement system results in deple-
tion of complement factors, which are crucial to the effective opsoniza-
tion of bacterial pathogens.143,144 Systemic activation and degranulation 
of neutrophils render these cells less capable of destroying bacteria 
via phagocytosis. CPB leads to reductions in immunoglobulin levels 
through denaturation of these and other proteins.144–148 Antibody pro-
duction by B lymphocytes (plasma cells) is depressed after cardiac sur-
gery.149 Cell-mediated immunity, revealed by decreased T-lymphocyte 
function, appears to be impaired after cardiac surgery.150 Thus, reduced 
antibody levels, as well as reduced B- and T-cell function in the 
post-CPB period, may lead to increased infection rates after cardiac 
surgery.

Incidence of Complications
The “low” mortality rate after cardiac surgery also has been cited as 
evidence that splanchnic hypoperfusion, endotoxemia, and systemic 
inflammation only result in “rare” complications. As discussed earlier, 
it is clear that mortality1 and morbidity3,151 are still significant problems 
after cardiac surgery. In addition, many studies only report frank organ 
failures or catastrophes and do not take into account less severe forms 
of organ dysfunction, which do not lead to admission to an ICU but 
nevertheless cause suffering and increase hospital length of stay.

For example, a series by Huddy et al152 of 4473 cases involving CPB 
demonstrated a very low incidence rate (0.78%) of “gastrointesti-
nal complications.” In a series of 3129 patients, Christenson et al153 
reported an incidence rate of 2.3% for major gastrointestinal compli-
cations after coronary artery bypass graft surgery. The low incidence of 
major gastrointestinal complications (i.e., perforation, necrotic bowel, 
major gastrointestinal bleed) is often used to call into question the clin-
ical relevance of splanchnic hypoperfusion. There is growing evidence, 
however, that less severe forms of splanchnic dysfunction (e.g., ileus, 
nausea, anorexia, and abdominal distention) are clinically relevant and 
increase hospital length of stay.

Some series of postoperative complications have broadened their 
scope. In a series of 572 patients, Corwin et al154 reported the incidence 
of renal failure requiring dialysis (1%), as well as the incidence of renal 

dysfunction not requiring dialysis (6.3%). This study demonstrates 
that organ dysfunction is common after surgery, despite a low inci-
dence of organ failure.

Similarly, the incidence rate of acute respiratory distress syndrome 
after cardiac surgery has been reported to be very low (< 2%) in sev-
eral series.155,156 The incidence, however, of less severe pulmonary dys-
function appears to be much greater, with as many as 7% of patients 
requiring supplemental oxygen 11 days after surgery.157 Furthermore, a 
high incidence of postoperative pulmonary dysfunction, as measured 
by diagnostic tests, gives further support to the hypothesis that many 
patients have abnormal pulmonary physiology potentially attributable 
to systemic inflammation.158–160

Potential Therapies for the Prevention  
of Inflammation-Related Complications
Numerous strategies and pharmacologic agents have been postu-
lated to reduce the severity and incidence of systemic inflammation. 
Often, interventions have demonstrated reductions in intermediate 
end points, for example, laboratory indices of complement activation 
and cytokinemia. Many of these studies, however, have been too small 
to detect improvements in clinically meaningful postoperative out-
comes. Several of these interventions have failed in phase II and III tri-
als. There are studies that show an improvement in outcome using an 
intervention that is postulated to reduce inflammation but do not actu-
ally document that there is less systemic inflammation in the treated 
group. Therefore, it cannot be determined whether the better outcome 
was attributable to reduced inflammation versus some other potential 
mechanism. Currently, there are no therapies in widespread clinical use 
for the prevention or treatment of organ dysfunction resulting from 
systemic inflammation; however, several approaches are discussed.

Steroid Administration
Several attempts have been made to prevent increases in proinflamma-
tory cytokines and complement activation with steroids during cardiac 
surgery.37,86,161–169 In a randomized, double-blind study of 25 cardiac 
surgical patients, dexamethasone administration (1 mg/kg on induc-
tion of anesthesia) prevented increases in TNF, as well as reduced post-
operative hyperthermia and hypotension.162 There was a trend toward 
improved outcome in the treatment group; however, the small sample 
size prevented any conclusions from being drawn regarding clinically 
relevant outcomes.

Inaba et al163 randomized 17 patients undergoing cardiac surgery to 
placebo or methylprednisolone, 30 mg/kg given immediately before 
the initiation of CPB. In this study, glucocorticoid administration min-
imized intraoperative increases in both plasma endotoxin and IL-6 lev-
els; however, no improvement in postoperative outcome was reported.

Cavarocchi et al161 randomized 91 patients undergoing CPB to a 
bubble oxygenator without methylprednisolone (Group 1), bubble 
oxygenator with 30 mg/kg methylprednisolone (Group 2), or mem-
brane oxygenator (Group 3). C3a levels increased in all three groups 
during CPB but were greater in Group 1 than in the other two groups. 
This study suggests that complement activation may be reduced by 
specific medical interventions. Andersen et al86 randomized 16 patients 
to receive, at induction of anesthesia, either methylprednisolone (30 
mg/kg) or placebo. This study demonstrated a reduction of comple-
ment activation in the protocol group.

Randomized clinical trials by Chaney et al170,171 evaluated the effects of 
methylprednisolone (30 mg/kg) or placebo in cardiac surgical patients. 
Patients randomized to the steroid groups exhibited statistically signifi-
cantly prolonged extubation times and received more vasoconstrictors. 
The investigators also observed significantly more hyperglycemia in 
the postoperative period in the methylprednisolone-treated patients. 
In another study, cardiac surgical patients randomized to steroid 
administration did not show benefit compared with placebo; however, 
a third study arm randomized to ultrafiltration without steroids did 
show a reduction in time to extubation.172 A 2008 meta-analysis of 44 
randomized trials involving 3,205 patients demonstrated a reduction 
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of new-onset atrial fibrillation, postoperative bleeding, and ICU length 
of stay.173 There were less pronounced reductions in hospital length of 
stay and mortality, and no safety concerns were identified. Therefore, 
although there are conflicting data on this issue, there is some evidence 
that there may be some benefit to steroid administration.

Role of Cardiopulmonary Bypass Technique
Although heparin-coated circuits have many theoretic advantages, 
there is little evidence that their use during cardiac surgery results 
in fewer clinically significant adverse complications. Steinberg et al54 
found no difference in cytokine levels or markers of complement acti-
vation between patients randomized to a heparin-coated circuit or 
to a traditional circuit. Borowiec et al,25 however, observed lower lev-
els of myeloperoxidase and lactoferrin (markers of inflammation) in 
patients undergoing CPB with a heparin-coated circuit. Other inves-
tigators have reported reduced plasma levels of cytokines and/or neu-
trophil proteases in patients subjected to CPB using heparin-coated 
circuits; however, no improvement in outcome was observed in these 
small studies23,53,174,175 (see Chapters 28 and 29). A meta-analysis involv-
ing 3,434 patients from 41 randomized trials demonstrated reduc-
tions in blood transfusion and durations of mechanical ventilation, 
ICU and hospital length of stays, which provides some support for this 
intervention.176

Centrifugal vortex blood pumping has been shown to result in 
reduced complement and neutrophil activation, as well as reduced 
hemolysis during cardiac surgery compared with standard roller blood 
pumping.177,178 Centrifugal vortex blood pumping, however, did not 
significantly prevent increases in cytokines in 17 pediatric patients ran-
domized to this bypass technique.58

A randomized study of 15 patients suggested that pulsatile flow 
CPB may result in less endotoxemia than CPB involving nonpulsatile 
flow.94 Levine et al125 randomized 20 patients to pulsatile versus non-
pulsatile flow and observed a less marked increase in vasopressin lev-
els (an endogenous vasoconstrictor) in patients perfused with pulsatile 
flow. Taylor et al122 demonstrated increased levels of the endogenously 
produced vasoconstrictor angiotensin II in patients (N = 24) random-
ized to nonpulsatile flow CPB as compared with pulsatile flow. Watkins 
et al124 observed fewer marked alterations in thromboxane B

2
 and pros-

tacyclin levels in patients (N = 16) randomized to pulsatile CPB. These 
studies evaluating pulsatile flow suggest that splanchnic perfusion may 
be better preserved with pulsatile flow because of less endogenously 
mediated vasoconstriction. Quigley et al,52 however, reported a lack of 
endotoxemia and pathologic cytokinemia in an uncontrolled study of 
patients who underwent nonpulsatile CPB. They claimed that the use 
of “adequate flow and perfusion pressures” during CPB accounted for 
their findings.

The role of membrane oxygenators as a means of reducing systemic 
inflammation-related complications also is controversial. Less comple-
ment activation has been observed with the use of membrane oxygen-
ators; however, other studies have found no difference.62,74,161,179–183 The 
use of membrane oxygenators was associated with better pulmonary 
function as compared with the use of a bubble oxygenator; however, 
it is unclear whether the difference observed reflected reduced sys-
temic inflammation in the protocol group.181 Butler et al62 random-
ized 20 patients undergoing cardiac surgery to either a membrane or 
bubble oxygenator. IL-6 levels peaked 4 hours after surgery, yet there 
were no significant differences between groups in IL-1 or IL-6 levels, 
or in intrapulmonary shunting. This study failed to show a difference 
in postoperative outcome, possibly because of short CPB durations 
(< 1 hour), as well as the small sample size, which makes detecting a 
clinically significant difference in postoperative complications unlikely. 
Host defenses may be better maintained with the use of membrane 
oxygenators.182

There also is controversy whether hypothermia during CPB wors-
ens systemic inflammation.40,51,76,184–186 Hypothermia has been shown 
to reduce markers of complement activation.76 Another study dem-
onstrated reduced markers of inflammation, such as TNF and IL-6, 

as well as reduced neutrophil activation in the hypothermia group.185 
In contrast, another study randomized 30 cardiac surgical patients to 
either normothermic or hypothermic CPB.40 They found no associ-
ation between CPB temperature and plasma TNF levels at any time 
point in the perioperative period, suggesting a limited role for temper-
ature as an independent cause of proinflammatory cytokine release. In 
one of the largest randomized trials to date, 300 elective CABG patients 
were randomized to either normothermic (35.5°C to 36.5°C) or hypo-
thermic (28°C to 30°C) CPB.187 No differences were seen in either 
short-term or longer term outcome, suggesting no benefit to intra-
operative hypothermia. There is evidence, however, that perioperative 
hyperthermia may be detrimental to the brain.188 These investigators 
also observed an association between greater levels of the proinflam-
matory cytokine IL-6 and postoperative hyperthermia, suggesting a 
potential role of inflammation in the increases in temperature com-
monly observed after major surgery.

Finally, current data suggest that the use of CPB for cardiac sur-
gery may not in and of itself be more deleterious than cardiac sur-
gery without the use of CPB. Results from initial randomized clinical 
trials did not suggest that outcomes were substantially different in 
patients undergoing on- versus off-pump CABG surgery.189–193 Given 
the importance of this question, 2203 cardiac surgical patients were 
enrolled at 18 Veterans Affairs medical centers from 2002–2008 and 
randomized to on- or off-pump CABG. No benefit was found with 
regard to outcomes such as duration of mechanical ventilation, lengths 
of stay in the ICU or hospital, renal failure, or a composite end point of 
complications.194 Systemic inflammation was not specifically studied in 
this important trial, but these data suggest that systemic inflammation 
attributable to CPB may have a more modest role in determining clini-
cal outcome than previously thought. Another plausible conclusion, 
however, is that hemodynamic instability and use of potent vasoactive 
agents associated with the off-pump technique may be an equivalent 
insult to the use of CPB.

Complement Inhibition
The results from several large, randomized clinical trials in which com-
plement activation is selectively blocked have become available.79–81 For 
example, in the largest randomized, double-blind clinical trial con-
ducted to date, 3099 adults undergoing CABG surgery at 205 hospi-
tals in North America and Western Europe were enrolled.80 Patients 
were randomized to placebo or to a 24-hour infusion of pexelizumab, 
which is a recombinant, humanized, single-chain antibody fragment 
that binds to human C5 complement and prevents its activation. The 
administration of pexelizumab resulted in rapid and complete inhibi-
tion of complement activation. The primary outcome variable (death 
or myocardial infarction within 30 days) did not achieve statisti-
cal significance (p = 0.07). The subset of patients undergoing CABG 
plus valve did demonstrate a statistically significant difference (p = 
0.03) in this outcome. This finding is somewhat contradictory to the 
previous phase IIb trial (n = 914) that enrolled patients undergoing 
CABG and/or valve surgery and did not show a significant difference 
with regard to the end point of death or myocardial infarction.79 This 
previous trial did achieve significance in the subset undergoing iso-
lated CABG, which was the apparent justification for studying isolated 
CABG surgeries in the larger phase III trial. These studies indicate that 
attenuation of complement activation results in less myocardial injury; 
however, there did not appear to be an impact on complications such 
as pulmonary and renal dysfunction and severe vasodilation. These 
results suggest that complement activation may not play as large a role 
in the development of systemic inflammation-mediated morbidity as 
previously thought.

Ultrafiltration
Removal of excess fluid with ultrafiltration has been proposed as a 
method for removing proinflammatory mediators during cardiac sur-
gery, particularly in the pediatric population.46,195 It is unclear in stud-
ies performed thus far whether beneficial effects of ultrafiltration are 
due to one or some combination of the following factors:  prevention 
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of initiation of inflammation, removal of inflammatory mediators, or 
removal of excessive fluid alone. In one study, Journois et al196 random-
ized 20 pediatric cardiac surgical patients to either a control group 
or to high-volume, zero-fluid balance ultrafiltration. Measured TNF, 
IL-1, IL-10, myeloperoxidase, and C3a levels were lower in the pro-
tocol group compared with the control group. The authors suggested 
that hemofiltration may have some beneficial effects that are not due 
to water removal alone. Patients in the ultrafiltration group had less 
postoperative fever, reduced perioperative blood loss, reduced time to 
extubation, and reduced postoperative alveolar-arterial oxygen gra-
dient, which suggests, yet does not prove, a causal relation between 
proinflammatory cytokinemia and several clinically meaningful end 
points. The small sample size of this study precludes any conclusions 
from being made regarding other outcomes such as the incidence of 
multiple organ dysfunction syndrome or hospital length of stay.

In an interesting study, 192 cardiac surgical patients were random-
ized to placebo (no steroids or ultrafiltration), steroid administration 
without ultrafiltration, or hemofiltration without steroids.172 The study 
arm randomized to ultrafiltration without steroids showed a reduction 
in time to extubation; however, steroid administration was not effec-
tive compared with placebo. These data are promising, but the small 
number of subjects per arm and limited number of positive outcomes 
reported make it unclear whether ultrafiltration should be used more 
routinely.

Leukocyte Depletion
Removal of leukocytes during CPB with an inline leukocyte filter has 
been proposed as a method for reducing the concentration of activated 
leukocytes. This, in turn, may prevent inflammatory-mediated post-
operative complications. This technology has been nicely reviewed by 
Warren et al,197 who, in their review of 63 studies, concluded that there 
may be some modest benefits, but that the low quality of evidence 
from the predominantly small trials precluded any definitive conclu-
sions on this matter. For example, patients randomized to leukocyte 
depletion (n = 20) had better oxygenation after CPB; however, there 
were no differences in other outcomes measured.198 A prospective ran-
domized study of patients (N = 50) receiving inline leukocyte filtration 
demonstrated decreased leukocytes; however, postoperative arterial 
blood gases, pulmonary vascular resistance, ventilator time, and hos-
pital length of stay were no different between groups.199 Another study 
demonstrated no difference in postoperative complications or in the 
plasma levels of neutrophil proteases in patients undergoing leukocyte 
depletion with an inline filter.200

Davies et al201 used another method of leukocyte depletion in which 
they removed platelets and leukocytes by plasmapheresis from patients 
before cardiac surgery. These patients, compared with the control 
group, demonstrated reduced postoperative thoracic drainage, reduced 
allogeneic blood product administration, and improved pulmonary 
function. This technique is not in widespread clinical use because of 
a lack of studies confirming its findings, as well as the time and cost 
involved in performing plasmapheresis (see Chapters 28 through 31).

The techniques described earlier differ from the issue of administra-
tion of leukocyte-reduced packed red blood cells. This method of min-
imizing a patient’s exposure to leukocytes involves the filtering of the 
collected blood either at the time of donation (fresh filtered) or before 
its release by the blood bank (stored filtered).202 Van de Watering and 
colleagues203 reported results from a large (n = 914) randomized clini-
cal trial in which patients undergoing cardiac surgery were randomized 
to receive allogeneic red cells without buffy coat, fresh-filtered alloge-
neic red cells, or stored filtered units. Patients randomized to either 
filtration group experienced a significant reduction in postoperative 
mortality (P = 0.015); however, this effect was most robust in patients 
administered more than three transfusions. It should be noted that dif-
ferences between groups in the incidence of infection did not achieve 
statistical significance (P = 0.13). No differences between groups were 
found in ICU or hospital length of stay in those patients in the overall 
study population or in the subset administered more than three units. 
These data are from a randomized trial and, therefore, should be more 

heavily weighted. Data from some retrospective cohort studies have 
shown no benefit to leukocyte reduction.204,205

Aprotinin and Other Serine Protease Inhibitors
Aprotinin, a 58-amino-acid serine protease inhibitor isolated from 
bovine lung, has been shown in numerous studies to decrease bleed-
ing associated with cardiac surgery. It antagonizes numerous prote-
olytic enzymes including plasmin and kallikrein, and may have some 
anti-inflammatory effects,14,206 although a recent meta-analysis found 
no beneficial effect of aprotinin on systemic markers of inflamma-
tion.207 Aprotinin’s blood-sparing effects were apparently discovered 
serendipitously while it was being evaluated as an anti-inflammatory 
agent in cardiac surgical patients. Despite more than 45 random-
ized clinical trials conducted to date, there are little data to support 
the hypothesis that aprotinin administration reduces postoperative 
complications attributable to excessive systemic inflammation. In 
these trials, numerous surrogate markers of postoperative morbid-
ity, such as the duration of postoperative tracheal intubation, ICU 
stay, and hospital length of stay, were not reported to be improved in 
 aprotinin-treated patients. A large trial was recently completed in 
2,331 cardiac surgical patients at 19 Canadian centers.208 Patients 
were randomized to aprotinin, aminocaproic acid, or tranexamic 
acid. No benefit of aprotinin was observed with regard to complica-
tions such as respiratory failure, renal failure, or multisystem organ 
failure, and the study was terminated early because of an increase in 
mortality in aprotinin-treated patients. The findings from this trial, 
as well as several previous observational studies, led to market with-
drawal of aprotinin.

It is worth noting that several novel drugs are under development 
that are postulated to reduce inflammation and blood loss, while being 
free of potential adverse effects associated with aprotinin. These include 
the synthetic serine protease inhibitors CU-2010 and CU-2020209 and 
DX-88/ecallantide, a plasma kallikrein inhibitor.210

Tumor Necrosis Factor Antagonists
Soluble TNF receptor proteins antagonize the toxic effects of LPS-
induced lethality in mice.211 These agents are ineffective in the treat-
ment of sepsis/septic shock but have not been tested in the setting of 
cardiac surgery.212 Anti-TNF monoclonal antibodies have been studied 
in septic ICU patients as well; however, they have not yet been tested 
prophylactically in cardiac surgical patients.69 A study involving pro-
phylactic administration would allow for the antibody to be present 
before the TNF and thus determine whether TNF has overall harm-
ful or beneficial effects. If TNF and other cytokines are essential to the 
healing process, complete inhibition of their effects may result in worse 
rather than improved postoperative outcome. Well-designed, large 
clinical trials could resolve these controversial issues.

E5564
E5564 is a synthetically derived lipid A analog that is a potent Toll-
like receptor 4–directed endotoxin antagonist.213 It does not have lipid 
A agonist properties, and even in high doses does not cause signs or 
symptoms of endotoxemia or systemic inflammation in humans and 
animals. Healthy volunteers were administered E5564 before a stan-
dard challenge dose of reference endotoxin (4 ng/kg). Single E5564 
doses of 50 to 250 g blocked or attenuated all of the effects of LPS 
in a dose-dependent manner. All E5564 dose groups had statistically 
significant reductions in increased temperature, HR, CRP levels, white 
blood cell count, and cytokine levels (TNF-  and IL-6), compared 
with placebo (P < 0.01).213 This drug has shown promising results in 
critically ill patients with sepsis; however, results from a phase II trial 
in cardiac surgical patients were disappointing.113 In this trial, 152 
cardiac surgical patients at 9 U.S. centers were randomized to receive 
placebo or ascending doses of E5564. Blocking lipid A with eritoran 
did not result in any overt beneficial effects on markers of systemic 
inflammation (IL-6, IL-8, or CRP) or measures of organ injury. These 
results call into question the potential clinical relevance of lipid A in 
this setting.
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Pentoxifylline
Pentoxifylline is a nonspecific phosphodiesterase inhibitor similar in 
chemical structure to theophylline, a common anti-inflammatory used 
to treat asthma. Pentoxifylline has multiple rheologic and anti-inflam-
matory properties, but the exact mechanism of its pharmacologic effects 
is poorly understood. Clinically, pentoxifylline is approved by the U.S. 
Food and Drug Administration to treat intermittent claudication, pre-
sumably by increasing red cell deformability, which may improve oxygen 
delivery to ischemic tissues. Animal studies have shown that treatment 
with pentoxifylline significantly attenuates endothelial damage and the 
formation of oxygen radicals after ischemia/reperfusion, prevents fever 
after the administration of LPS, and prevents leakage of bacteria from 
the gut during hemorrhagic shock. Clinical research studies using pen-
toxifylline have been performed in the setting of lung transplantation, 
cardiac surgery, and anemia requiring red blood cell transfusion.

In an initial study, Hoffman et al214 randomized 40 patients with an 
Acute Physiology and Chronic Health Enquiry (APACHE) II score  19 
after cardiac surgery to placebo or pentoxifylline (1.5 mg/kg/hr for 48 
hours). In this study, patients administered pentoxifylline had signifi-
cantly fewer days on mechanical ventilation, less need for hemofiltra-
tion, and a shorter ICU length of stay. In a historic control study, Thabut 
et al215 administered pentoxifylline to 23 consecutive patients undergo-
ing lung transplantation. Compared with historic controls, patients 
administered pentoxifylline experienced less allograft dysfunction and 
a significant reduction in 60-day mortality was noted. These findings 
need to be confirmed in a prospective, randomized clinical trial.

Boldt et al216,217 randomized 30 elderly (> 80 years) patients undergo-
ing cardiac surgery to placebo or pentoxifylline (300 mg bolus admin-
istered immediately after induction of general anesthesia followed by a 
continuous infusion of 1.5 mg/kg/hr for 48 hours). In this study, pen-
toxifylline administration minimized intraoperative and postoperative 
increases in plasma CRP, polymorphonuclear elastase, IL-6, and IL-8 
levels. Duration of mechanical ventilation was significantly lower in 
patients randomized to pentoxifylline. This study was not powered to 
detect differences in rare but serious complications. Other small stud-
ies also suggested possible benefit218,219; however, these results have not 
been confirmed in a large, multicenter trial.

Ethyl pyruvate
This is a novel anti-inflammatory agent.220,221 It has been shown to pro-
tect the intestinal mucosa from mesenteric ischemia and reperfusion 
in rats and improve survival in murine models of acute endotoxemia 
and bacterial peritonitis. Results from a phase II trial in cardiac surgical 
patients were disappointing.222 In this trial, 102 high-risk cardiac sur-
gical patients were randomized to receive placebo or ethyl pyruvate at 
13 U.S. centers. Administration of ethyl pyruvate did not result in any 
overt beneficial effects on markers of systemic inflammation (TNF- , 
IL-6, or CRP) or measures of organ injury.

Statins
Statins are routinely used to reduce cholesterol levels in patients at risk 
for cardiovascular disease; however, their anti-inflammatory effects have 
received significant attention.223 It has been speculated that prophylac-
tic statin administration before surgery may have beneficial effects. A 
recently published trial randomized 497 vascular surgical patients to 
placebo or fluvastatin daily from randomization to 30 days after sur-
gery.224 Patients randomized to the statin exhibited lower levels of the 
inflammatory markers IL-6 and CRP, and also reduced myocardial isch-
emia (P = 0.01). All-cause mortality was lower in statin-treated patients 
(2.4% vs. 4.9%); however, this difference did not achieve statistical sig-
nificance (P = 0.14). There are no similar large trials in cardiac surgery, 
but a meta-analysis was recently completed of 8 trials involving a total 
of 638 such patients.225 This analysis showed that statin use decreased 
levels of IL-6, IL-8, CRP, and TNF- ; however, no improvement in clin-
ical outcomes was reported. At this point, the use of statins in cardiac 
surgery must be investigational until additional data are obtained to 
support this indication.

N-acetylcysteine
This is used to prevent radiocontrast-induced nephropathy and as an 
antidote for acetaminophen overdose. Its  anti- inflammatory and anti-
oxidant properties have been studied in the ICU setting and in cardiac 
surgical patients, with mixed results.A meta-analysis of N-acetylcysteine 
to ameliorate postoperative morbidity was recently published and 
included 1,338 patients from 13 trials.226 This analysis suggested that 
N-acetylcysteine may have a beneficial effect with regard to postopera-
tive atrial fibrillation but did not appear to be beneficial with regard to 
other postoperative complications.

Other Potential Antiendotoxin  
or Anti-Inflammatory Agents
Other potential approaches to preventing endotoxin-related com-
plications involve the use of either synthetic or naturally occurring 
antiendotoxin compounds. Bactericidal/permeability-increasing pro-
tein (BPI) is a neutrophil granule protein and has been shown to have 
endotoxin-neutralizing and bactericidal activity in animal models.  
A human recombinant version, rBPI

21
, neutralized endotoxin-mediated 

toxicity in humans. A recombinant version of an antiendotoxin factor, 
endotoxin-neutralizing protein, is another agent that has been shown 
to protect animals from endotoxin-mediated toxicity.227 Reconstituted 
high-density lipoprotein (rHDL) neutralized some of endotoxin’s 
toxic effects during an experimental model of human endotoxemia.228 
Polymyxin B neutralizes the toxic effects of endotoxin, although toxic-
ity has prevented prophylactic intravenous use.229 Dextran-polymyxin B 
is a variation of polymyxin B that has been reported to have antiendo-
toxin properties, as well as minimal toxicity in animal models. Soluble 
TNF receptor proteins antagonize the toxic effects of LPS-induced lethal-
ity in mice. This agent was not effective in the treatment of sepsis/septic 
shock but has not been tested in the setting of cardiac surgery.211

Role of Anesthetic Agents  
and Vasoactive Agents
Anesthetic agents, defined here as drugs that induce hypnosis, amne-
sia, muscle relaxation, or regional anesthesia, have not been shown to 
result in clinically meaningful reductions in systemic inflammation 
after cardiac surgery. Numerous studies have evaluated the effect of 
these agents on the immune system with varied results; however, no 
studies have reported a difference in outcome with one technique ver-
sus another. Ketamine is a promising agent that has been studied largely 
as an adjunct to reduce postoperative pain in noncardiac surgery. In  
an initial study in cardiac surgery, administration of a low dose  
(0.25 mg/kg) of ketamine before CPB prevented an increase in IL-6 
for 7 days after surgery.230 In addition, ketamine administration inhib-
ited TNF production and leukocyte adherence in animal models and 
suppressed oxygen radical production in vitro. These results were con-
firmed in another small study of patients undergoing CPB.231 However, 
there are no outcome data from large outcome trials, so it is unknown 
whether this intervention reduces clinically relevant complications.

All general anesthetics can reduce splanchnic perfusion indirectly 
through a depression of myocardial function and a reduction in CO, 
and hence oxygen delivery to the splanchnic mucosa.232,233 Isoflurane 
theoretically may be better than halothane, enflurane, or propofol 
because of its vasodilating properties, which may preserve splanchnic 
blood flow and blood volume.232–235 A prospective randomized study 
of cardiac surgical patients demonstrated better splanchnic perfusion 
in patients maintained with isoflurane in contrast with propofol or 
enflurane.236

Although not definitively supported yet, there is evidence that 
splanchnic hypoperfusion and endotoxin-induced inflammation can 
be prevented in the operating room by strategies familiar to clinicians. 
Strategies involve the use of fluid loading to maximize SV,129 as well as 
the use of adequate levels of vasodilating volatile anesthetics. Inodilating 
agents, such as milrinone, amrinone, dopexamine, and dobutamine, may 
be more protective of splanchnic perfusion than inoconstricting agents 
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such as epinephrine, norepinephrine, and dopamine. Patients random-
ized to enoximone administration during cardiac surgery demonstrated 
lower endotoxin levels, suggesting a  beneficial effect on the barrier func-
tion of the gut.91 Endotoxemia is probably a more sensitive marker of loss 
of barrier function than gastric mucosal hypoperfusion because these 
patients still demonstrated decreases in calculated gastric mucosal pH 
(pHi). When tested in vitro, amrinone was a potent inhibitor of endo-
toxin-induced TNF production at clinically relevant drug concentrations, 
suggesting an additional advantage to the use of this phosphodiesterase 
inhibitor.237 Dopamine is often touted as preserving splanchnic blood 
flow; however, responses to this agent are unpredictable, with vascular 
resistance increasing in some patients at low doses (3–5 g/kg/min).

Selective Digestive Decontamination
Selective digestive decontamination represents a possible approach to lim-
iting the incidence and severity of systemic inflammation. The technique 
attempts to reduce the total amount of endotoxin exposure by reducing 
the reservoir of endotoxin normally contained within the gut. Martinez-
Pellús et al65 conducted a prospective, open, randomized, controlled trial 
in 80 cardiac surgical patients. Patients were randomized to either a control 

group or up to 3 days of preoperative  selective digestive decontamination 
accomplished with the administration of oral nonabsorbable antibiotics 
(polymyxin E, tobramycin, amphotericin B). Patients in the protocol group 
demonstrated much lower gut bacterial counts, as well as lower blood lev-
els of endotoxin and the proinflammatory cytokine IL-6 in the operating 
room and the postoperative unit. The study was not designed with suffi-
cient power to determine whether this technique affects outcomes such as 
mortality and morbidity. Nevertheless, it is interesting to note that there 
was a trend toward improved outcome (mortality, hospital length of stay) 
in the protocol group. In contrast, Bouter et al238 found no beneficial effects 
of selective digestive decontamination on clinical outcome or blood levels 
of TNF- , IL-6, or IL-10 in 78 cardiac surgical patients.

Summary
A very large body of circumstantial evidence strongly suggests that sys-
temic inflammation is an important cause of mortality and morbid-
ity after cardiac surgery. Although several strategies appear promising, 
there are little data from large randomized trials to support the wide-
spread use of a particular intervention at the current time.
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Pharmacology of Anesthetic Drugs

KEY POINTS

1. In patients, the observed acute effect of any specific 
anesthetic agent on the cardiovascular system 
represents the net effect on the myocardium, 
coronary blood flow, electrophysiologic behavior, 
the vasculature, and neurohormonal reflex function. 
Anesthetic agents may differ from one another, 
quantitatively and/or qualitatively, even within the 
same category, with respect to any of these variables. 
Moreover, the acute response to an anesthetic 
agent may be modulated by a patient's underlying 
pathology, pharmacologic treatment, or both.

2. Volatile agents cause dose-dependent decreases 
in systemic blood pressure that for halothane 
and enflurane are mainly due to depression of 
contractile function and for isoflurane, desflurane, 
and sevoflurane are mainly due to decreases in 
systemic vascular responses. Volatile anesthetic 
agents cause dose-dependent depression of 
contractile function mediated at a cellular level by 
attenuating calcium currents and decreasing calcium 
sensitivity. Decreases in systemic vascular responses 
reflect variable effects on both endothelium-
dependent and -independent mechanisms.

3. The net effect of volatile agents on coronary blood 
flow is determined by several variables, including 
anesthetic effects on systemic hemodynamics, 
myocardial metabolism, and direct effects on the 
coronary vasculature. When confounding variables 
are controlled, studies of volatile agents, including 
isoflurane, indicate that they exert only mild direct 
vasodilatory effects on the coronary vasculature.

4. In addition to causing acute coronary syndromes, 
myocardial ischemia can manifest itself as 
myocardial stunning, preconditioning, or hibernating 
myocardium. Volatile anesthetic agents have been 
demonstrated to attenuate myocardial ischemia 
development by mechanisms that are independent 
of myocardial oxygen supply and demand, 
and to facilitate functional recovery in stunned 
myocardium. Volatile agents also can simulate 
ischemic preconditioning, a phenomenon described 
as anesthetic preconditioning, and the underlying 
mechanisms are similar to but not necessarily identical 
to those underlying ischemic preconditioning.

5. The intravenous induction agents/hypnotics belong to 
different drug classes (barbiturates, benzodiazepines, 
N-methyl-d-aspartate receptor antagonists, and 

2-adrenergic receptor agonists). Although they all 
induce hypnosis, their sites of action and molecular 
targets differ based on their class. Furthermore, 
their cardiovascular effects are, to some degree, 
dependent on the class to which they belong.

6. In general, studies in isolated cardiac myocytes, 
cardiac muscle tissue, and vascular tissue 
demonstrate that induction agents inhibit cardiac 
contractility and relax vascular tone by inhibiting 
mechanisms that increase intracellular Ca++. This 
effect may be offset by mechanisms that increase 
myofilament Ca++ sensitivity in both the cardiac 
myocyte and vascular smooth muscle. Although 
these effects may contribute to or modulate 
cardiovascular changes, the cumulative effects 
of the induction agents on contractility and 
vascular resistance and capacitance are mediated 
predominantly by their sympatholytic effects. It is 
for this reason that these agents should be used 
judiciously and with extreme caution in patients 
with shock, heart failure, or other pathophysiologic 
circumstances in which the sympathetic nervous 
system is paramount in maintaining myocardial 
contractility and arterial and venous tone.

7. Opioids exhibit diverse chemical structures, 
but all retain an essential T-shaped component 
necessary stereochemically for the activation 
of the different opioid receptors (the , , and 
 receptors). The latter are not confined to the 

nervous system and also have been identified 
in the myocardium and in blood vessels where 
endogenous opioid proteins can be synthesized.

8. Acute exogenous opioid administration 
modulates multiple determinants of central and 
peripheral cardiovascular regulation. However, 
the predominant clinical effect is mediated by 
attenuation of central sympathetic outflow.

9. Activation of the -opioid receptor can elicit 
preconditioning, and this is mediated via a variety 
of signaling pathways that involve G-protein–
coupled protein kinases, caspases, and nitric oxide, 
to name a few. The role of these mechanisms in 
both physiologic and pathophysiologic conditions 
is currently an area of active investigation. 
In contrast with ischemia in homeotherms, 
hibernation is, by definition, well tolerated in 
certain species. This latter phenomenon may 
be partially dependent on mechanisms that are 
activated by opioids or opioid-like molecules.
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Figure 9-2 Fura-2 fluorescence (top trace), an index of Ca++, and cell 
length (bottom trace), an index of contraction, were measured simulta-
neously in an electrically stimulated rat ventricular myocyte. Application 
of halothane initially induced a transient increase in the Ca++ transient 
and twitch force before both the Ca++ signals and contraction decreased. 
(From Harrison SM, Robinson M, Davies LA, et al: Mechanisms underly-
ing the inotropic action of halothane on intact rat ventricular myocytes, 
Br J Anaesth 82:609, 1999.)

An enormous body of literature has been accumulated describ-
ing the protean effects of the different anesthetic agents on the heart 
and the pulmonary and systemic regional vascular beds. The effects 
on the heart, especially, have spawned innumerable publications. 
More recently, this has been because of the great interest in anesthe-
sia-induced preconditioning (APC). However, even before the initial 
description of APC, the literature detailing the influence of anesthetic 
agents on the myocardium was prodigious and not always consis-
tent.1–3 This likely reflected not only the challenges inherent in quanti-
tating the direct effects of volatile agents on the myocyte/myocardium, 
but the presence of several potential confounding variables including 
effects on coronary blood flow (CBF), the systemic vasculature, and 
the baroreceptor reflex arc. This chapter divides the discussion of the 
effects of volatile agents, fixed agents, and narcotics on the cardiovas-
cular system (CVS) into those that involve acute and delayed effects. 
Under acute effects, the influence of anesthetic agents is described on: 
(1) myocardial function, (2) electrophysiology, (3) coronary vasoregu-
lation, (4) systemic and pulmonary vasoregulation, and (5) the barore-
ceptor reflex. Within delayed effects, the focus is on APC.

VOLATILE AGENTS

 Acute Effects
Myocardial Function
The influence of volatile anesthetics on contractile function has been 
investigated extensively in several animal species and in humans using 
various in vitro and in vivo models.4–11 In general, it is now widely 
agreed that volatile agents cause dose-dependent depression of con-
tractile function (Box 9-1). Moreover, different volatile agents are not 
identical in this regard and the preponderance of information indicates 
that halothane and enflurane exert equal but more potent myocardial 
depression than do isoflurane, desflurane, or sevoflurane. This reflects, 
in part, reflex sympathetic activation with the latter agents. It is also 
widely accepted that in the setting of preexisting myocardial depression, 
volatile agents have a greater effect than in normal myocardium.12,13 
Early studies indicating that volatile agents may not have a deleterious 
effect on function in the setting of acute myocardial infarction (AMI) 
likely reflected the fact that the limited infarction did not compromise 
overall myocardial function.14,15 At the cellular level, volatile anesthetics 

exert their negative inotropic effects, mainly by modulating sarcolem-
mal (SL) L-type Ca++ channels, the sarcoplasmic reticulum (SR), and 
the contractile proteins. L-type Ca++ currents are decreased and, sec-
ondarily, SR Ca++ release is depressed (Figures 9-1 and 9-2).16 Moreover, 
the contractile response to lower Ca++ levels is further attenuated in the 
presence of volatile agents in that the response is decreased by volatile 
agents at any given Ca++ level; that is, volatile agents also decrease Ca++ 
sensitivity (Figure 9-3).16 However, the mechanisms whereby anes-
thetic agents modify ion channels are not completely understood. Ion 
channels usually are studied in ex vivo circumstances in which, by defi-
nition, multiple modulating influences of the specific channel under 
study may be altered. Moreover, these studies frequently are under-
taken in nonhuman tissue. Well-recognized species differences make 
extrapolation to humans difficult.17 Nitrous oxide causes direct mild 
myocardial depression but also causes sympathetic activation.18

K2P KV Kir KATP

Na

Ca

Ca

O2 H
H2O

Ca 2Ca

Ca

Ca

Ca
3Na

H

2K
3Na

Na

Figure 9-1 Sites of action of volatile anesthetics in a ventricular 
myocyte. Dark spots indicate inhibitory actions; light spots indicate 
stimulatory actions. (From Hanley PJ, ter Keurs HEDJ, Cannell MB: 
Excitation-contraction in the heart and the negative inotropic action of 
volatile anesthetics, Anesthesiology 101:999, 2004.)

BOX 9-1. VOLATILE ANESTHETIC AGENTS
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It is well recognized that even in the setting of normal systolic func-
tion, diastolic dysfunction occurs with increasing frequency in the 
elderly and is an important cause of congestive heart failure (CHF).19–25 
Diastolic dysfunction and its more severe clinical counterpart, diastolic 
heart failure, have protean causative factors and can be mechanistically 
complex23 (Table 9-1). However, the mechanisms underlying these con-
ditions can be categorized into those involving alterations in myocar-
dial relaxation (e.g., SR Ca++ handling, phospholamban), those related 
to intrinsic properties of myocardial tissue (e.g., myocyte cytoskele-
tal elements), and those that are extramyocardial (e.g., loading con-
ditions). Indices of diastolic function were not readily and reliably 
measured noninvasively in the past; hence the relatively more recent 
recognition and description of diastolic dysfunction and diastolic heart 
failure compared with perturbations in systolic function. This likely 
also explains the relative paucity of literature detailing the modulat-
ing effects of volatile agents on diastolic function. There is reasonable 
agreement in the literature that volatile agents prolong isovolumic 

relaxation and do so in a dose-dependent manner.21,22,26–30 The effects of 
volatile agents on chamber stiffness are more controversial; for exam-
ple, halothane has been reported to both decrease compliance and have 
no effect on myocardial stiffness.21,22,26,28–31 The effect of nitrous oxide 
on diastolic function has not been investigated in a manner that criti-
cally rules out confounding variables. At a molecular level, alterations 
in relaxation likely reflect modulation of Ca++ currents, including SR 
Ca++ reuptake mechanisms. Paradoxically, in the setting of reperfusion 
injury and Ca++ overload, the volatile agent sevoflurane improves indi-
ces of diastolic relaxation and attenuates myoplasmic Ca++ overload.32

Cardiac Electrophysiology
Volatile anesthetic agents reduce the arrhythmogenic threshold for epi-
nephrine. Moreover, not all volatile agents are similar, with the order of 
sensitization being: halothane > enflurane > sevoflurane > isoflurane = 
desflurane.

The molecular mechanisms underlying this effect of volatile anes-
thetics are poorly understood. Anesthetic agent–induced modulation 
of ion channels is important mechanistically in excitation-contraction 
coupling (vide supra), in preconditioning (vide infra), and in modu-
lating automaticity and arrhythmia generation17 (Table 9-2). Although 
the effects of any particular volatile agent on a specific cardiac ion chan-
nel may have been characterized, this does not allow a ready extrapo-
lation into clinical situations. This partly reflects those issues already 
discussed (species differences, ex vivo studies) but also the recognition 
that it is impossible to predict the arrhythmogenic effect that might 
ensue after modulation with a particular volatile agent. This should be 
one of the lessons garnered from the experience with the antiarrhyth-
mic drugs such as encainide and flecainide.33 Moreover, even in the 
clinical setting, not all volatile agents have the same effect.34

Coronary Vasoregulation
Volatile anesthetic agents modulate several determinants of both myo-
cardial oxygen supply and demand. Moreover, it is now established that 
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Figure 9-3 Simultaneous measure-
ment of force and fluo-3 fluorescence, 
an index of Ca++, in a rat cardiac trabec-
ula. Application of isoflurane decreased 
force and Ca++. Restoration of the Ca++ 
transient amplitude by increase of exter-
nal Ca++ did not recover force, indicat-
ing that, in addition to decreasing Ca++ 
availability, the anesthetic decreased 
Ca++ responsiveness of the contractile 
proteins. (From Hanley PJ, Loiselle DS: 
Mechanisms of force inhibition of halot-
hane and isoflurane in intact rat cardiac 
muscle, J Physiol 506:231, 1998.)

Abnormalities of myocardial relaxation
Ischemia
Hypertrophy
Hypertension
Valvular heart disease
Abnormalities of myocardial compliance
Aging
Fibrosis
Hypertrophy
Diabetes mellitus
Metabolic syndrome
Infiltrative disorders—amyloidosis
Cardiomyopathies
Constrictive pericarditis

Diastolic Heart Failure: Mechanisms and Causes
TABLE 
9-1

*Effects of paramount importance. AP, Action potential.
From Huneke R, Fassl J, Rossaint R, et al: Effects of volatile anesthetics on cardiac ion channels, Acta Anaesthesiol Scand 48:547, 2004.

Summary of the Actions of Volatile Anesthetics on Various Ion Currents in the Heart and the Most Important  
Side Effects of the Drugs

Target Effect Anesthetic Gas Cardiac Side Effects

L-type Ca++ current Inhibition Halothane, isoflurane, sevoflurane Reduced contractility,* shortened AP and refractory time
-Adrenergic regulation of L-type 
Ca++ current

Complex interference Halothane Enhanced proarrhythmicity in comparison with 
sevoflurane?

Voltage-dependent transient 
outward K+ current

Inhibition Halothane, isoflurane, xenon Shortened AP duration, AP duration mismatch within 
the heart

Voltage-dependent sustained 
outward K+ current

Inhibition Halothane, isoflurane, sevoflurane Delayed repolarization, mismatch of AP duration*

ATP-dependent K+ current Enhancement Isoflurane, sevoflurane Myocardial preconditioning
Fast Na+ current Inhibition Halothane, isoflurane, sevoflurane Slowed conduction,* induction of tachyarrhythmias?

TABLE 
9-2
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volatile agents also directly modulate the myocytes' response to isch-
emia. Thus, studies investigating the effects of volatile agents on coro-
nary vasoregulation should be interpreted in this context.

Animal studies indicate that halothane has little direct effect on the 
coronary vasculature.35–37 Likewise, clinical studies investigating the 
effect of halothane indicate that it has either minimal or mild coro-
nary vasodilator effects.38–41 The effect of isoflurane on coronary vessels 
was controversial and dominated much of the literature in this area 
in the 1980s and early 1990s. The current assessments of the effects 
of isoflurane have been succinctly detailed by Tanaka et al.42 Several 
reports have indicated that it caused direct coronary arteriolar vaso-
dilatation in vessels of 100 m or less, and that isoflurane could cause 
"coronary steal" in patients with "steal-prone" coronary anatomy; that 
is, in patients with significant coronary stenosis in a vessel subserv-
ing a region of ischemic myocardium, when, presumably, vessels were 
maximally dilated because of local metabolic autoregulation, and in 
whom isoflurane-induced vasodilatation in adjacent vessels resulted in 
diversion of coronary flow away from the ischemic region.43,44 Several 
animal and human studies in which potential confounding variables 
were controlled indicated clearly that isoflurane did not cause coro-
nary steal.45–51 Studies of sevoflurane and desflurane showed similar 
results and are consistent with a mild direct coronary vasodilator effect 
of these agents.52,53

Ultimately, CBF (in the setting of normal systemic hemodynamics) 
is controlled by coronary vascular smooth muscle tone, which can be 
modulated directly (endothelium-independent) or indirectly via the 
endothelium (endothelium-dependent). Teleologically, it can be pre-
dicted that in vital organs, control of blood flow is predominantly local, 
acting through either endothelium-dependent or -independent mech-
anisms. Thus, volatile agents have the capacity to modulate mecha-
nisms underlying vascular tone: (1) Halothane and isoflurane have 
been shown to attenuate endothelial-dependent tone (by receptor-
dependent and receptor-dependent plus -independent mechanisms, 
respectively) in coronary microvessels54; (2) several volatile agents cause 
coronary vasodilation via K+

ATP
-channel–dependent mechanisms54–57; 

and (3) sevoflurane induced K+- and Ca++-channel–mediated increases 
in coronary collateral blood flow.58 The effects in vivo are likely to be 
modest because local control mechanisms are likely to predominate.

Systemic Regional and Pulmonary Vascular Effects
Vascular tone can be modulated by volatile agents. However, the spe-
cific result can be influenced not only by the agent under study but by 
the vascular bed being investigated, the vessel size/type within that vas-
cular bed, the level of preexisting vascular tone, age, and indirect effects 
of the agents, such as anesthesia-induced hypotension and reflex auto-
nomic nervous system (ANS) activation.

All volatile anesthetic agents decrease systemic blood pressure 
(BP) in a dose-dependent manner. With halothane and enflurane, the 
decrease in systemic BP primarily is due to decreases in stroke vol-
ume (SV) and cardiac output (CO), whereas isoflurane, sevoflurane, 
and desflurane decrease overall systemic vascular resistance (SVR) 
while maintaining CO. However, these overall effects belie the mul-
tiple effects in the various regional vascular beds. Within the systemic 
noncoronary vasculature, aortic and mesenteric vessels have been the 
best studied.

Reversible inhibition of endothelium-dependent relaxation in aortic 
and femoral vessels was first demonstrated for halothane and also has 
been demonstrated for enflurane, isoflurane, and sevoflurane in both 
capacitance and resistance vessels.54,59–63 However, these observations 
mask the differential effects of volatile agents on underlying endothe-
lium-dependent mechanisms. Halothane and enflurane decrease ago-
nist (bradykinin) and ATP-induced Ca++ increases in bovine endothelial 
cells, whereas isoflurane does not.64 In contrast, isoflurane does atten-
uate histamine-induced Ca++ influx into human endothelial cells.65 
Alterations in endothelium-dependent mechanisms by volatile agents 
are not confined to attenuation of agonist-dependent and -indepen-
dent activation of endothelial nitric oxide synthase (eNOS) and nitric 

oxide (NO) release but also may extend to other mechanisms. For 
example, the effects of sevoflurane on endothelial cell function may 
be partially because of sevoflurane-induced changes in endothelin-1 
(ET-1) production and in the redox milieu of the endothelial cells (i.e., 
increased superoxide anion production).66

The effect of volatile agents on vascular smooth muscle mecha-
nisms is equally complex and varies among agents. In endothelial 
cell–denuded aortic rings, halothane decreases both SL Ca++ influx via 
voltage-dependent calcium channels and SR Ca++ release, but sevo-
flurane does not.67 Sevoflurane also inhibits angiotensin II–induced 
vascular smooth muscle contraction in aortic rings.68 In mesenteric 
vessels, sevoflurane accentuates endothelium-dependent mechanisms 
and attenuates endothelium-independent mechanisms in the presence 
of norepinephrine.69 Studies of the influence of volatile agents on vas-
cular smooth muscle Ca++ currents indicate that both halothane and 
enflurane stimulate SR release and reuptake from the caffeine-sensi-
tive pool. In contrast, halothane, enflurane, and isoflurane all increase 
calcium-induced calcium release (CICR) mechanisms, but sevoflu-
rane decreases CICR mechanisms.70 Finally, volatile agents also have 
been demonstrated to modulate Ca++ sensitivity. In mesenteric vessels, 
halothane relaxation is largely mediated by Ca++ and myosin light-
chain desensitizing mechanisms.71

The pulmonary circulation has unique features that must be taken 
into account when interpreting studies of this vascular bed. In addition 
to those issues that also apply to systemic vascular beds (vessel size, etc.), 
the pulmonary vasculature is a low-resistance bed (requiring precon-
striction to access vasoactive effects), is not rectilinear (thus, changes 
in flow per se can change certain parameters used to calculate resis-
tance), is contained within the chest (and thus subject to extravascular 
pressures, which are not atmospheric and change during the respira-
tory cycle), and exhibits the unique vascular phenomenon of hypoxia-
induced vasoconstriction. It is clear that volatile agents modulate not 
only the baseline pulmonary vasculature but also multiple vasoactive 
mechanisms that control pulmonary vascular tone. Moreover, the effect 
of volatile agents is agent specific. For example, halothane causes flow-
independent pulmonary vasoconstriction.72 In contrast, the hypoxic 
pulmonary vasoconstrictor response does not appear to be altered by 
at least two currently used volatile agents: sevoflurane and desflurane.73 
The pulmonary vascular endothelial response appears to be impaired 
by the volatile agents halothane and isoflurane.74,75 Finally, pulmonary 
vascular smooth muscle regulatory mechanisms also can be modified 
by volatile agents. Halothane, enflurane, and isoflurane all attenuate 
pulmonary vasodilatation induced by K+

ATP
 channel activation.76,77 

Although the effects of the different volatile agents on K+
ATP

-channel 
activation are similar, -adrenergic receptor–induced pulmonary vaso-
dilatation is differently modulated. Halothane and isoflurane potenti-
ate the vasodilatory response, but enflurane has no effect.78

Baroreceptor Reflex
All volatile agents attenuate the baroreceptor reflex. Baroreceptor 
reflex inhibition by halothane and enflurane is more potent than that 
observed with isoflurane, desflurane, or sevoflurane, each of which 
has a similar effect.79,80 Each component of the baroreceptor reflex arc 
(afferent nerve activity, central processing, efferent nerve activity) is 
inhibited by volatile agents. Inhibition of afferent nerve traffic results, 
in part, from baroreceptor sensitization,81,82 whereas attenuation of 
efferent activity is due, in part, to ganglionic inhibition as manifest by 
differential preganglionic and postganglionic nerve activity.81–83

 Delayed Effects
Reversible Myocardial Ischemia
Prolonged ischemia results in irreversible myocardial damage and 
necrosis (Box 9-2). Shorter durations of myocardial ischemia can, 
depending on the duration and sequence of ischemic insults, lead to 
either preconditioning or myocardial stunning (Figure 9-4).84 Stunning, 
first described in 1975, occurs after brief ischemia and is characterized 
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by myocardial dysfunction in the setting of normal restored blood flow 
and by an absence of myocardial necrosis.85 Ischemic preconditioning 
(IPC) was first described by Murry et al86 in 1986 and is characterized 
by an attenuation in infarct size after sustained ischemia, if this period 
of sustained ischemia is preceded by a period of brief ischemia (Figure 
9-5). Moreover, this effect is independent of collateral flow. Thus, short 
periods of ischemia followed by reperfusion can lead to either stunning 
or preconditioning with a reduction in infarct size (Figure 9-6).84

As discussed previously, work in the 1970s indicated that volatile 
anesthetic agents attenuated ST-segment elevations in the setting of 
short-duration ischemia and limited infarct size and lactate produc-
tion after prolonged ischemia.87,88 Moreover, these effects seemed to be 
independent of the main determinants of myocardial oxygen supply 
and demand, and suggested that the volatile agents may be exerting a 
beneficial effect at the level of the myocyte. On resolution of the iso-
flurane "coronary steal" controversy, the first description of the salu-
tary effects of volatile agents on the consequences of brief ischemia was 
made in 1988. Warltier and coworkers89 described the beneficial effects 
of halothane and isoflurane in facilitating the recovery of contractile 
function in stunned myocardium (Figure 9-7). However, it was almost 

a decade later before the effects of volatile agents on preconditioning 
were outlined2,3 and the term APC was used1 (Figure 9-8).

The phenomenon of and the mechanisms underlying IPC are the 
focus of extensive investigation. IPC has the following characteris-
tics: (1) results in two periods (termed windows) of protection—the 
first (termed early or classic) occurs at 1 to 3 hours, and the second 
(termed late or delayed) occurs 24 to 96 hours after the precondition-
ing stimulus; (2) occurs also in noncardiac tissue, such as brain 
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Figure 9-4 Effects of ischemia and reperfusion on the heart based on studies in anesthetized canine model of proximal coronary artery occlusion. 
Brief periods of ischemia of less than 20 minutes followed by reperfusion are not associated with development of necrosis (reversible injury). Brief 
ischemia/reperfusion results in the phenomenon of stunning and preconditioning. If duration of coronary occlusion is extended beyond 20 minutes, 
a wavefront of necrosis marches from subendocardium to subepicardium over time. Reperfusion before 3 hours of ischemia salvages ischemic but 
viable tissue. (This salvaged tissue may demonstrate stunning.) Reperfusion beyond 3 to 6 hours in this model does not reduce myocardial infarct 
size. Late reperfusion may still have a beneficial effect on reducing or preventing myocardial infarct expansion and left ventricular (LV) remodel-
ing. (From Kloner RA, Jennings RB: Consequences of brief ischemia: stunning, preconditioning, and their clinical implications, Part I, Circulation 
104:2981, 2001.)

BOX 9-2. VOLATILE AGENTS AND MYOCARDIAL 
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Figure 9-5 Infarct size and collateral blood flow in the 40-minute 
study. Left, Infarct size, as a percentage of the anatomic area at risk, in 
the control (striped bar) and preconditioned (stippled bar) hearts. Infarct 
size in control animals averaged 29.4% of the area at risk. Infarct size in 
preconditioned hearts averaged only 7.3% of the area at risk (precon-
ditioned vs. control, P < 0.001). Transmural mean collateral blood flow 
(right) was not significantly different in the two groups. Thus, the protec-
tive effect of preconditioning was independent of the two major base-
line predictors of infarct size, area at risk and collateral blood flow. Bars 
represent group mean ± standard error of the mean. (From Warltier DC, 
al-Wathiqui MH, Kampine JP, et al: Recovery of contractile function of 
stunned myocardium in chronically instrumented dogs is enhanced by 
halothane or isoflurane, Anesthesiology 69:552, 1988.)
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Figure 9-7 Segment shortening data (expressed as a percentage 
of control mean ± standard error of the mean during coronary artery 
occlusion (OCC) and at various times after reperfusion in conscious 
dogs (Group 1, diamonds) and in those dogs anesthetized with isoflu-
rane (Group 7, dark squares). Comparisons are made at various time 
points with those animals anesthetized with isoflurane but not undergo-
ing coronary artery occlusion and reperfusion (Group 6, light squares). 
aSignificant (P < 0.05) difference, Group 6 (anesthetized without occlu-
sion) versus 1 (conscious occlusion) or 7 (occlusion during anesthesia). 
bSignificant (P < 9.95) difference, Group 1 (conscious occlusion) versus 7 
(occlusion during anesthesia). Note that the control state (C) indicates 
either the awake, unsedated state (Group 1) or after a stable hemody-
namic state after 2 hours of isoflurane anesthesia (Groups 6 and 7). (From 
Warltier DC, al-Wathiqui MH, Kampine JP, et al: Recovery of contractile 
function of stunned myocardium in chronically instrumented dogs is 
enhanced by halothane or isoflurane, Anesthesiology 69:552, 1988.)
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Figure 9-6 Schematic of stunning and preconditioning. Short cor-
onary artery occlusions result in stunning, in which there is prolonged 
regional wall motion abnormality, despite presence of reperfusion and 
viable myocardial cells. Brief episodes of ischemia/reperfusion also 
 precondition the heart. When the heart is then exposed to a longer 
duration of ischemia and reperfusion, myocardial infarct size is reduced. 
(From Kloner RA, Jennings RB: Consequences of brief ischemia: stun-
ning, preconditioning, and their clinical implications, Part I, Circulation 
104:2981, 2001.)

Figure 9-8 A, Infarct size (mean ± standard deviation) expressed as a percentage of area at risk in rabbit hearts that were not pretreated (control: 
N = 13), exposed to 5 minutes of preconditioning (ischemic preconditioned: N = 8), or exposed to 15 minutes of 1.1% isoflurane (isoflurane: N = 15) 
before 30 minutes of anterolateral coronary occlusion. #,*,+Statistical analysis showed that the relation between infarct size and area at risk was dif-
ferent in each group (P < 0.05). B, Relation between infarct size and myocardium at risk for the three groups. All three regression lines were statisti-
cally different because of differences in line elevation. (From Cason BA, Gamperi AK, Slocum RE, et al: Anesthetic-induced preconditioning: previous 
administration of isoflurane decreases myocardial infarct size in rabbits, Anesthesiology 87:1182, 1997.)
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and kidney; (3) is ubiquitous across species; (4) is most pronounced 
in larger species with lower metabolism and slower heart rates (HRs); 
(5) seems to be important clinically because angina within the 
24-hour period preceding an AMI is associated with an improved out-
come (Figure 9-9)90; and (6) is mediated by multiple endogenous sig-
naling pathways91 (Figure 9-10).92 As might be predicted from the time 

frame of delayed IPC, it is mediated, at least in part, by transcrip-
tional and posttranslational mechanisms91 (Figure 9-11). Finally, and 
of the utmost importance, preconditioning can be triggered by events 
other than ischemia (cellular stress of various forms, pharmacologic 
agonists, anesthetic agents; see Figure 9-11).91 Moreover, the benefits of 
IPC are not necessarily confined to and may not include limitation 
of infarct size, and depend on the specific trigger for IPC, the spe-
cies under study, and classic versus delayed IPC. For example, rapid 
pacing affords protection against arrhythmias but not against infarct 
evolution. In contrast, cytokine-induced IPC limits infarct size but 
has no effect on arrhythmias.91 Different triggers of IPC modulat-
ing different end points suggest that, although there are fundamen-
tal mechanisms common to various triggers of IPC, there also exist 
mechanistic differences across triggers. Thus, APC may not be identi-
cal to IPC mechanistically.

Anesthetic Agents: Pre- and Post-Conditioning
This is an area of intense investigation as reflected by two issues of 
Anesthesiology being devoted predominantly to the subject.93,94 After the 
initial description of APC,1–3 subsequent investigations have indicated 
that volatile agents can elicit delayed (late), as well as classic (early), 
preconditioning.95,96 Moreover, APC is dose dependent,97–99 exhibits 
synergy with ischemia in affording protection,100,101 and perhaps not 
surprisingly, in view of differential uptake and distribution of vola-
tile agents, has been demonstrated to require different time  intervals 
between exposure and the maintenance of a subsequent benefit that is 
agent dependent42 (see Chapters 6 and 7).

The contributions of both SL and mitochondrial K+
ATP

 channels in 
IPC have been extensively investigated, and it is now widely agreed 
that mitochondrial K+

ATP
 channels play a critical role in this process. 

Volatile agents that exhibit APC activate mitochondrial K+
ATP

 chan-
nels, and this effect is blocked by specific mitochondrial K+

ATP
 chan-

nel antagonists. However, the precise relative contributions of SL 
versus mitochondrial K+

ATP
 channel activation to APC remain to be 

elucidated (Figure 9-12).42 The original descriptions of APC indicated 
that volatile agents can trigger preconditioning without concurrent 
ischemia during the "triggering" period1–3 (see Figure 9-8). However, 
studies of mitochondrial activation (via mitochondrial K+

ATP
 chan-

nels) indicate that volatile agents on their own do not activate mito-
chondria but do potentiate the effects of direct mitochondrial K+

ATP
 

channel openers99 (Figure 9-13). These apparent inconsistencies are 
likely explained by the presence of multiple parallel and redundant 
pathways activated during APC (and IPC)96 (see Figure 9-12). For 
example, it is now well established that the adenosine A-1 and 

1
 opi-

oid G-coupled receptors can trigger IPC. Moreover, pharmacologic 
blockade of these receptors attenuates the positive effects of volatile 
agents.98,102 Protein kinase C (PKC) and the nuclear signaling path-
way, mitogen-activated protein kinase (MAPK), are important sig-
naling pathways in preconditioning, and volatile agents have been 
shown to modulate at least PKC translocation.103 Oxidant stress is a 
central feature of reperfusion and, depending on the specific moiety, 
the enzymatic source and, most importantly, the oxidant stress load 
may trigger preconditioning on the one hand or mediate reperfu-
sion injury on the other. Both indirect and direct evidence indicate 
that volatile agents can increase oxidant stress to levels that trigger 
preconditioning.104–106

Activation of eNOS also has been shown to play a role, as has depo-
larization of the mitochondrial internal membrane.107 This may pre-
vent the opening of the mitochondrial permeability transition pore 
(MPTP) and inhibit Na+-H+ exchange, attenuating Ca+2 overload 
and cell edema.107 Inhibition of mitochondrial permeability by APC 
has been suggested to decrease myocyte death, and PKC also has been 
thought to play a role in IPC-induced delay of MPTP opening.108,109 
For the first time, a recent study demonstrates that isoflurane has been 
shown to activate PKC-dependent signaling pathways resulting in the 
delay of MPTP opening,110 suggesting a possible mechanism for iso-
flurane in APC. With respect to postconditioning, Ge et al111 demon-
strated that NO may, in fact, act as both a trigger and a mediator for 
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Figure 9-9 Five-year survival curves for patients with [angina < 24 
hours (+)] versus those without [angina < 24 hours (−)] prodromal angina 
in the 24 hours before infarction. (From Ishihara M, Sato K, Tateishi H, 
et al: Implications of prodromal angina pectoris in anterior wall acute 
myocardial infarction: acute angiographic findings and long-term prog-
nosis, J Am Coll Cardiol 30:970, 1997.)
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Figure 9-10 Investigated signaling pathways (full lines). During 
early reperfusion, multiple signaling cascades inhibit the master switch 
kinase glycogen synthase kinase-3  (GSK-3 ), which converges the pro-
survival pathways and prevents permeability transition (PT) in mitochon-
dria. Beside other kinases, protein kinase B (PKB)/Akt represents a key 
enzyme in the reperfusion injury salvage kinase cascade requiring phos-
phorylation at Ser473 for full activation. Phosphorylated PKB/Akt subse-
quently inactivates its downstream target GSK-3  by phosphorylation at 
Ser9. LY294002 specifically inhibits phosphatidylinositol 3-kinase (PI3K). 
Atractyloside induces opening of the mitochondrial permeability tran-
sition pore (mPTP). Arrows indicate positive activity; lines with blunted 
ends indicate inhibition. DAG, diacylglycerol; GPCR, G-protein–coupled 
receptor; IP3, inositol triphosphate; MAPK, mitogen-activated protein 
kinases; NAD+, nicotinamide adenine dinucleotide; PDK2, phosphati-
dylinositol-dependent kinase 2, also called Ser473 kinase; PKC, pro-
tein kinase C; PLC/D, phospholipase C/D. (From Feng J, Lucchinetti E, 
Ahuja P, et al: Isoflurane postconditioning prevents opening of the mito-
chondrial permeability transition pore through inhibition of glycogen 
 synthase kinase 3 , Anesthesiology 103:987–995, 2005.)
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isoflurane-induced cardiac protection in mouse hearts. This implies 
that an eNOS-dependent mechanism prevents the opening of the MPT 
pore, although other pathways including glycogen synthase kinase-3  
also have been implicated (Figure 9-14).92,111

It is clear that mitochondrial activation attenuates ischemia-
induced oxidant stress, favorably modulates mitochondrial energet-
ics, decreases cytochrome c egress into the cytoplasm, and attenuates 
mitochondrial and cytoplasmic Ca++ overload. Mitochondrial cyto-
chrome c release is one of the important mechanisms underlying 
caspase activation, and thus the apoptotic process112 (Figure 9-15). 
Whether by Ca++-mediated or by apoptotic mechanisms, or both, 
volatile agents clearly attenuate cell death in models of APC101 
(Figure 9-16). Although the mechanisms underlying mitochondrial 
activation have been aggressively studied, they remain incompletely 
understood. Finally, these salutary effects of volatile agents seem to 
have a clinical correlate101 (Figure 9-17).

The use of volatile anesthetics also can alter outcomes after cardiac 
surgery. A meta-analysis by Landoni et al113 demonstrated a signifi-
cant reduction in postoperative myocardial infarction after cardiac 
surgery, as well as significant advantages with respect to postopera-
tive cardiac troponin release, inotrope requirements, time to extuba-
tion, intensive care unit stay, hospital stay, and survival. Furthermore, 
another meta-analysis by Bignami et al114 demonstrated that the 
use of volatile anesthetics may, in fact, have a beneficial role with 
respect to mortality after cardiac surgery. The duration of the vol-
atile anesthetic exposure seemed to have some impact—the longer 
the exposure, the greater the effect. De Hert et al115 demonstrated the 
cardioprotective effects of volatile anesthetics if used throughout the 
surgical procedure rather than only before and after cardiopulmo-
nary bypass (CPB).

Further studies are necessary to delineate the role of the anes-
thetic regimen on outcomes after cardiac surgery and elucidate the 
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Figure 9-11 Schematic representation of the cellular mechanisms underlying late preconditioning (PC). A nonlethal cellular stress (such as 
reversible ischemia, heat stress, ventricular pacing, or exercise) causes release of chemical signals (nitric oxide [NO], reactive oxygen species [ROS], 
adenosine, and possibly opioid receptor agonists) that serve as triggers for the development of late PC. These substances activate a complex signal 
transduction cascade that includes protein kinase C (PKC) (specifically, the  isoform), PTKs (specifically, Src and/or Lck), and probably other as yet 
unknown kinases. A similar activation of PKC and downstream kinases can be elicited pharmacologically by a wide variety of agents, including natu-
rally occurring, and often noxious, substances (such as endotoxin, interleukin-1, tumor necrosis factor-  [TNF- ], TNF- , leukemia inhibitor factor, or 
ROS), as well as clinically applicable drugs (NO donors, adenosine A1- or A3-receptor agonists, endotoxin derivatives, or 1-opioid receptor agonists). 
The recruitment of PKC and distal kinases leads to activation of nuclear factor (NF)- B and almost certainly other transcription factors, resulting in 
increased transcription of multiple cardioprotective genes and synthesis of multiple cardioprotective proteins that serve as comediators of protection 
2 to 4 days after the PC stimulus. The mediators of late PC identified thus far include inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2),  
aldose reductase, and manganese superoxide dismutase (MnSOD). Among the products of COX-2, prostaglandin E2 (PGE2) and/or PGI2 appear to be 
the most likely effectors of COX-2–dependent protection. Increased synthesis of heat shock proteins (HSPs) is unlikely to be a mechanism of late PC, 
although the role of post-translational modification of preexisting HSPs remains to be determined. In addition, the occurrence of cardioprotection on 
days 2 to 4 requires the activity of PTKs and possibly p38 mitogen-activated protein kinases (MAPKs), potentially because iNOS and other mediators 
need to undergo post-translational modulation to confer protection against ischemia. Opening of K+

ATP channels is also essential for the protection 
against infarction (but not against stunning) to become manifest. The exact interrelationships among iNOS, COX-2, aldose reductase, MnSOD, and 
K+

ATP channels are unknown, although recent evidence suggests that COX-2 may be downstream of iNOS (i.e., COX-2 is activated by NO). AP-1, activator 
protein 1; PTK, protein tyrosine kinases. (From Bolli R: The late phase of preconditioning, Circ Res 87:972, 2000.)
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 mechanisms behind this protection. Whether it involves mechanisms 
that are associated with APC continues to remain unclear.

INTRAVENOUS INDUCTION AGENTS
The drugs discussed in this section are all induction agents and hyp-
notics. These drugs belong to different classes (barbiturates, benzo-
diazepines, N-methyl-d-aspartate [NMDA] receptor antagonists, and 

2
-adrenergic receptor agonists). Their effects on the CVS are, there-

fore, dependent on the class to which they belong. As with the inhala-
tion anesthetic agents, the basic research that has emerged to explain 
the mechanisms that underlie the integrated cardiovascular effects 
observed in the intact organism is discussed. These effects have been 
studied at a cellular, tissue, organ, and whole-animal level. Although 
a detailed discussion of the molecular mechanisms underlying each 
agent is far beyond the scope of this chapter, a focused appraisal of 
well-established effects of specific drugs is given. At one level, sophis-
ticated pharmacologic studies dissecting the signal transduction 
pathways may provide insights into mechanisms, but they cannot 
fully predict the response of the intact organisms. Because propofol 
is the most common induction agent, literature for this agent is used 
as the paradigm for discussing mechanisms by which cardiovascular 
regulation is altered by intravenous agents. A discussion summariz-
ing the cardiovascular effects of each induction agent follows later in 
the chapter.

Unlike the inhalation anesthetic agents that augment IPC, there 
is no good evidence that the intravenous hypnotic agents demon-
strate these protective effects. There is, however, emerging evidence 
that propofol, the mainstay of induction agents, may enhance anti-
oxidant activity in the heart and thus may prevent lipid peroxidation 
after ischemia/reperfusion, offering a potential protective effect on the 
heart.116

 Acute Cardiac Effects
Myocardial Contractility
To understand the effect of intravenous anesthetics on integrated car-
diovascular responses is to understand the effect on the different fac-
tors that regulate the force of contraction of the heart. If the heart in 
isolation is considered (not coupled to the vasculature and not regu-
lated by the autonomic system), the best methodologies for examin-
ing the effects of anesthetic agents involve using isolated myocytes and 
muscle tissue preparations in which the effect of the anesthetic drugs 
on contractile force/tension or myocyte/sarcomere shortening can be 
determined. With regard to propofol, the studies remain controver-
sial whether there is a direct effect on myocardial contractile function 
at clinically relevant concentrations. However, the weight of evidence 
suggests that the drug has a modest negative inotropic effect, which 
may be mediated by inhibition of L-type Ca++ channels or modulation 
of Ca++ release from the SR. Thus, the effect of propofol may be medi-
ated at multiple sites in the cardiac myocytes.

The effect of the agents may be species dependent, thus further 
confounding the literature regarding mechanism. For instance, van 
Klarenbosch et al117 demonstrated that in contrast with rat, propofol 
directly depresses myocardial contractility in isolated muscle prepa-
rations from guinea pig, probably by decreasing trans-SL Ca++ influx. 
However, there was little influence of propofol on Ca++ handling by the 
SR or on the contractile proteins in rat. In one of the few human stud-
ies using isolated atrial muscle tissue (Figure 9-18), no inhibition of 
myocardial contractility was found in the clinical concentration ranges 
of propofol, midazolam, and etomidate. In contrast, thiopental showed 
strong negative inotropic properties, whereas ketamine showed slight 
negative inotropic properties (Figure 9-19). Thus, negative inotropic 
effects may explain, in part, the cardiovascular depression on induction 
of anesthesia with thiopental but not with propofol, midazolam, and 
etomidate. Improvement of hemodynamics after induction of anesthe-
sia with ketamine cannot, therefore, be explained by intrinsic cardiac 
stimulation but is a function of sympathoexcitation.118

The effect of drugs such as propofol also may be affected by the 
underlying myocardial pathology.119,120 For instance, Sprung et al120 
determined the direct effects of propofol on the contractility of 
human nonfailing atrial and failing atrial and ventricular muscles 
obtained from the failing human hearts of transplant patients or from 
nonfailing hearts of patients undergoing coronary artery bypass graft 
surgery (CABG). They concluded that propofol exerts a direct nega-
tive inotropic effect in nonfailing and failing human myocardium, 
but only at concentrations larger than typical clinical concentrations. 
Negative inotropic effects are reversible with -adrenergic stimula-
tion, suggesting that propofol does not alter the contractile reserve 
but may shift the dose responsiveness to adrenergic stimulation. The 
negative inotropic effect of propofol is at least partially mediated by 
decreased Ca++ uptake into the SR; however, the net effect of propo-
fol on contractility is insignificant at clinical concentrations because 
of a simultaneous increase in the sensitivity of the myofilaments to 
activator Ca++.120

Molecular Mechanisms: Adrenergic Signaling,  
Ca++ Influx, and Ca++ Sensitivity
There are a number of suggested molecular mechanisms by which a 
drug such as propofol may alter cardiac contractility. Propofol may 
inhibit cardiac L-type calcium current by interacting with the dihy-
dropyridine-binding site121 (Figure 9-20A), with resultant alteration 
in developed tension (see Figure 9-20B). Furthermore, as mentioned 
earlier, propofol may alter adrenergic signaling in cardiac myocytes. 
Experiments in membranes and cardiac preparations isolated from 
rat heart demonstrate that relatively high concentrations of propofol 
(25 to 200 mol/L) are required to antagonize -adrenoceptor binding 
and tissue responsiveness.122 Kurokawa et al123 observed that clinically 
relevant concentrations of propofol attenuated -adrenergic signal 
transduction in cardiac myocytes via inhibition of cyclic adenosine 
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Figure 9-12 Multiple endogenous signaling pathways mediate vol-
atile anesthetic-induced myocardial activation of an end-effector that 
promotes resistance against ischemic injury. Mitochondrial K+

ATP chan-
nels have been implicated as the end-effector in this protective scheme, 
but sarcolemmal K+

ATP channels may also be involved in this mechanism 
of protection. A trigger initiates a cascade of signal transduction events, 
resulting in the protection. Volatile anesthetics signal through adenosine 
and opioid receptors, modulate G proteins, stimulate protein kinase C 
(PKC) and other intracellular kinases, or have direct effects on mitochon-
dria to generate reactive oxygen species (ROS) that ultimately enhance 
K+

ATP channel activity. Volatile anesthetics may also directly facilitate K+
ATP 

channel opening. Dotted arrows delineate the intracellular targets that 
may be regulated by volatile anesthetics; solid arrows represent poten-
tial signaling cascades. (From Tanaka K, Ludwig LM, Kersten JR, et al: 
Mechanisms of cardioprotection by volatile anesthetics, Anesthesiology 
100:707, 2004.)
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monophosphate (cAMP) production (Figure 9-21). The inhibitory site 
of action of propofol appears to be upstream of adenylyl cyclase and 
involves activation of PKC .

Although propofol may decrease contractile response to adrener-
gic stimulation, there is emerging evidence that it may enhance myo-
filament sensitivity to Ca++. Propofol caused a leftward shift in the 

extracellular Ca++-shortening relationship, suggesting that propofol 
increases the sensitivity of myofibrillar actomyosin ATPase to Ca++ 
(i.e., increases myofilament Ca++ sensitivity; Figure 9-22). This is medi-
ated, at least in part, by increasing pH via PKCc-dependent activation 
of Na+-H+ exchange124 or by a PKC-dependent pathway  involving the 
phosphorylation of MLC2.124

A B C

D E F

G H

Figure 9-13 Effect of sevoflurane (SEVO; 2.8% [vol/vol]) on 
diazoxide (DIAZO)-induced flavoprotein oxidation in myocytes 
excited at 480 nm. Similar results were obtained for isoflurane. 
An artificial color scale was used to visualize the relative intensity 
of emitted fluorescence at 530 nm (dark blue indicates reduced 
flavoproteins; red indicates fully oxidized flavoproteins). A, At 
baseline. B, At 100 m DIAZO (same cells). C, At 2 minimal alveo-
lar concentration (MAC) SEVO. D, At 100 m DIAZO preceded 
by 2 MAC SEVO. Red color indicates intense local oxidation by 
mitochondrial clusters. E, At 100 m 2,4-dinitrophenol (DNP). F, 
Mean percentages of peak flavoprotein fluorescence depending 
on the drugs exposed to myocytes. *P < 0.0001 versus baseline 
or SEVO + DIAZO versus DIAZO alone. #P value not significantly 
different from DIAZO; †P value not significantly different from 
baseline. SEVO/CHE indicates concomitant treatment of myo-
cytes with SEVO and chelerythrine (CHE) at 2 m before exposure 
to DIAZO. G, Time-lapse analysis of alterations in fluorescence 
intensity in individual myocytes expressed as percentage of DNP-
induced fluorescence. Blue squares and red circles indicate values 
from eight different experiments. H, Latency to peak activation of 
mitoK+

ATP channels in response to the various treatment regimens. 
*P < 0.001 versus DIAZO; #P value not significant versus DIAZO. 
Data are mean ± standard deviation. (From Zaugg M, Lucchinetti 
E, Spahn DR, et al: Volatile anesthetics mimic cardiac precondi-
tioning by priming the activation of mitochondrial KATP channels 
via multiple signaling pathways, Anesthesiology 97:4, 2002.)
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Figure 9-14 Concentration-dependent 
decreases in myocardial infarct size by 
isoflurane postconditioning (IsoPC) in 
wild-type mice subjected to 30 minutes 
of coronary occlusion followed by 2 hours 
of reperfusion. A, Area at risk expressed 
as a percentage of left ventricle area. B, 
Myocardial infarct size expressed as a 
percentage of area at risk. IsoPC was pro-
duced by 0.5, 1.0, or 1.5 minimum alveolar 
concentration of isoflurane (ISO0.5, ISO1.0, 
or ISO1.5) administered during the last 5 
minutes of ischemia and first 3 minutes of 
reperfusion. *P < 0.05 versus control (n = 
8–10 mice/group). (From Ge Z, Pravdic D, 
Bienengraeber M, et al: Isoflurane post-
conditioning protects against reperfu-
sion injury by preventing mitochondrial 
permeability transition by an endothelial 
nitric oxide synthase-dependent mecha-
nism. Anesthesiology 112:73–85, 2010.)
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Integrated Cardiovascular Responses
The use of combined conductance-manometric catheters, which 
allows the simultaneous measurement of pressure and volume in the 
ventricle, has enabled the precise determination of the effects of anes-
thetic agents on integrated cardiovascular responses. These parame-
ters include load-independent measures of contractility (slope of the 
end-systolic pressure-volume relation [ESPVR], E

es
), as well as indices 

of ventricular-vascular coupling (ratio of arterial elastance to ventric-
ular elastance [E

a
/E

es
]; see Chapters 5 and 14). In a study, the effects 

of propofol and pentobarbital on integrated cardiovascular function 
were assessed in pigs both at baseline and after an acute increase in 
ventricular afterload.125 At baseline, E

es
 was lower during pentobarbi-

tal versus propofol anesthesia, suggesting a greater negative inotropic 
effect of barbiturates versus propofol (Figure 9-23). On the other hand, 
the responses to ventricular afterload induced by aortic banding were 
maintained in the pentobarbital-anesthetized animals, whereas the 
responses were markedly attenuated in the propofol-anesthetized pigs, 
suggesting an attenuation of the baroreflex responses with propofol. 
Furthermore, a decrease in arterial pressure with propofol is consistent 
with this drug acting as a vasodilator.

One of the questions with regard to intravenous induction agents is: 
What represents a clinically relevant dose? As would be predicted, with 
regard to the myocardial depressant effects, the coronary concentra-
tions of propofol have been shown to be the major contributor to the 

cardiac depression caused by propofol, but were a less significant con-
tributor to the hypotension caused by this drug.126

The effects of propofol on cardiac contractility are manifest not only 
on ventricular but also atrial function.127 Propofol depresses contrac-
tile function of left atrial myocardium and reduces the active left atrial 
contribution to left ventricular filling in vivo. Compensatory decreases 
in chamber stiffness, however, contribute to relative maintenance of 
left atrial reservoir function during the administration of propofol.

Oxidative Stress
Oxidative stress remains an important pathophysiologic mechanism 
for cellular injury in critically ill patients and represents an imbalance 
between the production of these radicals and the enzymatic defense 
system that removes them (Box 9-3). This has potential therapeutic 
implications because these agents are used routinely for sedation in the 
intensive care unit, in which disease processes associated with increased 
oxidative stress are treated.

Animal data also suggest that propofol decreases postischemic myo-
cardial mechanical dysfunction, infarct size, and histologic evidence 
of injury128–132 (Figure 9-24). On further analysis, it becomes clear that 
propofol has a chemical structure similar to that of phenol-based free 
radical scavengers, such as vitamin E, and may therefore act as a free 
radical scavenger.133,134 Studies by Tsuchiya et al135,136 demonstrated 
in vitro the potential for both propofol and midazolam to act as free 
radical scavengers at near-therapeutic doses. Propofol also impairs the 
activity of neutrophils by inhibiting the oxidative burst and supports a 
potential role for propofol in modulating injury at the critical phase of 
reperfusion by reducing free radicals, Ca++ influx, and neutrophil activ-
ity.137 Furthermore, microsomes prepared from animals anesthetized 
with propofol demonstrate a significantly increased resistance to lipid 
peroxidation.138 The evidence does not support propofol as an APC-
inducing agent because protection was observed when the heart was 
treated with propofol solely during reperfusion rather than before or 
during the ischemic insult,131 although the addition of glibenclamide, 
a K+

ATP
 channel blocker, does not abolish the protection afforded by 

propofol.132 There is little evidence for other intravenous induction 
agents having protective effects on the heart. In fact, ketamine may 
block IPC139–141 by deactivating SL K+

ATP
 channels.142

 Vasculature
As with the heart, the cumulative physiologic effects in the vascula-
ture represent a summation of the effects of the agents on the central 
ANS, as well as the direct effects of these agents on the vascular smooth 
muscle, and the modulating effects on the underlying endothelium. An 
exhaustive review of the effects of each agent on isolated and integrated 
vascular function is beyond the scope of the chapter; however, a global 
overview of the effect of some of the most commonly used agents on 
vasoregulation is presented.

Although there clearly are effects of anesthetic agents on vascu-
lar smooth muscle and endothelial function, controversy and diver-
sity regarding mechanisms arise because of the species of animals 
studied, the vessel bed examined, and the drug dosage used. In addi-
tion, the effects may be significantly different in vessels from animals 
that develop disease phenotypes, such as hypertension and diabetes. 
Furthermore, although effects of these anesthetic agents on a variety of 
signal transduction pathways are invariably seen with high concentra-
tions of agents, the clinical relevance of these effects remains unclear.

Systemic Vasoregulation
It is now well established that propofol decreases SVR in humans. This 
was demonstrated in a patient with an artificial heart in whom the CO 
remained fixed.143 As discussed later, the effect is predominantly medi-
ated by alterations in sympathetic tone; however, in isolated arteries, 
propofol decreases vascular tone and agonist-induced contraction. 
The mechanism by which propofol mediates these effects has been 
attributed, in part, to inhibition of Ca++ influx through  voltage- or 
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Figure 9-15 Center stage in apoptosis. In this view, numerous cell-
death stimuli work through the mitochondria. They cause proapoptotic 
members of the BCL-2 family, such as BAX and BAK, to either open 
new pores or modify existing channels in the mitochondrial membrane, 
releasing cytochrome c (Cyt c) and other proteins that lead to caspase 
activation and cell death. BCL-2 itself, which is antiapoptotic, somehow 
blocks the pore or channel opening. AIF, apoptosis-inducing factor; IAP, 
inhibitors of apoptosis. (Reprinted from Finkel E: The mitochondrion:  
is it central to apoptosis? Science 292(5517):624–626, 2001. Illustration: 
C. Slayden, Copyright 2001 AAAS.)
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Figure 9-16 Effects of the specific mitochondrial K+
ATP 

(mitoK+
ATP) channel blocker 5-hydroxy-decanoate (5HD) 

and the specific sarcolemmal K+
ATP (sarcK+

ATP) channel 
blocker HMR-1098 on sevoflurane (SEVO)- and isoflurane 
(ISO)-mediated protection at 1 minimal alveolar concen-
tration (MAC) against 60 or 120 minutes of ischemia in 
myocytes as assessed by trypan blue staining. A, Control 
myocytes after 60 minutes of ischemia. Myocytes staining 
dark blue indicate irreversible cell damage. B, Myocytes 
exposed to SEVO before ischemia. Most myocytes retain 
their rod-shaped morphology. C, Myocytes exposed to 
5HD and SEVO before ischemia. The protective effect of 
SEVO is abolished. D, Myocytes exposed to HMR-1098 
and SEVO before ischemia. The protection by SEVO is 
unaffected. E, Representative trypan blue–positive and 
–negative myocytes after exposure to ischemia seen at 
higher magnification. F, Trypan blue–positive myocytes 
are indicated as percentage of total viable myocytes 
before ischemia. CTL indicates control group and rep-
resents myocytes exposed to 60 or 120 minutes of isch-
emia alone. Data are mean ± standard deviation. *P < 
0.0001 versus respective CTL; #P value not significant ver-
sus respective CTL. (From Zaugg M, Lucchinetti E, Spahn 
DR, et al: Volatile anesthetics mimic cardiac precondi-
tioning by priming the activation of mitochondrial KATP 
channels via multiple signaling pathways, 97:4, 2002.)

10

8

6

4

2

0

Tr
op

on
in

 I 
(n

g/
m

L)

Control T36T24T12T3T0

PROPOFOL

10

8

6

4

2

0
Control T36T24T12T3T0

SEVOFLURANE

14

12

10

8

6

4

2

0

Tr
op

on
in

 I 
(n

g/
m

L)

Control T36T24T12T3T0

14

12

10

8

6

4

2

0
Control T36T24T12T3T0

PROPOFOL SEVOFLURANE

Figure 9-17 Cardiac troponin 
I concentrations in the propofol 
and sevoflurane groups before 
surgery (control), at arrival in the 
intensive care unit (T0), and after 
3 (T3), 12 (T12), 24 (T24), and 36 
(T36) hours. Top panels, Median 
values (green) with 95% confidence 
intervals (purple). Bottom panels, 
Evolution of the individual values. 
Concentrations were significantly 
greater with propofol. In the propo-
fol group, all patients had troponin 
concentrations greater than the 
cutoff value of 2 ng/mL (gray line). 
(From de Hert S, ten Broecke PW, 
Mertens E, et al: Sevoflurane but not 
propofol preserves myocardial func-
tion in coronary surgery patients, 
Anesthesiology 97:42, 2002.)
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 receptor-gated Ca++ channels, as well as inhibition of Ca++ release from 
intracellular Ca++ stores regulated by the ryanodine receptor.144–147 Much 
of the experimental data obtained in isolated studies have focused on 
conduit arteries (rat aorta); however, some properties of the resistance 
arteries differ from the rat bioassay. Modulation of vasoconstriction 
by vascular smooth muscle may be mediated by (1) an alteration in 
endothelium-independent vasodilation145 or (2) an alteration in the 
sensitivity of the myofilaments to Ca++, primarily mediated by the 
rho activation, and thereby the activation of Rho kinase. In an elegant 

study examining the effects of propofol on resistance arteries, Imura et 
al148 examined the effect of propofol on simultaneous measurements of 
force and in mesenteric resistance arteries. The authors concluded that 
propofol attenuates norepinephrine-induced contraction through an 
inhibition of Ca++ release, as well as Ca++ influx through L-type Ca++ 
channels, thus partially explaining the effects of propofol on vascular 
adrenergic signaling (Figure 9-25). Propofol also may modulate vascu-
lar tone by interfering with other signaling pathways involved in vaso-
regulation, such as ET-1.148,149 In addition, propofol also may attenuate 
the myogenic tone/response in pressure-flow autoregulation.150

Pulmonary Vasoregulation
The effects of induction agents on pulmonary vasoregulation may have 
important implications for the management of patients whose pri-
mary pathologies involve the pulmonary circulation when they pres-
ent for cardiothoracic surgery (primary pulmonary hypertension for 
lung transplantation and chronic thromboembolic disease for pulmo-
nary endarterectomy). In addition, the effects may be of importance 
in patients with right ventricular failure.151 Furthermore, the effect of 
these agents in modulating hypoxic pulmonary vasoconstriction may 
have an effect on intraoperative A-a (alveolar-arterial) gradients, par-
ticularly during one-lung ventilation. Murray and colleagues152,153 have 
systematically studied the effects of anesthetic agents on pulmonary 
vasoregulation. Specifically, they have demonstrated that propofol 
attenuates endothelium-dependent vasodilatation152 via a mechanism 
that involves NO and endothelium-dependent hyperpolarizing fac-
tor.153 With regard to the vascular smooth muscle, the effect appears 
somewhat different in the pulmonary circulation. Rather than atten-
uate vasoconstriction and thereby decrease tone, propofol appears to 
increase the sensitivity of the contractile myofilaments to Ca++,154 and 
thereby potentiates the effect of catecholamines on pulmonary artery 
smooth muscle cells155 (Figure 9-26).
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Figure 9-18 Typical experiment showing the force traces of an iso-
metric twitch of human atrial tissue during exposure to increasing con-
centrations of propofol (15 to 1500 mol/L). (From Gelissen HP, Epema 
AH, Henning RH, et al: Inotropic effects of propofol, thiopental, mida-
zolam, etomidate, and ketamine on isolated human atrial muscle, 
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Figure 9-19 Comparative effects of increas-
ing concentrations of anesthetic on isomet-
ric contractions of human atrial tissue induced 
by field stimulation. Data are mean ± standard 
error of the mean. Curves were plotted using 
logistic regression. Squares indicate the clini-
cal concentration range during anesthesia. Tan 
hatching (left) represents the total concentra-
tion and white hatching (right) shows the free 
fraction. A, Propofol (n = 16). B, Thiopental  
(n = 7). C, Midazolam (n = 7). D, Ketamine (n = 9). 
E, Etomidate (n = 9). F, Combined plot show-
ing the concentration–response curve of the 
five anesthetics. (From Gelissen HP, Epema AH, 
Henning RH, et al: Inotropic effects of propofol, 
thiopental, midazolam, etomidate, and ketamine 
on isolated human atrial muscle, Anesthesiology 
84:397, 1996.)
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Endothelial Function
Propofol modulates the function of the endothelium, thus alter-
ing the underlying tone of the vessels. The data as to the direction 
and mechanism underlying this effect are widely divergent and are 
dependent on the vascular bed, species, and experimental conditions. 
Early studies suggested that propofol-mediated vasodilatation was a 
function of stimulation of NO and vasodilator prostanoids from the 
endothelium.140 Other studies have demonstrated an inhibitory effect 
of propofol and ketamine, but not of midazolam, on endothelium-
dependent relaxation.156 Moreover, the suppressive effect of ketamine 
on endothelium-dependent relaxation appears to be mediated by sup-
pression of NO formation, whereas that of propofol may be mediated, 
at least partly, by suppression of NO function. In a rabbit mesenteric 
resistance artery preparation, Yamashita et al157 demonstrated that 
propofol inhibits prostacyclin-mediated endothelium-dependent 
vasodilatation by inhibition of vascular hyperpolarization (Figure 
9-27). This inhibition of hyperpolarization, and thereby inhibition of 
relaxation, appears to be mediated by the blockade of ATP-sensitive 
K+ channels. The clinical implications of these findings are unclear; 

however, it may be  predicted, based on the data, that the effects of 
propofol on the vasculature may be significantly different in patients 
in whom endothelial dysfunction, such as hypertension and athero-
sclerosis, is a significant factor.

With respect to vasorelaxation, Gursoy et al158 described the dose-
dependent vasorelaxation produced by intravenous anesthetic agents 
on human radial artery grafts. Thiopental and ketamine were found 
to be more potent than etomidate and propofol with respect to relax-
ant properties. These observations may have implications for the 
 perioperative management of coronary artery graft vasospasm.158

Sympathetic and Parasympathetic Nervous System
In human in vivo studies, it appears that the cumulative effects of 
propofol on peripheral arterial venous capacitance are mediated pri-
marily, but not solely, by its effects on the sympathetic nervous system 
(SNS). In a well-designed study in which the effect of local infusion of 
propofol into the brachial artery was compared with systemic intra-
venous administration with induction of anesthesia, it was demon-
strated that direct brachial infusion had little effect on resistance and 
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the rat heart. Preparations (n = 4) were bathed in an oxygenated Krebs–Henseleit solution at 37°C and paced electrically at 1 Hz. The anesthetic was 
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 capacitance, whereas the effect of intravenous administration was 
similar to the effect observed with sympathectomy induced by stel-
late ganglion block (Figure 9-28). Thus, the peripheral vascular effects 
of propofol appear to be primarily mediated by reduced sympathetic 
vasoconstrictor nerve activity.159 In another elegant study, Sellgren et 
al160 measured the effect of propofol on the SNS using percutaneous 
recordings of muscle sympathetic nerve activity. The authors demon-
strated a profound decrease in SNS activity with a reciprocal increase 
in blood flow (measured by laser Doppler) with propofol-induced 
anesthesia. Furthermore, sympathetic baroreflex sensitivities were also 
depressed by propofol, highlighting the profound effect of this agent 
on central sympathetic modulation of integrated cardiovascular func-
tion. The precise locations of the central modulation by propofol have 
been investigated by Yang et al,161,162 who demonstrated that propofol 
principally inhibits the vasomotor mechanism in the dorsomedial and 
ventrolateral medulla to effect its hypotensive actions. The implications 
of these effects are significant in that this sympathoinhibition is ampli-
fied in patients in whom SNS activity is high. Thus, caution is indicated 

in the administration of these agents to patients with shock, CHF, or 
other pathophysiologic circumstances in which the SNS is  paramount 
in maintaining arterial and venous tone.

Remodeling and Cell Proliferation
Emerging literature suggests that the effects of intravenous anes-
thetic agents may not be solely mediated by direct modulation of 
vascular tone through alteration of the contractile state of the vascu-
lar smooth muscle. New studies suggest that intravenous anesthetic 
agents may alter vascular smooth muscle proliferation, as well as 
modulate pathways that are important in angiogenesis. For example, 
Shiga et al163 demonstrated the effect of ketamine (but not propo-
fol) on inhibiting vascular smooth muscle proliferation through a 
PKC-dependent pathway. On the other hand, midazolam, but not 
ketamine, was demonstrated to release vascular endothelial growth 
factor, a growth factor important in angiogenesis and cellular prolif-
eration from vascular smooth muscle cells.164 The clinical importance 
of these findings remains unstudied and unclear. However, they serve 

100

1 sec

5 min

Control
(a)

Isoproterenol
(b)

Isoproterenol
+ Propofol

(c)A B

C D

120

C
el

l l
en

gt
h 

(
m

)

a

a cb

b c

a

b

c
100

50

50

0

%

100

110

120

C
el

l l
en

gt
h 

(
m

)

1.0

0.6

1.4

1.8

34
0/

38
0 

ra
tio

0

100

%

1.2

0.6

1.8

34
0/

38
0 

ra
tio

100

80

60

40

20

0
0 10030101

Propofol ( M)

Shortening

*
*

*

* *
*

340/380 ratio

0 10030101

Propofol ( M)

Propofol
1 10 30 100 M

Isoproterenol 10 nM

120
%

 o
f c

on
tr

ol

110

120

0.7 1.61.31.0

340/380 ratio

100

C
el

l l
en

gt
h 

(
m

)

a

b
c

Figure 9-21 A and B, Original traces depicting the dose-dependent effects of propofol on shortening and intracellular Ca++ concentration ([Ca++]i) 
after exposure to isoproterenol (10 nm) in a rat isolated ventricular myocyte. C and D, Summarized data for the effects of propofol on isoproterenol-
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mediated signal transduction via a protein kinase c-dependent pathway in cardiomyocytes, Anesthesiology 96(3):688–698, 2002.)
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to emphasize that the administration of these agents (and others) by 
the anesthesiologist may have effects that last well after the drug has 
disappeared from the core.

INDIVIDUAL AGENTS

 Thiopental
General Characteristics
Thiopental has survived the test of time as an intravenous anesthetic 
drug (Box 9-4). Since Lundy introduced it in 1934, thiopental has 
become the most widely used induction agent because of the rapid 
hypnotic effect (one arm-to-brain circulation time), highly  predictable 
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B, Ghuysen A, et al: Comparison of the effects 
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BOX 9-3. INTRAVENOUS INDUCTION AGENTS
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effect, lack of vascular irritation, and general overall safety.165 The 
induction dose of thiopental is less for older than for younger healthy 
patients.166 Pharmacokinetic analyses167–169 confirm the findings from 
the early classic studies of Brodie and Mark170 relating the awakening 
from thiopental to rapid redistribution. Thiopental has a distribution 
half-life (t1⁄2

) of 2.5 to 8.5 minutes, and the total body clearance var-
ies, according to sampling times and techniques, from 0.15 to 0.26 
L/kg/hr.159–161,163,164 The elimination half-life (t1⁄2

) varies from 5 to 12 
hours.168,169,171,172 Barbiturates173 and drugs such as propofol174 have 
increased volumes of distribution (V

d
) when used during CPB. Young 

(< 13 years old) patients seem to have a greater total clearance and 
quicker plasma thiopental clearance than do adults, which theoretically 
might result in earlier awakening, especially after multiple doses.175 

Because of the affinity of fat for this drug, its relatively large V
d
, and its 

low hepatic clearance, thiopental can accumulate in tissues, especially 
if given in large doses over a prolonged period.

Cardiovascular Effects
The hemodynamic changes produced by thiopental have been studied 
in healthy patients166,176–182 and in patients with cardiac disease (Table 
9-3).183–188 The principal effect is a decrease in contractility,180,181,189 
which results from reduced availability of calcium to the myofibrils.190 
There is also an increase in HR.166,177,179–181,186–189 The cardiac index 
(CI) is unchanged177,185–188 or reduced,176,178,181 and the mean aortic 
 pressure (MAP) is maintained177,187,188,191 or slightly reduced.178,179,185–187 
In the dose range studied, no relation between plasma thiopental and 
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left atrial pressure (D) in propofol-perfused hearts are apparent in the protective effect of the drug. (From Ko SH, Yu CW, Lee SK, et al: Propofol attenu-
ates ischemia-reperfusion injury in the isolated rat heart, Anesth Analg 85:719, 1997.)
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 hemodynamic effect has been found.166 Early hemodynamic inves-
tigations demonstrated that thiopental (100 to 400 mg) significantly 
decreased CO (24%) and systemic BP (10%), presumably by reducing 
venous return, because of an increase in venous capacitance.178,192

Mechanisms for the decrease in CO include (1) direct negative ino-
tropic action; (2) decreased ventricular filling, resulting from increased 
venous capacitance; and (3) transiently decreased sympathetic outflow 
from the central nervous system (CNS). The increase in HR (10% to 
36%) that accompanies thiopental administration probably results 
from the baroreceptor-mediated sympathetic reflex stimulation of the 
heart. Thiopental produces dose-related negative inotropic effects that 
appear to result from a decrease in calcium influx into the cells with 
a resultant diminished amount of calcium at sarcolemma sites.193,194 
Patients who had compensated heart disease and received 4 mg/kg thi-
opental had a greater (18%) BP decline than did other patients with-
out heart disease. The increase in HR (11% to 36%) encountered in 
patients with CAD, anesthetized with thiopental (1 to 4 mg/kg), is 
potentially deleterious because of the obligatory increase in myocardial 
oxygen consumption (Mvo

2
).

Despite the well-known potential for cardiovascular depression 
when thiopental is given rapidly in large doses, this drug has minimal 
hemodynamic effects in healthy patients and in those who have heart 
disease when it is given slowly or by infusion. Significant reductions in 
cardiovascular parameters occur in patients who have impaired ven-
tricular function. When thiopental is given to patients with hypov-
olemia, there is a significant reduction in CO (69%), as well as a large 
decrease in BP, which indicate that patients without adequate compen-
satory mechanisms may have serious hemodynamic depression with a 
thiopental induction.195 Clearly, thiopental produces greater changes in 
BP and HR than does midazolam when used for induction of American 
Society of Anesthesiologists (ASA) Class III and IV patients.

Uses in Cardiac Anesthesia
Thiopental can be used safely for the induction of anesthesia in normal 
patients and in those who have compensated cardiac disease. Because 
of the negative inotropic effects, increase in venous capacitance, and 
dose-related decrease in CO, caution should be used when thiopental is 
given to patients who have left or right ventricular failure, cardiac tam-
ponade, or hypovolemia. The development of tachycardia is a potential 
problem in patients with ischemic heart disease.

A possible additional use for thiopental infusion is cerebral protec-
tion during CPB in patients undergoing selected cardiac operations.196 
However, the cerebral protective effect of thiopental during CPB has 
been challenged by Zaidan et al,197 who demonstrated no differences 
in outcome between thiopental and control patients undergoing hypo-
thermic CPB for CABG. Although the administration of a barbiturate 
during CPB may result in myocardial depression, necessitating addi-
tional inotropic support, Ito et al's198 study suggested beneficial effects 
of a thiopental infusion during CPB in maintaining peripheral per-
fusion, which allowed more uniform warming, decreased base deficit, 
and decreased requirements for postoperative pressor support.

 Midazolam
General Characteristics
Midazolam (Versed; Figure 9-29), a water-soluble benzodiazepine, was 
synthesized in the United States in 1975, in contrast with most new 
anesthetic drugs, which are synthesized and first tested in European 
countries. It is unique among benzodiazepines because of its rapid 
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onset, short duration of action, and relatively rapid plasma clearance.199 
Although controversial, the dose for induction of general anesthesia is 
between 0.05 and 0.2 mg/kg, and depends on the premedication and 
speed of injection.200–203

The pharmacokinetic variables of midazolam reveal that it is cleared 
significantly more rapidly than are diazepam and lorazepam. The rapid 
redistribution of midazolam, as well as high liver clearance, accounts 
for its relatively short hypnotic and hemodynamic effects. The t1⁄2

 is 
about 2 hours, which is at least 10-fold less than for diazepam.204–208

Cardiovascular Effects
The hemodynamic effects of midazolam have been investigated in 
healthy subjects,179,209,210 in ASA Class III patients,211 and in patients who 
have ischemic212–219 and valvular211 heart disease (VHD). Table 9-3 sum-
marizes the hemodynamic changes after induction of anesthesia with 
midazolam. In general, there are only small hemodynamic changes after 
the intravenous administration of midazolam (0.2 mg/kg) in premedi-
cated patients who have coronary artery disease (CAD).215,217 Changes 
of potential importance include a decrease in MAP of 20% (from 102 to 
81 mm Hg) and an increase in HR of 15% (from 55 to 64 beats/min).215 
The CI is maintained.215,217 Filling pressures are either unchanged or 
decreased in patients who have normal ventricular function,215,217 but 
are significantly decreased in patients who have an increased pulmo-
nary capillary wedge pressure (PCWP;  18 mm Hg).216 There seems to 
be little effect of differences in doses on hemodynamics: 0.2,217 0.25,214 
and 0.3 mg/kg219 all produce similar effects. Sedation with midazolam 
(0.05 mg/kg) in patients undergoing cardiac catheterization is devoid of 
any hemodynamic effect.212 Marty et al showed that induction with 0.2 
mg/kg produced a 24% reduction in CBF and a 26% reduction in Mvo

2
 

in patients with CAD.213 As in patients with ischemic heart disease, the 
induction of anesthesia in patients with VHD is associated with minimal 
changes in CI, HR, and MAP after midazolam.212 When intubation fol-
lows anesthesia induction with midazolam, significant increases in HR 
and BP occur, because midazolam is not an analgesic.179,217–219 Adjuvant 
analgesic drugs are required to block the response to noxious stimuli.

There is a suggestion that midazolam affects the capacitance ves-
sels more than diazepam does, at least during CPB, when decreases 
in venous reservoir volume of the pump are greater with midazolam 
than with diazepam. In addition, diazepam decreases SVR more than 
 midazolam during CPB.220

LAP, left atrial pressure; MAP, mean arterial pressure; NR, not reported; PAOP, pulmonary artery occlusion pressure; PEP, pre-ejection period.

Induction Agents and Hemodynamic Changes

Parameter Thiopental Midazolam Etomidate Propofol Ketamine

Heart rate 0% to +36% −14% to +21% 0% to +22% −6% to +12% 0% to +59%
MAP −18% to +8% −12% to −26% 0% to −20% 0% to −47% 0% to +40%
Systemic vascular 

resistance
0% to +19% 0% to −20% 0% to −17% −9% to −25% 0% to +33%

Pulmonary artery 
pressure

Unchanged Unchanged 0% to −17% −4% to +8% +44% to +47%

Pulmonary vascular 
resistance

Unchanged Unchanged 0% to +27% — 0% to +33%

LAP/PAOP Unchanged 0% to −25% — — —
Left ventricular end-

diastolic pressure/PAOP
— — 0% to −11% +13% Unchanged

Right atrial pressure 0% to +33% Unchanged Unchanged −8% to −21% +15% to +33%
Cardiac index 0% to −24% 0% to −25% 0% to +14% −6% to −26% 0% to +42%
Stroke volume −12% to −35% 0% to −18% 0% to −15% −8% to −18% 0% to −21%
Left ventricular stroke 

work index
0% to −26% −28% to −42% 0% to −27% −15% to −40% 0% to +27%

Right ventricular stroke 
work index

NR −41% to −57% — — —

dP/dt −14% 0% to −12% 0% to −18% — Unchanged
1/PEP2 −18% to −28% — —
Systolic time interval — — Unchanged — NR

TABLE 
9-3

BOX 9-4. INTRAVENOUS ANESTHETICS

2

2
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Midazolam (0.15 mg/kg) and ketamine (1.5 mg/kg) have proved to 
be a safe and useful combination for a rapid-sequence induction for 
emergency surgery.182 This combination was superior to thiopental 
alone because it caused less cardiovascular depression, more amnesia, 
and less postoperative somnolence. If midazolam is given to patients 
who have received fentanyl, significant hypotension may occur, as 
seen with diazepam and fentanyl.221 However, midazolam routinely 
is combined with fentanyl for induction and maintenance of  general 
anesthesia during cardiac surgery without adverse hemodynamic 
sequelae.222,223

Uses
Midazolam is distinctly different from the other benzodiazepines 
because of its rapid onset, short duration, water solubility, and fail-
ure to produce significant thrombophlebitis; it is, therefore, one of the 
mainstays of anesthesia in the cardiac operating room.

 Etomidate
General Characteristics
Etomidate is a carboxylated imidazole derivative synthesized by 
Godefroi et al224 in 1965. In animal experiments, it was found that 
etomidate has a safety margin four times greater than the safety mar-
gin for thiopental.225 The recommended induction dose of 0.3 mg/kg 
has pronounced hypnotic effects. Etomidate is moderately lipid sol-
uble226 and has a rapid onset (10 to 12 seconds) and a brief duration 
of action.227–229 It is hydrolyzed primarily in the liver and in the blood 
as well.230

The administration of etomidate in a buffered solution was accom-
panied by a significant incidence of a burning sensation (about 40%) 
and myoclonic movements (about 40% to 50%).229 The myoclonic 
movements were not associated with an epileptiform pattern on the 
electroencephalogram.226

Reports have shown that etomidate infusion and single injections 
directly suppress adrenocortical function, which, in turn, interferes 
with the normal stress response.231–233 Blockade of 11- -hydroxylation 
mediated by the imidazole radical of etomidate results in decreased 
biosynthesis of cortisol and aldosterone.234 The clinical significance of 
etomidate-induced adrenal suppression remains undetermined.

Cardiovascular Effects
In comparative studies with other anesthetic drugs, etomidate is 
usually described as the drug that changes hemodynamic variables 
the least.235–241 Studies in noncardiac patients237,240,242 and those who 
have heart disease187,235,238,239,243,244 document the remarkable hemo-
dynamic stability after administration of etomidate (see Table 9-3). 
In healthy subjects or patients who have compensated ischemic heart 
disease, HR, pulmonary artery pressure (PAP), PCWP, left ventricu-
lar end-diastolic pressure, right atrial pressure (RAP), CI, SVR, pul-
monary vascular resistance (PVR), dP/dt, and systolic time intervals 

(STIs) are not significantly changed after doses of 0.15 to 0.30 mg/
kg.187,235,236,242,244 In comparison with other anesthetics, etomidate pro-
duces the least change in the balance of myocardial oxygen demand 
and supply. Systemic BP remains unchanged in most series235,236,238–241 
but may be decreased 10% to 19%239,243,245 in patients who have VHD. 
Ammon et al235 found modest dose-related decreases in MAP and left 
ventricular stroke work index (LVSWI). Doses of 0.3, 0.45, and 0.6 
mg/kg caused greater decreases in mean BP and LVSWI but had no 
effect on HR, PAP, PCWP, CVP, CI, SV, or SVR. Therefore, although 
there was a small dose-related effect on hemodynamics, the remark-
able fact is that there is hemodynamic stability despite the twofold 
increase in dose. Dose-related changes have been demonstrated in the 
dog and were attributed to three possible causes: (1) decreased CNS 
sympathetic stimulation, (2) autoregulation secondary to decreased 
regional O

2
 consumption, and (3) decreased SV secondary to reduced 

venous return.246

A dose-dependent direct negative inotropic effect of etomidate was 
demonstrated in dogs, although at equianesthetic doses, it was half as 
pronounced as that of thiopental.193 To determine the effects of anes-
thetic agents on myocardial contractility is difficult in vivo because of 
concomitant changes in HR, preload, and afterload. In contrast, the 
effects may be evaluated in vitro, although this does not accurately rep-
resent what is occurring in the myocardium as a whole. Riou et al247 
studied the effect of etomidate on intrinsic myocardial contractility, 
using left ventricular papillary muscle and an electromagnetic lever 
system. Etomidate induced a slightly positive inotropic effect, as mani-
fested by increased maximum shortening velocity. It appears, however, 
that propylene glycol, the solvent in which etomidate is available, may 
result in SR dysfunction with a slight negative inotropic effect in some 
clinical conditions.

Etomidate (0.3 mg/kg intravenously), used to induce general 
anesthesia in patients with AMI undergoing percutaneous coronary 
angioplasty, did not alter HR, MAP, and rate-pressure product, dem-
onstrating the remarkable hemodynamic stability of this agent.248 
However, the presence of VHD may influence the hemodynamic 
responses to etomidate. Whereas most patients can maintain their BP, 
patients with both aortic and mitral VHD had significant decreases 
of 17% to 19% in systolic and diastolic BP,239,243 as well as decreases of 
11% and 17% in PAP and PCWP, respectively.243 CI in patients who 
had VHD and received 0.3 mg/kg either remained unchanged186,239 
or decreased 13%.243 There was no difference in response to etomi-
date between patients who had  aortic valve disease and those who had 
mitral valve disease.243

Wauquier et al249 anticipated the widespread clinical use of etomidate 
in their investigation, in which they compared the effects of etomidate 
and thiopental in hypovolemic dogs. In a hemorrhagic shock model, 
dogs were bled to an MAP of 40 to 45 mm Hg and then given either 
etomidate (1 mg/kg) or thiopental (10 mg/kg). There was significantly 
more hemodynamic depression in the thiopental group and increased 
survival in the etomidate group. Whether this is true in humans is not 
known, but certainly clinical evidence suggests that etomidate is useful 
in patients with hypovolemia.
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Figure 9-29 Synthetic opioids are produced by successive removal of ring structures from the five-ring phenanthrene structure of morphine. 
However, a common core, envisaged as a T shape, is shared by all opioids. A piperidine ring (which is believed to confer opioid-like properties to a 
compound) forms the crossbar, and a hydroxylated phenyl group forms the vertical axis. (From Ferrante FM: Opioids. In Ferrante FM, VadeBoncouer 
TR, editors: Postoperative pain management, New York: Churchill Livingstone, 1992, p 149, by permission.)
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Uses
There are certain situations in which the advantages of etomidate out-
weigh the disadvantages. Emergency uses include situations in which 
rapid induction is essential. Patients who have hypovolemia, cardiac 
tamponade, or low CO probably represent the population for whom 
etomidate is better than other drugs, with the possible exception of ket-
amine. The fact that the hypnotic effect is brief means that additional 
analgesic and/or hypnotic drugs must be administered. Etomidate 
offers no real advantage over most other induction drugs for patients 
undergoing elective surgical procedures.

 Ketamine
General Characteristics
Ketamine is a phencyclidine derivative whose anesthetic actions differ 
so markedly from barbiturates and other CNS depressants that Corssen 
and Domino250 labeled its effect dissociative anesthesia. The properties 
of ketamine and its use in anesthesia have been completely reviewed.191 
Although ketamine produces rapid hypnosis and profound analgesia, 
respiratory and cardiovascular functions are not depressed as much as 
with most other induction agents. Disturbing psychotomimetic activity 
(described as vivid dreams, hallucinations, or emergence phenomena) 
remains a problem. Interestingly, preliminary data suggest the possi-
bility of a protective effect against postoperative cognitive dysfunction 
in patients undergoing cardiac surgery, and a recent study conducted 
by Hudetz et al suggests that ketamine attenuates the postoperative 
 delirium noted in cardiac surgical patients after surgery.251

Cardiovascular Effects
The hemodynamic effects of ketamine have been examined in noncar-
diac patients,239,252–257 critically ill patients,258 geriatric patients,259 and 
patients who have a variety of heart diseases.254,260–270 Table 9-3 contains 
the range of hemodynamic responses to ketamine. One unique feature 
of ketamine is stimulation of the CVS. The most prominent hemody-
namic changes are significant increases in HR, CI, SVR, PAP, and sys-
temic artery pressure. These circulatory changes cause an increase in 
Mvo

2
 with an apparently appropriate increase in CBF.260,269 Although 

global increases in Mvo
2
 occur, there is some evidence that the increased 

work may be borne primarily by the right ventricle, because of signifi-
cantly greater increases in PVR than SVR271; however, both ventricles 
certainly demonstrate increased work. The hemodynamic changes 
observed with ketamine are not dose related in the relatively small dose 
ranges examined; there is no significant difference between changes 
after administration of 0.5 and 1.5 mg/kg intravenously.272 It is inter-
esting that a second dose of ketamine produces hemodynamic effects 
opposite to those of the first.268 Thus, the cardiovascular stimulation 
seen after ketamine induction of anesthesia (2 mg/kg) in a patient who 
has VHD is not observed with the second administration, which is 
accompanied instead by decreases in the BP, PCWP, and CI.

Ketamine produces similar hemodynamic changes in healthy 
patients and in patients who have ischemic heart disease.256 In patients 
who have increased PAP (as with mitral valvular disease), ketamine 
appears to cause a more pronounced increase in PVR than in SVR. 
The presence of marked tachycardia after administration of ketamine 
and pancuronium also can complicate the induction of anesthesia in 
patients who have CAD or VHD with atrial fibrillation.273 In a recent 
study of patients undergoing elective coronary artery bypass grafting, 
the use of S-(+)-ketamine did not lead to increased cardiac troponin T 
levels after surgery when used in combination with propofol.274

The mechanism responsible for ketamine's stimulation of the cir-
culatory system remains enigmatic. The direct effects of ketamine on 
the myocardium remain controversial. Riou et al275 demonstrated that 
ketamine has a dual opposing action on the myocardium: (1) a posi-
tive inotropic effect, probably secondary to increased Ca++ influx; and 
(2) an impairment of SR function. This impairment is significant only 
at supratherapeutic ketamine concentrations or in cardiomyopathic 

myocardium,276 and overcomes this positive inotropic effect only 
under these circumstances. Myocardial depression has been demon-
strated in isolated rabbit hearts,277 intact dogs, and isolated dog heart 
preparations.278,279 Although the precise site of cardiovascular stimula-
tion is still unknown, Ivankovich and colleagues280 showed that small 
doses of ketamine injected directly into the CNS result in immediate 
hemodynamic stimulation. Ketamine also causes the sympathoneu-
ronal release of norepinephrine, which can be measured in venous 
blood.260,272,281 Blockade of this effect is possible with barbiturates, ben-
zodiazepines,272,280–282 and droperidol.261 Animal work supports the 
hypothesis that the primary hemodynamic effect of ketamine is central 
and not peripheral.283–290 The role of ketamine's cocaine-like neuronal 
inhibition of norepinephrine reuptake has yet to be defined in its over-
all influence on the CVS.291,292 It also is unknown whether ketamine 
exerts the same effect centrally, preventing reuptake of norepinephrine 
in the brain.

One of the most common and successful approaches to block-
ing ketamine-induced hypertension and tachycardia is the prior 
administration of benzodiazepines. Diazepam, flunitrazepam, and 
midazolam all successfully attenuate the hemodynamic effects of ket-
amine.182,262,265,282,293–295 For example, in a study involving 16 patients with 
VHD, ketamine (2 mg/kg) did not produce significant  hemodynamic 
changes when preceded by diazepam (0.4 mg/kg).262 Indeed, HR, MAP, 
and rate-pressure product were unchanged; however, there was a slight 
but significant decrease in CI.262 Hatano and associates294 reported their 
experience with 200 cardiac surgical patients in whom the administra-
tion of diazepam (0.3 to 0.5 mg/kg) and then a ketamine infusion (0.7 
mg/kg/hr) provided a stable hemodynamic course during induction, 
intubation, and incision. In fact, the combination of diazepam and ket-
amine rivals the high-dose fentanyl technique with regard to hemo-
dynamic stability. No patient had hallucinations, although 2% had 
dreams and 1% had recall of events in the operating room.294 Levanen 
et al296 suggested that premedication with 2.5 g/kg intramuscular 
dexmedetomidine before ketamine-based anesthesia is as effective as 
midazolam in blocking the hemodynamic effects of ketamine and was 
more effective in reducing adverse CNS effects. Because of the propen-
sity of dexmedetomidine to produce bradycardia, concomitant use of 
an anticholinergic agent was suggested.

Studies have demonstrated the safety and efficacy of induction 
with ketamine (2 mg/kg) in hemodynamically unstable patients who 
required emergency operations.258,297,298 Most of these patients were 
hypovolemic because of trauma or massive hemorrhage. Ketamine 
induction was accompanied in the majority of patients by the main-
tenance of BP and, presumably, of CO as well.258,297 In patients who 
have an accumulation of pericardial fluid, with or without constric-
tive pericarditis, induction with ketamine (2 mg/kg) maintains CI and 
increases BP, SVR, and RAP.299,300 The HR in this group of patients was 
unchanged by ketamine, probably because cardiac tamponade already 
produced a compensatory tachycardia.

Uses
In adults, ketamine is probably the safest and most efficacious drug 
for patients who have decreased blood volume or cardiac tamponade. 
Undesired tachycardia, hypertension, and emergence delirium may be 
attenuated with benzodiazepines.

 Propofol
Propofol is the most recent intravenous anesthetic to be introduced 
into clinical practice. It is an alkylphenol with hypnotic properties. The 
pharmacokinetics of propofol have been evaluated by numerous inves-
tigators and have been described by both two-compartment301,302 and 
three-compartment303,304 models.

Cardiovascular Effects
The hemodynamic effects of propofol have been investigated in healthy 
ASA Class I and II patients,305 elderly patients,306,307 patients with CAD 
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and good left ventricular function,308,309 and patients with impaired 
left ventricular function (see Table 9-3). Numerous studies also have 
compared the cardiovascular effects of propofol with the most com-
monly used induction drugs, including the thiobarbiturates and eto-
midate.310–314 Comparison of the findings between investigators is, 
however, difficult because of the variations in the anesthetic techniques 
used, doses of drugs administered, and techniques used for measuring 
data. It is clear that with propofol, systolic arterial pressure declines 
15% to 40% after intravenous induction with 2 mg/kg and mainte-
nance infusion with 100 g/kg/min. Similar changes are seen in both 
diastolic arterial pressure and MAP.

The effect of propofol on HR is variable. The majority of studies have 
demonstrated significant reductions in SVR (9% to 30%), CI, SV, and 
LVSWI after propofol. Although controversial, the evidence points to 
a dose-dependent decrease in myocardial contractility. Bendel et al,315 
in a double-blind, randomized, controlled trial, compared the effects 
of propofol and etomidate in patients undergoing elective aortic valve 
surgery for aortic stenosis. They concluded that propofol was twice as 
likely to result in hypotension during the induction of patients with 
severe aortic stenosis compared with etomidate.315 Finally, it has been 
suggested that propofol increases triglyceride levels.316–318 Oztekin et 
al319 conducted a study evaluating the effect of propofol and  midazolam 
on lipid levels early in the postoperative period in patients undergo-
ing CABG surgery. Serum triglyceride levels and very-low-density lipo-
proteins were significantly increased in patients receiving intraoperative 
propofol infusions 4 hours after surgery. It remains to be seen what effect 
this increase has on clinical outcomes and  postoperative course.319

Uses
In a study of the cerebral physiologic effects of propofol during CPB, 
Newman et al320 demonstrated that when given during nonpulsatile 
CPB, propofol produced statistically significant reductions in cerebral 
blood flow and cerebral metabolic rate in a coupled manner without 
adverse effects on cerebral arteriovenous oxygen content difference or 
jugular bulb venous saturation. The coupled reductions in cerebral 
blood flow and cerebral metabolic rate suggest the potential for propo-
fol to reduce cerebral exposure to emboli during CPB.

The effect of propofol on hypoxic pulmonary vasoconstriction was 
minimal in thoracic surgical patients undergoing one-lung ventila-
tion. In comparison with isoflurane, maintenance of anesthesia with 
propofol resulted in lower CI and right ventricular ejection fraction, 
but avoided the threefold increase in shunt fraction observed with iso-
flurane on commencement of one-lung ventilation.321

 Dexmedetomidine
Dexmedetomidine, the pharmacologically active d-isomer of medeto-
midine, is a highly selective, specific, and potent adrenoreceptor ago-
nist. Medetomidine has a considerably greater 

2
/

1
 selectivity ratio 

than does the classic prototype 
2
-adrenergic agonist clonidine in 

receptor-binding experiments. In comparison with clonidine, it is more 
efficacious as an 

2
-adrenoreceptor agonist. It has been shown to effec-

tively reduce volatile anesthetic requirements in experimental animals, 
as measured by minimal alveolar concentration (MAC), and can even 
be a complete anesthetic in sufficiently high doses. The exact mecha-
nism of action and reduction of anesthetic requirement are unknown 
but are thought to involve an action at both presynaptic and postsyn-
aptic 

2
-adrenoreceptors in the CNS.

Cardiovascular Effects
The cardiovascular effects of dexmedetomidine are dose related. Furst 
and Weinger322 demonstrated that an increase in systemic BP was asso-
ciated with the pretreatment of rats with high-dose dexmedetomidine, 
and that dexmedetomidine had little effect on arterial blood gases in 
spontaneously ventilating rats, consistent with minimal respiratory 
depression. Canine studies with medetomidine in doses of 30 g/kg 
intravenously or 80 g/kg intramuscularly showed decreases in HR 

and CO with increased SVR after drug administration. The intravenous 
administration of 5 to 10 g/kg medetomidine to anesthetized, auto-
nomically blocked dogs suggested that the decline in CO was not medi-
ated by decreased contractility but rather by the effects of increased 
vascular resistance and decreased HR. At high doses, the increase in 
SVR is most likely due to the activation of peripheral postsynaptic 

2
-

adrenoreceptors in vascular smooth muscle.
In human studies, ASA Class I women who received low-dose pre-

medication with 0.5 g/kg dexmedetomidine demonstrated mod-
est decreases in BP and HR. Intramuscular dexmedetomidine in a 
dose of 2.5 g/kg administered 45 minutes before induction of a ket-
amine/N

2
O/oxygen anesthetic resulted in effective attenuation of the 

cardiostimulatory effects of ketamine but also resulted in increased 
intraoperative and postoperative bradycardia.296 The use of periopera-
tive intravenous infusions of low-dose dexmedetomidine in vascular 
patients at risk for CAD produced lower preoperative HR and systolic 
BP, and less postoperative tachycardia, but also resulted in a greater 
intraoperative requirement for pharmacologic intervention to support 
BP and HR. The precise cause of this effect is unknown, but it is possi-
bly due to the attenuation of sympathetic outflow from the CNS.

Some controversy exists whether the hemodynamic effects of dexme-
detomidine are influenced by the background anesthetic. In conscious 
animals, the hypotensive effect of the drug dominates; however, with 
the addition of potent inhalation anesthetics, MAP remains unchanged 
or increased, which implies a different mechanism of interaction of 
inhalation agent with this class of anesthetics. Dexmedetomidine has 
little effect on respiration, with minimal increase in arterial carbon 
dioxide tension (Paco

2
) after administration to spontaneously venti-

lating dogs; thus, it has a potential advantage over other respiratory 
depressant anesthetics. Antinociceptive effects of medetomidine are 
mediated by suppression of responses of the pain-relay neurons in the 
dorsal horn of the spinal cord.

Uses
Clinical studies have suggested that 

2
-adrenergic agonists can safely 

reduce anesthetic requirements and improve hemodynamic stability. 
These agents may enhance sedation and analgesia without  producing 
respiratory depression or prolonging the recovery period. Barletta 
et al323 compared postoperative opioid requirements in patients under-
going cardiac surgery who received intraoperative propofol versus dex-
medetomidine. Although dexmedetomidine resulted in lower opioid 
use compared with propofol, it did not translate to a shorter duration 
of mechanical ventilation but did result in significantly greater seda-
tion-related costs.323 Levanen et al296 suggested that dexmedetomidine 
may be an effective alternative to benzodiazepines in attenuating the 
postanesthetic delirium effects of ketamine. Because 

2
-adrenergic 

agonists potentially inhibit opiate-induced rigidity, it is clear that they 
may be of use as adjuvants with high-dose opioid anesthetics for car-
diac surgery. In contrast with other anesthetic adjuvants, such as the 
benzodiazepines, the 

2
-adrenoreceptor agonist dexmedetomidine 

does not further compromise cardiovascular or respiratory status in 
the presence of high-dose opioids. The use of dexmedetomidine as a 
sedative adjunct in the management of patients after surgery in the 
intensive care unit is becoming increasingly popular.324 In general, the 
concept whereby the type and amount of agent used intraoperatively 
can influence the postoperative course, specifically the neuropsycho-
logic events, is emerging as an important paradigm.325 The manage-
ment of patients after surgery is covered extensively in Chapters 33, 35, 
36, and 37. In summary, pharmacologic evidence suggests dexmedeto-
midine may be  useful as an adjuvant in cardiac anesthesia.

OPIOIDS IN CARDIAC ANESTHESIA

 Terminology and Classification
Various terms are commonly used to describe morphine-like drugs 
that are potent analgesics. The word narcotic is derived from the Greek 
word for "stupor" and refers to any drug that produces sleep. In legal 
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 terminology, it refers to any substance that produces addiction and 
physical dependence. Its use to describe morphine or morphine-like 
drugs is misleading and should be discouraged. Opiates refer to alka-
loids and related synthetic and semisynthetic drugs that interact ste-
reospecifically with one or more of the opioid receptors to produce 
a pharmacologic effect. The more encompassing term, opioid, also 
includes the endogenous opioids and is used in this chapter. Opioids 
may be agonists, partial agonists, or antagonists.

A wide diversity in chemical structure exists among the naturally 
occurring, semisynthetic, and synthetic opioids. Opium contains sev-
eral important alkaloid constituents, which may vary markedly in 
their pharmacologic actions. The five major alkaloid constituents of 
opium can be separated into two groups based on differences in their 
chemical structure. The phenanthrene derivatives include morphine 
and codeine, as well as the convulsogenic compound thebaine, which 
is used as a chemical precursor in the development of many clinically 
useful semisynthetic opioid compounds like oxycodone. The ben-
zylisoquinoline derivatives of opium include the phosphodiesterase 
inhibitor, smooth muscle relaxant papaverine, and the antitussive 
compound noscapine.

Modification of the morphine molecule, although simultaneously 
preserving the basic five-ring structure, will result in semisynthetic 
compounds that also exhibit analgesic effects (e.g., hydromorphone, 
heroin). Progressive removal of these rings results in synthetic opi-
oids. As long as the common core or T shape is retained stereochemi-
cally and is shared by these synthetic derivatives, opioid properties will  
be retained. The piperidine ring forms the crossbar and the hydroxyl 
phenyl group forms the vertical axis of the T shape (see Figure 9-29).

 Opioid Receptors
The postulation of opioid receptor existence was stated in the pioneer-
ing work of Beckett and Casy,326 which, in 1965, allowed Portoghese327 
to theorize the existence of separate opioid receptors by correlating 
analgesic activity to the chemical structure of many opioid compounds 
(Box 9-5). The idea of multiple opioid receptors is an accepted concept, 
and a number of subtypes for each class of opioid receptors have been 
identified. Through biochemical and pharmacologic methods, the , 

, and  receptors have been characterized.328–330 Pharmacologically, it 
is well-known that -opioid receptors consist of two subtypes: 

1
 and 

2
.331–334 Table 9-4 lists the opioid receptors and their associated ago-

nists and antagonists.
The -, -, and -opioid receptors have all been cloned, and experi-

mental data indicate that they belong to the family of G-protein–coupled 
receptors.335–338 Three steps have been identified in the opioid-induced 
transmembrane signaling process: (1) recognition by the receptor of the 
extracellular opioid agonist, (2) signal transduction mediated by G pro-

tein, and (3) altered production of an intracellular second messenger 
(Figure 9-30). The opioid receptors preferentially couple to a pertus-
sis toxin–sensitive G protein (G

i
/G

o
) to influence one or more of three 

second-messenger pathways: cytoplasmic-free Ca++ [Ca++]
i
, the phos-

phatidylinositol-[Ca++]
i
 system, and the cyclic nucleotide cAMP. The 

actions of opioids are primarily inhibitory. Opioids close N-type, volt-
age-operated Ca++ channels and open Ca++-dependent inwardly recti-
fying K+ channels. This results in hyperpolarization and a  reduction in 

BOX 9-5. OPIOIDS

List of Opioid-Receptor Agonist and Antagonist 
Drugs for the -, -, and -Opioid Receptors

Opioid Receptor Agonist Antagonist

Morphine Naloxone
Fentanyl Naltrexone
Levorphanol -Funaltrexamine*
Methadone Nalbuphine†

U-50,488H Nor-BNI
EKC MR-2266
U-62,066E (spiradoline) Naloxone
U-69,593
(−)TAN-67 Naltrindole
SIOM‡ BNTX
SNC 80§ Naltriben

TABLE 
9-4

* -FNA is an irreversible opioid receptor antagonist.
†Nalbuphine is an opioid receptor antagonist with partial agonist properties.
‡7-Spiroindinooxymorphone.
§(+)-4-[(( R)- (2S,5R)-4-Allyl-2,5-dimethyl-1-piperazinyl)-3-methoxy-benzyl]-N, 

N-diethylbenzamide chloride.
BNTX, 7-benzylidene naltrexone; Nor-BNI, nor-binaltorphimine.

Receptor

Effector

Effector

Effector

AgonistGDP

A

A

A

a

bc

GDP

GDP

GTP

GTP

GTPase
Pi

Mg2

Figure 9-30 Simple scheme for G-protein signal transduction. From 
the unliganded state (a), receptor binds agonist A (e.g., epinephrine/
acetylcholine), which produces a change (b) in receptor–G protein inter-
action, allowing GTP in the presence of Mg++, to replace GDP on the 

 subunit. The activated -GTP subunit and the  subunits dissoci-
ate and one or both interact with effectors (e.g., adenylyl cyclase, K+ 
channel). Alternatively, free  may bind other  subunits. The intrin-
sic GTPase activity of the  subunit hydrolyzes GTP to GDP, releasing 
inorganic phosphate (Pi), and -GDP recombines with  (c), ending the 
activation cycle. Nonhydrolyzable analogs of GTP, such as Gpp(NH)p or 
GTP- S, produce persistent activation of  subunits and persistent dis-
sociations of  from  because activation cannot be reversed by hydro-
lysis of these nucleotide analogs to GDP.
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neuronal excitability.339  receptors may only act on Ca++ channels.340 
Evidence has been reported that P/Q-type Ca++ channels may be inhib-
ited by -, but not -, receptor opioids.341 These effects may be medi-
ated via a direct coupling between G protein and the ion channels or 
indirectly via changes in intracellular Ca++. Both Ca++ fluxes and the 
consequences of these fluxes, such as calmodulin activation, are altered 
by opioids. Ca++ ions are essential in nociception, and Ca++-channel 
blockers potentiate opioid analgesia342,343 and reduce fentanyl require-
ments during cardiac surgery.344 Opioid-induced inhibition of adeny-
lyl cyclase, and the resultant decrease in the concentration of cAMP, 
may be responsible for modulation of neurotransmitter release (e.g., 
 substance P).

Opioids also have excitatory effects that involve both disinhibition of 
interneurons and direct excitation of neurons themselves. Nanomolar 
concentrations, acting via G proteins, stimulate adenylyl cyclase activ-
ity in certain neurons.345 Another important stimulatory effect is a 
transient increase in cytoplasmic-free Ca++ secondary to Ca++ influx 
via L-type Ca++ channel opening, as well as mobilization of Ca++ from 
inositol triphosphate–sensitive intracellular stores.346 Mu-agonists also 
may stimulate Ca++ entry into neurons via G-protein–coupled activa-
tion of phospholipase C to increase inositol-1,4,5-triphosphate forma-
tion, secondary to Ca++ influx via L-type Ca++ channel opening.346–348

Opioid receptors involved in regulating the CVS have been local-
ized centrally to the cardiovascular and respiratory centers of the 
hypothalamus and brainstem, and peripherally to cardiac myocytes, 
blood vessels, nerve terminals, and the adrenal medulla. It generally 
is accepted that opioid receptors are differentially distributed between 
atria and ventricles. The highest specific receptor density for binding 
of -agonists is in the right atrium and least in the left ventricle.349,350 
As with the -opioid receptor, the distribution of the -opioid receptor 
favors atrial tissue and the right side of the heart more than the left.351 
The data confirming the presence of the -opioid receptor subtype 
in the heart are less conclusive, and most conclude that this receptor 
subtype is not present in cardiac tissue.349,350,352,353 Whether these dif-
ferences in receptor location are important cannot be determined, as it 
has not been shown whether these receptors are differentially located 
in cardiac muscle or cardiac nerves, or are expressed on immunomod-
ulatory cells within the heart. Based on these studies, the ability of opi-
oid agonists to produce cardioprotection is most likely the effect of 

- and -receptor stimulation, and the current studies appear to sup-
port a role for the -opioid receptor as the primary receptor respon-
sible for IPC.

 Endogenous Opioids in the Heart
Myocardial cells are capable of the synthesis, storage, and release of 
peptides, such as opioid receptor peptides.354 Opioid-receptor peptides 
may be either secreted from nerves that innervate the heart or pro-
duced in myocardial tissue. Regardless of the manner of production, 
these peptides are devoid of activity until they undergo enzymatic pro-
teolysis of the precursor by convertases into one (or more) active pep-
tide products. These large stores of endogenous opioid peptide (EOP) 
precursors, which reside in the myocardial tissue, include proenkepha-
lin, proendorphin, and prodynorphin.

The EOP system consists of the peptides endorphin, dynorphin, and 
enkephalin, and their associated -, -, and -opioid receptors (Table 
9-5). These opioid peptides and receptors are widely distributed in 
the body, and all have complex actions. In the heart, - and -receptor 
agonists have been shown to inhibit ventricular contractility without 
altering atrial function.351 A study of the actions of peptides on both 
electrical and mechanical properties of the isolated rat heart has shown 
that - and -opioid receptor agonists can directly depress cardiac func-
tion.355 The rate of vagal firing has been shown to be regulated by opioid 
peptides.356 Vagal bradycardia is inhibited by the administration of the 
intrinsic cardiac opioid heptapeptide MERF (met-enkephalin-arg-phe), 
presumably by the activation of -opioid receptors on prejunctional 
cardiac vagal nerves or parasympathetic ganglia, reducing acetylcholine 
release.357 Therefore, EOPs can mediate direct and  indirect actions in 

various regions of the heart. Thus, in addition to complex differences in 
the general tissue distribution of opioid receptors, cardiac opioid pep-
tide function is complicated by the fact that receptor expression is mod-
ulated by both physiologic states and disease.

A number of investigators have demonstrated that certain opioid 
peptides are released during stressful situations into the peripheral 
circulation.358–361 These peptides can result in the modulation of the 
ANS.362 In the heart, opioid peptides (leu- and met-enkephalins) have 
been shown to increase with age,363–365 as well as disease.366–369 EOPs are 
involved in the modulation of hypertension and other cardiovascular 
conditions such as CHF and appear to be involved in arrhythmogen-
esis.370 Myocardial ischemia/reperfusion has been shown to induce syn-
thesis and release of opioid peptides.369,371–376 In fact, several studies in 
humans have demonstrated that levels of circulating -endorphins are 
greater in patients with acute myocardial ischemia or those undergo-
ing angioplasty.371,374,375,377 Although -receptor agonists have no effect 
on cardiovascular indices in healthy humans,378 activation of  and  
receptors during CHF decreases myocardial mechanical performance 
and alters regional blood flow distribution.372 The mechanism for the 
negative inotropic effects is thought to be an increase of intracellular 
free Ca++ by increasing the mobilization of calcium from intracellular 
stores subsequent to increased production of inositol-1,4,5-triphos-
phate. The increase in Ca++ may manifest in cardiac arrhythmias, 
whereas depletion of Ca++ from intracellular stores is responsible for a 
reduction in contractility.372,379

In patients with acute heart failure, the concentrations of EOPs are 
increased,380 whereas the concentrations are decreased in patients with 
chronic heart failure. This has been interpreted as exhaustion of the 
opioid system.381 Many studies suggest that EOPs mediate depression of 
myocardial function in CHF states.359,380,382,383 Clinically, increased lev-
els of EOPS ( -endorphin, met-enkephalin, and dynorphin) have been 
found in CHF patients, and these may correlate with severity. Naloxone 
administration to these CHF patients increased BP and HR, suggest-
ing a homeostatic regulatory role for EOPs in CHF. However, not all 
clinical studies suggest that inhibition of opioid peptides is of bene-
fit to patients with acute and chronic heart failure.381 Oldroyd et al384 
found that plasma levels of -endorphins were normal in patients with 
acute and chronic heart failure, and did not correlate with the severity 
of heart failure observed in their study.384 They also found that nalox-
one administration did not alter cardiopulmonary exercise in these 
patients, and suggest that EOP inhibition is not likely to have any ther-
apeutic potential.

 Cardiac Effects of Opioids
At clinically relevant doses, the cardiovascular actions of narcotic anal-
gesics are limited. The role that endogenously or exogenously adminis-
tered opioids play in the regulation of the CVS is difficult to interpret 

*The efficacy of the opioid peptide to its receptor is only qualitatively described in this table 
for the -, -, and -opioid receptor subtypes found in the central nervous system.534

†An additional opioid peptide product from this precursor that exhibits relevant 
cardiovascular actions in MERF (Zhang et al, 1996).

‡An additional POMC peptide cleavage product is adrenocorticotropic hormone, which 
is converted to -melanocyte–stimulating hormone-related peptides in cardiac tissue 
(Millington et al, 1999).

§Additional active peptides include leumorphin, -neoendorphin, and -neoendorphin.534

ORL
1
, opoid receptor-like-1; POMC, proopiomelanocortin.

Endogenous Opioid Peptide Precursors and Some 
of Their Active Opioid Peptide Products Involved in 
Cardiovascular Regulation and Function

Precursor Opioid Peptide Receptor*

Proenkephalin† [Met]Enkephalin  >  >>> 
[Leu]Enkephalin

POMC‡ -Endorphin   >> 
Prodynorphin§ Dynorphin A  >>>  > 

Dynorphin A
(1–8)

 >>  > 
Dynorphin B  >>>  > 

Pronociception Nociception ORL
1

TABLE 
9-5
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because the physiologic effects they impart depend on pharmacologic 
variables such as dose, site, and route of administration, as well as 
receptor specificity and species. The actions opioids exhibit are medi-
ated both by opioid receptors located centrally in specific areas of the 
brain and nuclei that regulate the control of cardiovascular function 
and peripherally by tissue-associated opioid receptors. The opioids, 
in general, exhibit a variety of complex pharmacologic actions on the 
CVS359 (Figure 9-31).

Most of the hemodynamic effects of opioids in humans can be 
related to their influence on the sympathetic outflow from the CNS. 
Current evidence shows that sympathetic overactivity favors the gene-
sis of life-threatening ventricular tachyarrhythmias, and its control has 
protective effects during acute myocardial ischemia.385 Moreover, an 
imbalance of the ANS, characterized by increased sympathetic activity 
and reduced vagal activity, results in myocardial electrical instability 
and promotes the occurrence of ischemic events. The pharmacologic 
modulation of the sympathetic activity by centrally or peripherally act-
ing drugs elicits cardioprotective effects. Opioid-receptor agonists such 
as fentanyl are known to exhibit significant central sympathoinhibi-
tory effects.386

Fentanyl and sufentanil enhance the calcium current that occurs 
during the plateau phase (phase 2) of the cardiac action potential and 
depress the outward potassium current responsible for terminal repo-
larization,387 resulting in a significant prolongation of the duration 
of the action potential. Blair et al388 suggested that the cardiac elec-
trophysiologic effects of fentanyl and sufentanil represented a direct 
membrane effect resembling that produced by Class III antiarrhythmic 
drugs. In patients, large doses of opioids prolong the QT interval of 
the electrocardiogram.387 This may explain the reported antiarrhyth-
mic properties of opioids, particularly in the presence of myocardial 
ischemia.284 Fentanyl, 60 g/kg, and sufentanil, 10 g/kg, significantly 
increased the ventricular fibrillation threshold in dogs after coronary 
artery occlusion.389

All opioids, with the exception of meperidine, produce bradycar-
dia, although morphine given to unpremedicated healthy subjects may 
cause tachycardia. The mechanism of opioid-induced bradycardia is 
central vagal stimulation. Premedication with atropine can minimize 
but not totally eliminate opioid-induced bradycardia, especially in 
patients taking -adrenoceptor antagonists. Although severe bradycar-
dia should be avoided, moderate slowing of the HR may be beneficial 
in patients with CAD by decreasing myocardial oxygen consumption.

Isolated heart or heart-muscle studies have demonstrated dose-
related inotropic effects for morphine, meperidine, fentanyl, and 

alfentanil.390–393 However, these effects occurred at concentrations one 
hundred to several thousand times those found clinically. In canine 
hearts, the direct intracoronary injection of fentanyl in concentra-
tions up to 240 ng/mL produced no changes in myocardial mechanical 
functions.394

Morphine produced dose-related decreases in the contractility of atria 
obtained from nonfailing and failing human hearts, but the concentra-
tion–response curve was significantly shifted to the right in prepara-
tions from failing hearts395 (Figure 9-32). The negative inotropic effects 
induced by morphine in both failing and nonfailing preparations were 
not antagonized by naloxone, indicating that opioid receptors do not 
play a part in this cardiac effect of morphine. One explanation could 
be an interaction with -adrenoceptors, unrelated to the binding of 
opioids to opioid receptors. Opioids inhibit -adrenoceptor–sensitive 
adenylyl cyclase.396

Hypotension can occur after even small doses of morphine and is 
primarily related to decreases in SVR. The most important mecha-
nism responsible for these changes is probably histamine release. The 
amount of histamine release is reduced by slow administration (< 10 
mg/min). Pretreatment with a histamine H

1
 or H

2
 antagonist does not 

block these reactions, but they are significantly attenuated by com-
bined H

1
 and H

2
 antagonist pretreatment.397 Neither morphine nor 

fentanyl, in clinically relevant concentrations, blocks -adrenergic 
receptors in isolated vascular tissue studies.398,399 Opioids also may have 
a direct action on vascular smooth muscle, independent of histamine 
release. In the isolated hind limbs of dogs anesthetized with halothane, 
high doses of alfentanil (500 g/kg), fentanyl (50 g/kg), and sufen-
tanil (6 g/kg) caused significant decreases in SVR of 48%, 48%, and 
44%, respectively. Neither pretreatment with naloxone nor denerva-
tion changed the responses, and it was concluded that the three opioids 
produced vasodilation by a direct action on vascular smooth muscle.400 
Although fentanyl-induced relaxation in the rat aorta may be mediated 

Heart function

Opioids

Ischaemic PC

Pro–Arrhythmic

Cardiac arrhythmogenesis

Vasculature

Heart Failure

Antiarrhythmic

Figure 9-31 Some of the actions of opioids on the heart and cardio-
vascular system. Opioid actions may either involve direct opioid recep-
tor–mediated actions, such as the involvement of the -opioid receptor 
in ischemic preconditioning (PC), or indirect, dose-dependent, nonopi-
oid-receptor–mediated actions such as ion channel blockade associated 
with the antiarrhythmic actions of opioids. ECG, electrocardiogram.
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Figure 9-32 Concentration–response curves for morphine (circles) in 
isolated electrically stimulated human right atrial strips from nonfailing 
(filled symbols) and failing (open symbols) hearts (squares indicate con-
trol). Average auricular inotropism (mean [standard error of the mean 
(SEM)]) for nonfailing hearts was 0.90 (0.05) g, and 0.89 (0.02) g for fail-
ing hearts. *P < 0.05; **P < 0.01; ***P < 0.001 versus failing heart. Each 
point represents the mean (SEM) of eight experiments for each experi-
mental group.
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by -adrenergic receptors, this effect occurs only at concentrations sev-
eral hundred times greater than those encountered clinically.401

The effects of -agonists on BP have been examined402 and been 
shown to be dose, species, and route dependent.402,403 U-50,488H, for 
example, displays a markedly different cardiovascular profile when 
injected intravenously as compared with injected directly into the CNS. 
In anesthetized dogs, -agonists produce dose-related decreases in BP, 
HR, peak systolic pressure, and cardiac contractility when administered 
intravenously. The cardiovascular responses to both opioid agonists 
were abolished by previous administration of naloxone.404 In addi-
tion to causing a reduction in BP, -opioid agonist dose-dependently 
reduced the HR in anesthetized rats.402 This is suggestive of an effect on 
either the reflex mechanisms that regulate the HR during hypotension 
or direct action on the electrical or mechanical properties responsi-
ble for normal cardiac contractility. -Agonists cause slight depressant 
action on the HR and BP at low doses that is not inhibited by nalox-
one, suggesting a lack of involvement of opioid receptors and a possible 
direct effect on cardiac muscle.403 In anesthetized rats, the cardiovas-
cular responses to -opioid agonists in the presence of opioid antago-
nists were not changed.403,405,406 It was concluded from these studies and 
others407 that because opioid receptor antagonists did not block these 
responses, they were not mediated by opioid receptors.

Opioid-receptor agonists and antagonists have been shown to block 
ion channels that constitute the genesis of the action potential in neu-
rons. Voltage-gated Na+ channels are responsible for the initiation of 
membrane depolarization and the conduction of action potentials in 
electrically excitable cells, resulting in contraction of the heart or trans-
mission of electrical impulses in nerves. K+ channels are responsible 
for repolarization of the cell membrane and cessation of action poten-
tials in excitable cells. Morphine and naloxone have been shown to 
block the propagation of action potentials in many nerve and cardiac 
muscle preparations by directly inhibiting voltage-dependent Na+ and 
K+ currents. In addition to the opioid-receptor–independent–medi-
ated actions of U-50,488H and related -agonists on BP and HR (i.e., 
actions not blocked by opioid-receptor antagonist), these drugs pro-
duce changes in the electrocardiogram indicative of a drug interaction 
with cardiac ion channels.402,408 Table 9-6 summarizes the action of sev-
eral -opioid agonists and their actions on BP, HR, and the PR, QRS, 
RSh, and Q-T intervals on rat electrocardiograms. The electrocardio-
graphic changes, including PR interval prolongation, QRS widening, 
and increased amplitude of the RSh, are indicative of cardiac Na+ chan-
nel blockade. The widening of the Q-T interval, an index of cardiac 
repolarization, is suggestive of K+-channel blockade.

The results of studies with opioid drugs, such as sufentanil387 and 
morphine,409 corroborate the suggestion of interaction of -opioids 
with cardiac K+ channels. However, the opioid receptor–independent 

nature of the ion-channel blockade may not be isolated to Na+ and K+  
channels and also may include L-type Ca+ channels found in cardiac 
muscle. The use of Ca++ fluorescent techniques for measurement of car-
diac myocyte contractility suggested that the negative inotropic actions 
for -opioid agonists also may be because of inhibition of L-type Ca++ 
currents.410,411 While investigating the possible cardiotoxic effects pro-
duced by opioids in human poisoning, Wu et al412 found that opioids, 
like meperidine and dextropropoxyphene, exert negative inotropic 
actions in cardiac muscle by blockade of Ca++ currents in  myocytes in 
the presence of naloxone.

 Ischemic Preconditioning
Myocardial IPC is a phenomenon that occurs in cardiac muscle in 
which brief periods of ischemia (usually < 5 minutes) render the mus-
cle tolerant to tissue damage that occurs during a subsequent period of 
ischemia, after an interlude of perfusion86 (Figure 9-33). Such a phe-
nomenon has been shown to occur in many species and is known to 
be mediated by a well-defined intracellular cascade.413 The intercellular 
mediator or IPC-induction trigger appears to be diverse and has been 
shown to involve opioids and other substances. Thus, the nature of IPC 
may not be consistent between the species examined, despite a com-
mon end result.

In vivo studies show that IPC can reduce the size of an infarct result-
ing from prolonged ischemia.414 There also is a reduction in damage 
to myocardial intracellular structure, a decrease in the dysfunction of 
the cardiac contractile machinery, and a direct reduction in arrhyth-
mias associated with IPC.414,415 The ability of IPC to limit myocardial 
damage occurs chronologically in two distinct phases. The first (or 
early) phase provides a window of protection to the heart muscle that 
occurs soon after IPC and declines with time during the first 3 hours 
of reperfusion. The second, late (or delayed) phase of IPC provides a 
second window of protection to heart muscle that emerges after 24 
hours of reperfusion and may last up to 72 hours416–418 (see Chapters 
3, 6, and 18).

Importance of Opioid Receptors in Early 
Preconditioning
The involvement of opioids in IPC resulted from the recognition of 
their value at increasing survival time and tissue preservation before 
surgical transplantation, and their possible role in enhancing tolerance 
to hypoxia.419,420 The first evidence to demonstrate a role for opioids 
in early IPC was published by Schultz et al421 in the intact blood-per-
fused rat heart. These investigators demonstrated that the nonselective 
opioid receptor antagonist naloxone completely antagonized the abil-
ity of IPC to reduce infarct size whether administered before the IPC 
stimulus or after the IPC stimulus just before the index ischemia. These 
results suggested that endogenous opioids serve as both a trigger and 
end-effector of IPC in rat hearts (Figure 9-34). Chien and Van Winkle422 
found similar results in the rabbit heart with the use of the active 
enantiomer, (−)naloxone. Furthermore, Schulz et al423 determined the 
role of endogenous opioids in mediating IPC and myocardial hiberna-
tion in pig hearts, and observed that naloxone blocked IPC but not the 
effects of short-term hibernation. These data clearly suggest that an 
opioid receptor is mediating the effect of endogenous opioids to elicit 
IPC in the rat, rabbit, and pig.

Takashi et al424 performed a study in isolated adult rabbit cardiomyo-
cytes to determine which EOPs are responsible for the cardioprotective 
effect observed during and after IPC. They found that metenkepha-
lin, leuenkephalin, and met-enkephalin-ang-phe (MEAP) produced a 
reduction in the incidence of cell death, suggesting that the enkephalins 
are the most likely candidates that serve as triggers and distal effectors 
of IPC in the rabbit heart. Huang et al425,426 studied the role of -opioid-
receptor activation in reducing myocardial infarct size in human and 
rat hearts. Their studies indicated that endogenous adrenergic- receptor 
activation and downstream signaling were important mediators in 
attenuating infarct size.425,426

The nonopioid actions of structurally related arylacetamide -opioid receptor agonists 
were examined in pentobarbital-anesthetized rats. Heart rate, blood pressure, and 
electrocardiogram (ECG) measures were determined as D

25
, the dose ( mol/kg/

min IV) producing a 25% change in the given response. This measure allowed for 
a determination of the differential actions of the arylacetamides on ECG measures, 
an index of drug action on cardiac ion channels (n = 6). The drug dose produced a 
25% change from control in intact animals for six determinations per measure. All 
drugs consistently reduced the heart rate but had varying D

25
 doses for blood pressure 

reduction. PD117,302 [(±)-N-methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]benzo[b]
thiophene-4-acetamide monohydrochloride] produced evidence of sodium channel 
blockade (changes in the PR, QRS, and RSh measures) and potassium-channel 
blockade (changes in the Q-T interval) at lower D

25
 values than either of the other 

two drugs.

ECG Measures (msec)

Drug Heart Rate
Blood 
Pressure PR QRS RSh Q-T

U-50,488H 1.5 > 32 20 > 32 16 32
U-62,066E 4.0 8.0 15 25 2.0 10
PD117,302 5.5 0.50 3.0 7.5 1.0 6.0

D25 Drug Doses of Arylacetamide -Opioid Agonists 
in Intact Rats: Effects on Heart Rate, Blood Pressure, 
and Electrocardiogram Measures

TABLE 
9-6
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Cardioprotective Effects of Exogenous  
Opioid Agonists
In 1996, Schultz and colleagues427 were the first to demonstrate that 
an opioid could attenuate ischemia/reperfusion damage in the heart. 
Morphine, at the dose of 300 g/kg, was given before left anterior descend-
ing coronary artery occlusion for 30 minutes in rats in vivo. Infarct area/
area at risk was diminished from 54% to 12% by this treatment. The 
infarct-reducing effect of morphine has been shown in hearts in situ, iso-
lated hearts, and cardiomyocytes.424,428,429 Morphine also improved post-
ischemic contractility.430 It is now well accepted that morphine provides 
protection against ischemia/reperfusion injury. Furthermore, Gross 
et al431 reported a significant reduction in infarct development in rats 
after administration of morphine or a selective -receptor ligand at rep-
erfusion. The authors reported that the effects are mediated via a glyco-
gen synthase kinase  and the phosphatidylinositol-3 kinase pathway.431 
There is also some evidence to suggest that remifentanil, when added to a 
standard anesthetic regimen, may reduce myocardial damage after coro-
nary artery bypass surgery (Figure 9-35).432

Fentanyl has been studied in a limited fashion and has had mixed 
results as far as its ability to protect the myocardium.430,433,434 This may be 
because of differences in species studied, fentanyl concentrations, or both. 
Pentazocine and buprenorphine improved postischemic contractility in 
rabbits in vitro.430 Overall, the effects of opioids other than morphine have 
not been sufficiently investigated to allow conclusions to be drawn.

Schultz et al435 also demonstrated that the effect of IPC to reduce 
infarct size was mediated by the 

1
-receptor but not the 

2
, , or  

receptor, because the effects of IPC were blunted by the selective  

1
-receptor antagonist BNTX (7-benzylidenenaltrexone) but not the 

2
-antagonist naltriben. They also showed that cardioprotection was 

not induced by the administration of the selective -agonist DAMGO 
(D-Ala2, N-Me-Phe, (4) glycerol5-enkephaline) and that IPC was not atten-
uated by the -antagonist B-FNA (beta-funaltrexamine).435 In that 
same study, they excluded the involvement of the  receptor because 
a -selective antagonist could not reverse the effects of IPC to reduce 
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Figure 9-33 A, A "typical" protocol bar that may be used in experiments that investigate the effects of agents on ischemic preconditioning (PC) in 
the heart. Similar protocols have been used to study opioid receptor–mediated cardioprotective mechanisms in the rat and other mammalian species. 
Studies may investigate the effects of ischemic PC on ischemia and/or reperfusion arrhythmias of various durations in length ( t). Ischemic PC usu-
ally involves a sequence of coronary artery occlusion (O), followed by reperfusion (R) cycles. Two cycles are depicted before coronary artery occlusion 
followed by reperfusion. Note that this type of protocol may be easily amenable to modification; the protocol shown is a simplified protocol bar. B, 
Schematic diagram that describes the molecular pathways involved in the protective effects of ischemic PC in the heart. Brief periods of ischemia provide 
both an "early" and "late" phase of protection to the heart from subsequent episodes of prolonged or permanent ischemia. The activation of G-protein–
coupled 1-opioid receptors has been shown to be involved in both protective phases. The activation of the 1-opioid receptor activates intracellular sig-
nal transduction pathways (including protein kinase C [PKC], phospholipase C [PLC], and related kinase pathways). Activation of these pathways results 
in the phosphorylation of certain proteins such as the K+

ATP channel present both on the myocyte cell surface, as well as the myocyte mitochondrial cell 
surface. The opening of these ion channels mediates the "early" phase of cardioprotection that lasts 2 to 3 hours after the ischemic episode. The "late" 
phase of cardioprotection that results from the brief episodes of ischemia may be mediated by the activation of oxygen-sensitive transcription factors 
(such as nuclear factor [NF]- B and HIF-1). These factors subsequently induce the expression of inducible nitric oxide synthase (iNOS) and the production 
of NO, the putative mediator of the protective effect on the heart observed 24 to 48 hours after the ischemic episode. Recently, it has been shown that 

1-opioid–receptor stimulation also may produce a "late" cardioprotective effect that may result from activation of mitochondrial K+
ATP channels. (From 

Murry CE, Jennings RB, Reimer KA: Preconditioning with ischemia: A delay of lethal cell injury in ischemic myocardium, Circulation 74:1124, 1986.)
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Figure 9-34 Infarct size (IS) expressed as a percentage of the area at risk 
(AAR) in intact rat hearts subjected to vehicle (control), ischemic precon-
ditioning (PC), naloxone (NL) in the absence of PC, NL treatment before 
PC (NL + PC), and NL treatment after PC (PC + NL) before the index isch-
emic period. Filled squares are the mean ± standard error of the mean 
of each group. *P < 0.05 versus the control group. (From Schultz JJ, Rose 
E, Yao Z, et al: Evidence for involvement of opioid receptors in ischemic 
preconditioning in rat heart, Am J Physiol 268:157, 1995.)
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infarct size. These data suggest that the 
1
-opioid receptor appears to be 

the primary opioid receptor involved in IPC in the intact rat heart.
Although the exogenous activation of the -opioid receptor subtype 

by highly specific agonists before ischemia has been shown to reduce 
infarct size in a number of species, including rats,435 rabbits,436 and 
swine,437 the role of the -opioid receptors in preconditioning has been 
a subject of much controversy. Cao et al438,439 demonstrated that the car-
dioprotective effects caused by -opioid receptor stimulation were abol-
ished with a calcium-activated potassium-channel (K

Ca
) blocker. This is 

consistent with previous reports that the -receptor protective effects 
are mediated via a K

Ca
-channel pathway as seen in IPC.438,439 It has also 

been reported that preischemic administration of selective -agonists 
will reduce infarct size and ischemia-induced arrhythmias in the iso-
lated rat heart. Conversely, specific activation of the -opioid recep-
tor before ischemia also has been shown to increase infarct size419 and 
arrhythmias440 and induce an "antipreconditioning"-like state in rats. 

It has been proposed that the -opioid receptor agonists exert a biphasic 
effect on the myocardium, producing proarrhythmic and antiarrhyth-
mic effects in the rat.385 Therefore, it is unclear whether selective or non-
selective activation of the -opioid-receptor subtype is beneficial during 
preconditioning, and although such conflicting information exists for 
the rat, the role of opioid receptor subtypes in IPC and pharmacologic 
preconditioning in other species is even more limited. Further studies 
are needed to address the role of the  receptor in arrhythmias.

Signaling Pathways Involved in Opioid-Induced 
Cardioprotection
Opioid-induced cardioprotection and IPC appear to share a  common 
pathway, in that the -opioid receptor and the mitochondrial K+

ATP
 

 channel appear to be involved in the beneficial effects observed. 
Additional studies show that the cardioprotective effect of IPC and 

1
-

opioid-receptor activation were both mediated via a G
I
-protein–coupled 
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Figure 9-35 Blood levels of biochemical markers over time. Values are plotted as median (error bars = interquartile range). ACCR, aortic cross-
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receptor and may involve NO.435,441,442 G-protein receptors have an estab-
lished role in the attenuation of ischemic-reperfusion injury mainly by 
the activation of  and  receptors.443,444 The mechanisms underlying this 
effect involve apoptotic pathways and restriction of internucleosomal 
DNA fragmentation.445 To further address potential signaling path-
ways involved in opioid-induced protection, it was observed that mor-
phine produced a cardioprotective effect in isolated rabbit hearts that 
was blocked by pretreatment with a nonselective PKC inhibitor. Jang 
et al441 demonstrated the activation of -opioid receptors and their role 
in postconditioning. This effect occurs via modulation of the MPTP and 
signaling via a NO and PKG-mediated pathway (Figure 9-36). In sum-
mary, the beneficial effects were eliminated by a G

i
-protein inhibitor, 

a PKC inhibitor,429,433,446,447 and a selective mitochondrial K+
ATP

 channel 
blocker.428,433,446,448–451 Furthermore, studies also have demonstrated the 
role of iNOS as an upstream mediator of COX-2. In iNOS gene knockout 
mice, this morphine-mediated cardioprotection is attenuated and some 
reports suggest iNOS and COX-2 are required only during the mediation 
phase and not the trigger phase.452,453 Figure 9-37 is a schematic summary 
of the major pathways thought to be involved in acute opioid-induced 
cardioprotection.

Role of Opioids in Delayed Preconditioning
It appears that opioid receptors are involved in delayed cardiopro-
tection via activation of the - and -opioid receptors. Fryer et al449 
demonstrated that TAN-67, a 

1
-opioid agonist, also could induce 

cardioprotection during the "second window" of IPC. They found no 
protective effect to reduce infarct size 12 hours after administration 
of the selective 

1
-opioid agonist; however, it produced a marked car-

dioprotective effect at 24 to 48 hours after drug administration, which 
 disappeared at 72 hours (Figure 9-38). The cardioprotective effects were 
blocked by pretreatment with a selective 

1
-antagonist, a nonselective 

K+
ATP

-channel antagonist, and a mitochondrial-selective K+
ATP

-channel 
blocker. These results suggest that 

1
-opioid receptor activation 24 to 

48 hours before an ischemic insult results in a delayed cardioprotective 
effect that appears to be mediated by the mitochondrial K+

ATP
 channel. 

Wu and colleagues454 demonstrated that -opioid-receptor–induced 
cardioprotection occurred via two phases: the first window occurred 
about 1 hour after receptor activation, and the second developed 16 to 
20 hours after administration in isolated ventricular myocytes.

Opioids and Cardioprotection in Humans
Although the animal and cell work reviewed imply a cardioprotective 
effect of opioid receptor activation, it is important to  demonstrate that 

a similar system exists in humans if these basic studies can be extrapo-
lated to the clinical world. Tomai et al455 have demonstrated that nalox-
one could abolish the reduction in ST-segment elevation normally 
observed during a second balloon inflation during coronary angio-
plasty. In addition, they demonstrated that in naloxone-treated patients, 
the severity of cardiac pain and time to onset at the end of the second 
balloon inflation were similar to that of the first inflation, whereas in 
the placebo-treated patients, the severity of cardiac pain during the sec-
ond inflation was reduced and the time to onset of pain was lengthened 
versus the first inflation. This suggests a preconditioning-like effect in 
humans undergoing coronary angioplasty that could be attenuated by 
the opioid antagonist naloxone. Similarly, Xenopoulos and cowork-
ers456 have shown that intracoronary morphine (15 g/kg) mimics 
IPC, as assessed by changes in ST-segment shifts in humans under-
going percutaneous transluminal coronary angioplasty. Finally, Bell  
et al448 also demonstrated that -opioid-receptor stimulation  mimics 
IPC in human atrial trabeculae via K+

ATP
 channel activation. These 
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results are encouraging and may suggest a possible clinical use for opi-
oids in the therapy of acute or chronic myocardial ischemia.448

Cardioplegia and hypothermia provide considerable myocar-
dial protection against the induced ischemia of cardiac surgery. 
However, in certain high-risk subgroups and, to some extent, in 
all patients, current methods of cardioprotection are still subopti-
mal, and there continues to be poor myocardial tolerance to isch-
emia. This myocardial ischemia often is evidenced by perioperative 
ventricular dysfunction, myocardial stunning, and poor functional 
recovery after an ischemic episode, which may lead to poor surgi-
cal outcome (see Chapters 28 and 32). Postsurgical myocardial isch-
emic changes include hypothermia, intracellular acidosis, hypoxia, 
depletion of energy stores, and cellular volume shifts, all of which 
adversely affect myocardial contractility. Hibernating animals dem-
onstrate similar cellular and molecular cardiac changes during hiber-
nation that closely parallel those seen in hypothermic cardioplegic 
arrest. However, these changes are well tolerated in the myocardium 
of the hibernating mammals for months at a time, whereas the dura-
tion of induced ischemia tolerated surgically is limited. This process 
is induced by a hibernation-induction-trigger molecule, which has 
been shown to have an opioid basis.457 It has been shown that opioid 
peptides can induce mammalian hibernation and may provide pro-
tection against the adverse effects of hypothermic myocardial isch-
emia, providing potential therapeutic applications during CPB and 
protection of organs for heart transplantation.

In animal studies, Bolling et al458,459 showed the -opioid-receptor 
agonist DADLE protected hearts that were subjected to 18 hours of 
cold storage at 4°C or 2 hours of global ischemia, respectively, in the 
presence of a standard cardioplegic solution. Another study460 provided 
evidence that pentazocine, a -opioid agonist, enhanced the myocar-
dial protection of standard cardioplegia at temperatures ranging from 
0°C to 34°C. Subsequently, Kevelaitis et al450 showed that stimulation of 

-opioid receptors improved recovery of cold-stored rat hearts to a state 
similar to IPC. These investigators showed that this opioid-induced 
cardioprotection is mediated through K+

ATP
-channel activation.450

Although the initial success of cardiopulmonary resuscitation (CPR) 
is, on average, 39% (13% to 59%), a majority of victims die within 72 
hours, primarily because of heart failure, recurrent ventricular fibrilla-
tion, or both. CPR, therefore, yields a functional survival rate of only 

1.4% to 5%.461–463 Myocardial function is substantially impaired after 
successful resuscitation from cardiac arrest. This has led to the inves-
tigation of the use of opioid-receptor agonists to improve functional 
outcome. Tang and colleagues464 demonstrated that pharmacologic 
activation of -opioid receptors significantly reduced Mvo

2
 during the 

global myocardial ischemia of cardiac arrest. A follow-up study in rats 
demonstrated that the nonselective -opioid-receptor agonist pentazo-
cine strikingly reduced the severity of postresuscitation myocardial dys-
function and increased the duration of postresuscitation survival.464

Opioid analgesics are used widely for the treatment of pain. 
Although these agents are predominantly -opioid-receptor ago-
nists, cross talk with -opioid receptors has been demonstrated. 
However, the U.S. Food and Drug Administration has not approved 
these drugs for use in patients with unstable angina or who are pre-
disposed to myocardial infarction. This is likely due to the limited 
research in humans concerning the importance of opioid receptors 
in the myocardium and the high potential for dependence, abuse, 
and respiratory depression. Future avenues of research should focus 
on the identification of orally active compounds with high -opioid-
receptor affinity to be used as cardioprotective agents because these 
drugs are currently lacking.

 Opioids in Cardiac Anesthesia
A technique of anesthesia for cardiac surgery involving high doses 
of morphine was developed in the late 1960s and early 1970s. This 
was based on Lowenstein et al's465 observation that patients requir-
ing mechanical ventilation after surgery for end-stage VHD tolerated 
large doses of morphine for sedation without discernible circulatory 
effects. When they attempted to administer equivalent doses of mor-
phine as the anesthetic for patients undergoing cardiac surgery, they 
discovered serious disadvantages including inadequate anesthesia, even 
at doses of 8 to 11 mg/kg, episodes of hypotension related to histamine 
release, and increased intraoperative and postoperative blood and fluid 
requirements. Attempts to overcome these problems by combining 
lower doses of morphine with a variety of supplements (such as N

2
O, 

halothane, or diazepam) proved unsatisfactory, resulting in signifi-
cant myocardial depression, with decreases in CO and hypotension.466 
However, recently, Murphy et al467 demonstrated that morphine, com-
pared with fentanyl, resulted in better myocardial function after CABG 
surgery. Specifically, with regard to the protective effects mediated by 
IPC, it appears that morphine may have some benefit over fentanyl.467 
The use of morphine, however, has to be weighed against the multitude 
of other deleterious effects during the management of cardiac surgical 
patients.

Because of the above problems associated with the use of morphine, 
several other opioids were investigated in an attempt to find a suitable 
alternative. The use of fentanyl in cardiac anesthesia was first reported 
by Stanley and Webster in 1978.468 Since then there have been extensive 
investigations of fentanyl, as well as sufentanil and alfentanil, in cardiac 
surgery. The fentanyl group of opioids has proved to be the most reli-
able and effective for producing anesthesia for patients with valvular 
disorders and CABG (see Chapters 18 and 19).

A major advantage of fentanyl and its analogs for patients under-
going cardiac surgery is their lack of cardiovascular depression. This 
is of particular importance during the induction of anesthesia, when 
episodes of hypotension can be critical. Cardiovascular stability may 
be less evident during surgery; in particular, the period of sternotomy, 
pericardiectomy, and aortic root dissection may be associated with sig-
nificant hypertension and tachycardia. During and after sternotomy, 
arterial hypertension increases in SVR and decreases in CO frequently 
occur.469,470 The variability in the hemodynamic responses to surgical 
stimulation, even with similar doses of fentanyl, is probably a reflec-
tion of differences in the patient populations studied by different 
authors. One factor is the influence of -blocking agents. In patients 
anesthetized with fentanyl undergoing CABG, 86% of those not taking 

-blockers became hypertensive during sternal spread versus only 33% 
of those who were taking -blockers.471
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Figure 9-38 Infarct size expressed as a percentage of the area at 
risk in rats administered 10 or 30 mg/kg TAN-67, either 1, 12, 24, 48, 
or 72 hours before 30 minutes of ischemia and 2 hours of reperfusion. 
A 1-hour pretreatment with TAN-67 produced a significant reduction 
in infarct size/area at risk. Pretreatment with both doses of TAN-67 12 
hours before ischemia/reperfusion or low-dose TAN-67 24 hours before 
ischemia/reperfusion had no significant effect on infarct size/area at risk. 
However, pretreatment with the large dose of TAN-67 24 to 48 hours 
before ischemia/reperfusion significantly reduced infarct size/area at 
risk. This cardioprotective effect was lost after 72 hours of pretreatment. 
All values are the mean ± standard error of the mean. *P < 0.05. (From 
Fryer RM, Hsu AK, Ells JT, et al: Opioid-induced second window of car-
dioprotection. Potential role of mitochondrial KATP channels, Circ Res 
84:846, 1999.)
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There may be differences among the opioids with regard to hemo-
dynamic stability during surgery. One study concluded that both fen-
tanyl and sufentanil provide similar hemodynamic stability during 
induction, whereas alfentanil causes hemodynamic instability and 
myocardial ischemia.472 Alfentanil also may be less effective in sup-
pressing reflex sympathetic and hemodynamic responses to stimuli 
than fentanyl or sufentanil.473 In patients undergoing valvular sur-
gery, all three opioids provided satisfactory anesthesia.474 However, 
controversy still surrounds the best choice of anesthetic, at least for 
CABG. Two studies involving more than 2000 patients anesthetized 
with inhalation agents, fentanyl or sufentanil, came to the conclu-
sion that the choice of anesthetic did not significantly influence 
the outcome after CABG, although the type of anesthetic contin-
ues to remain a topic of controversy with respect to postoperative 
outcomes.113–115,475,476

The degree of myocardial impairment also will influence the 
response. Critically ill patients or patients with significant myocardial 
dysfunction appear to require lower doses of opioid for anesthesia. This 
may reflect altered pharmacokinetics in those patients. A decrease in 
liver blood flow consequent to decreased CO and CHF reduces plasma 
clearance. Thus, patients with poor left ventricular function may 
develop greater plasma and brain concentrations for a given loading 
dose or infusion rate than patients with good left ventricular function. 
In addition, patients with depressed myocardial function may lack the 
ability to respond to surgical stress by increasing CO in the face of pro-
gressive increases in SVR.477

An infusion of alfentanil (125- g/kg bolus followed by 0.5 mg/kg/
hr) has been compared with fentanyl, 100 g/kg, or sufentanil, 20 g/
kg, by bolus injection, as the sole anesthetic for patients undergo-
ing valvular surgery.474 No differences in hemodynamic effects were 
found in the study, and it was concluded that all three opioids can 
provide satisfactory anesthesia for valve replacement surgery (see 
Chapter 19).

Sufentanil appears to offer more stable anesthesia with less hemo-
dynamic disturbance than fentanyl,478 and it has been used successfully 
for cardiac transplantation.479,480 In patients undergoing mitral or aor-
tic valve surgery, sufentanil (total dose, 9.0 ± 0.4 g/kg) resulted in less 
need for supplements and vasodilators than fentanyl, 113 ± 11 g/kg, 
but sufentanil produced more hypotension during induction.481 Howie 
et al482 compared a fentanyl/isoflurane/propofol regimen with remifen-
tanil/isoflurane/propofol for fast-track anesthesia. Significantly more 
patients in the fentanyl regimen experienced hypertension during 
skin incision and maximum sternal spread compared with patients 
in the remifentanil regimen. There was no difference between groups 
in time to extubation, discharge from the intensive care unit, electro-
cardiographic changes, catecholamine levels, or cardiac enzymes. The 
remifentanil-based anesthetic (bolus followed by continuous infusion) 
resulted in less need for anesthetic interventions compared with the 
fentanyl regimen.482

Samuelson et al483 compared hemodynamic and stress responses in 
patients with CAD anesthetized with either sufentanil-oxygen or enflu-
rane-nitrous oxide and oxygen. Both techniques were satisfactory and 
resulted in stable hemodynamics, but considerable "fine tuning" was 
required when enflurane was administered. The postoperative hemo-
dynamic effects were compared in patients who received sufentanil, 25 

g/kg, or fentanyl, 100 g/kg, for anesthesia for CABG.484 Patients who 
received sufentanil had a more stable course, with higher CO, lower 
SVR, and a lower incidence of hypertension. The two groups had simi-
lar values for time to awakening, response to verbal commands, and 
extubation.

Collard et al485 compared the intraoperative hemodynamic pro-
files and recovery characteristics of propofol-alfentanil versus a fen-
tanyl-midazolam anesthetic in elective coronary artery surgery. 
Cardiovascular parameters and time to extubation were recorded. 
Throughout surgery, hemodynamic profiles were comparable between 
groups except after intubation, when the MAP was significantly lower 
in the propofol-alfentanil group. This group also required less inotro-
pic support, and extubation was performed earlier in this group.

EFFECTS OF CARDIOPULMONARY  
BYPASS ON PHARMACOKINETICS  
AND PHARMACODYNAMICS
The pharmacokinetics of drugs in cardiac anesthesia is well covered by 
Wood.486 This section focuses on the effects of CPB on pharmacokinet-
ics as the most relevant area for the cardiac anesthesiologist.

The institution of CPB has profound effects on the plasma con-
centration, distribution, and elimination of administered drugs. The 
major factors responsible for this are hemodilution and altered plasma 
protein binding, hypotension, hypothermia, pulsatile versus nonpul-
satile flow, isolation of the lungs from the circulation, and uptake of 
anesthetic drugs by the bypass circuit. These changes result in altered 
blood concentrations, which also are dependent on particular pharma-
cokinetics of the drug in question (Table 9-7).

 Hemodilution
At the onset of CPB, the circuit priming fluid is mixed with the patient's 
blood. In adults, the priming volume is 1.5 to 2 L, and the prime may 
be crystalloid or crystalloid combined with blood or colloid. The over-
all result is a reduction in the patient's packed cell volume (PCV) to 
approximately 25% with an increase in plasma volume of 40% to 50%. 
This will decrease the total blood concentration of any free drug pres-
ent in the blood. At the time of initiation of CPB, there is an immediate 
reduction in the levels of circulating proteins such as albumin and 

1
-

acid glycoprotein. This affects the protein binding of drugs because of 
alteration in the ratio of bound-to-free drug in the circulation.

In the blood, drugs exist as free (unbound) drug in equilibrium with 
bound (i.e., bound to plasma proteins) drug. It is the free drug that 
interacts with the receptor to produce the drug effect (Figure 9-39). 
Drugs primarily are bound to plasma protein albumin and 

1
-acid gly-

coprotein. Changes in protein binding are of clinical significance only 
for drugs that are highly protein bound. The degree of drug-protein 
binding depends on the total drug concentration, the affinity of the 
protein for the drug, and the presence of other substances that may compete 

AAG, 
1
 acid glycoprotein.

Effects of Cardiopulmonary Bypass on Drug 
Disposition

Pharmacokinetic 
Process Pathophysiology Pharmacokinetic Sequelae

Absorption Hypotension and 
alterations in regional 
blood flow/perfusion

Reduced oral or 
intramuscular 
absorption

Distribution Lung sequestration Decreased volume of 
distribution

Decreased pulmonary 
blood flow

Decreased pulmonary drug 
distribution and increase 
in systemic drug levels

Hypotension, altered 
regional blood flow

Decreased volume of 
distribution

Decreased protein  
binding

Increased volume of 
distribution

Hemodilution
Dilution of binding 

proteins
Postoperative  AAG Decreased volume of 

distribution
Postoperative  protein 

binding
Interpretation of 

postoperative drug levels 
difficult

Elimination Decreased hepatic blood 
flow

Decreased drug clearance

Hypothermia Decreased intrinsic 
clearance (  hepatic 
metabolism)

Decreased renal blood 
flow and hypothermia

Decreased renal function

TABLE 
9-7
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with the drug or alter the drug's binding site. If the drug in question 
has high plasma protein binding, then hemodilution results in a poten-
tially relatively larger increase in free fraction than for a drug with low 
plasma protein binding.

The effect of heparin administration on plasma protein binding 
is of importance. Heparin results in lipoprotein lipase and hepatic 
lipase release, which, in turn, hydrolyzes plasma triglycerides into 
nonesterified fatty acids. These can bind competitively to plasma 
proteins and result in displacement of bound drug, increasing its 
concentration.486

The consequences of acute hemodilution by the pump prime on 
drug disposition can be summarized as follows:
 1. Because plasma drug concentration is reduced without any change 

in the amount of drug in the body, the apparent V
d
 increases acutely 

but by a relatively small amount.
 2. After acute hemodilution, drug redistribution from tissues may 

occur to bring free drug concentrations in plasma and tissues back 
into equilibrium. The magnitude of this flux of drug depends on 
the relative amounts in tissues and plasma and on the degree of 
protein binding change.

 3. Focus on total drug concentration of the free fraction and free 
concentration change may give misleading information on the 
expected change in the drug effect.

 4. For drugs whose plasma/red cell partitioning is not equal, blood 
and plasma clearance will no longer bear the same relation to each 
other after hemodilution and must be distinguished.

 5. Heparin has an effect on measurement of drug protein binding.
There may be marked changes in acid-base balance during CPB, 

resulting in changes in ionized and unionized drug concentrations, 
again affecting drug binding. CPB may be conducted using pH-stat 
or alpha-stat blood gas management. The change in pH with either 
management scheme may affect organ blood flow.487,488 pH manage-
ment may affect the degree of ionization and protein binding of cer-
tain drugs, leading to either increased or decreased free (active) drug 
concentrations.

 Blood Flow
Hepatic, renal, cerebral, and skeletal perfusion have been shown to be 
reduced during CPB, and the use of vasodilators and vasoconstric-
tor agents to regulate arterial pressure may further change regional 
blood flow. These alterations in regional blood flow distribution have 
implications for drug distribution and metabolism. The combina-
tion of hypotension, hypothermia, and nonpulsatile blood flow has 
significant impact on distribution of the circulation, with a marked 

reduction in peripheral flow and relative preservation of the central 
circulation.489,490

CPB may be conducted with or without pulsatile perfusion. 
Nonpulsatile perfusion is associated with altered tissue perfusion.491 
Nonpulsatile flow and decreased peripheral perfusion from CPB and 
hypothermia, as well as the administration of vasoconstrictors, may 
result in cellular hypoxia and probable intracellular acidosis. This may 
affect the tissue distribution of drugs whose tissue binding is sensitive 
to pH. On reperfusion, rewarming, and the re-establishment of normal 
cardiac (pulsatile) function, redistribution of drugs from poorly per-
fused tissue is likely to add to the systemic plasma concentration because 
basic drugs will have been "trapped" in acidic tissue. The degree to which 
 pulsatile perfusion alters drug pharmacokinetics is not well studied.

 Hypothermia
Hypothermia commonly is used and has been shown to reduce hepatic 
and possibly renal enzyme function.492 Hypothermia depresses metab-
olism by inhibiting enzyme function and reduces tissue perfusion by 
increasing blood viscosity and activation of autonomic and endocrine 
reflexes to produce vasoconstriction. Hepatic enzymatic activity is 
decreased during hypothermia, and in addition there is marked intra-
hepatic redistribution of blood flow with the development of signifi-
cant intrahepatic shunting. Hypothermia thus reduces metabolic drug 
clearance and has been shown to reduce the metabolism of propra-
nolol and verapamil.

Altered renal drug excretion occurs as a result of decreased renal 
perfusion, glomerular filtration rate, and tubular secretion. In dogs, 
glomerular filtration rate is decreased by 65% at 25°C.493

 Sequestration
When normothermia is re-established, reperfusion of tissue might lead 
to washout of drug sequestered during the hypothermic CPB period. 
This may be one explanation for the increase in opioid plasma levels 
during the rewarming period.494–496

Many drugs bind to components of the CPB circuit, and their dis-
tribution may be affected by changes in circuit design, for example, the 
use of membrane versus bubble oxygenators. In vitro, various oxygen-
ators bind lipophilic agents such as volatile anesthetic agents, propofol, 
opioids, and barbiturates.488,497–501 This phenomenon has never been 
demonstrated to be important in vivo, likely because any drug removed 
by the circuit is replaced from the much larger tissue reservoir.

During CPB, the lungs are isolated from the circulation with the pul-
monary artery blood flow being interrupted. Basic drugs (lidocaine, 
propranolol, fentanyl) that are taken up by the lungs are, therefore, 
sequestered during CPB, and the lungs may serve as a reservoir for drug 
release when systemic reperfusion is established.494 After the onset of 
CPB, plasma fentanyl concentrations decrease acutely and then pla-
teau. However, when mechanical ventilation of the lungs is instituted 
before separation from CPB, plasma fentanyl concentrations increase. 
During CPB, pulmonary artery fentanyl concentrations exceed radial 
artery levels; but when mechanical ventilation resumes, the pulmonary 
artery/radial ratio is reversed, suggesting that fentanyl is being washed 
out from the lungs.

 Specific Agents
Opioids
All opioids show a decrease in total drug concentration on commenc-
ing CPB (Table 9-8). The degree of decrease is greater with fentanyl 
because a significant proportion of the drug adheres to the surface 
of the CPB circuit.488,499,502 Inadequate anesthesia has been described 
when fentanyl was used as the major "anesthetic" agent.503 There is 
high  first-pass uptake of fentanyl by the lungs,490,504 and reperfusion 
of the lungs at the end of CPB has been shown to result in increases in 
 fentanyl concentrations (Figures 9-40 and 9-41).

Free Drug Free Drug

PLASMA TISSUE

Drug + Plasma
Protein

Drug + Tissue
Protein

CP CT

CP × fP CT × fT

Total drug concentration

Free drug concentration

Figure 9-39 Relation between free drug concentration in plasma 
and tissue. The free concentration in plasma equals the total concen-
tration (Cp) × the free fraction in plasma (fp). The free concentration in 
tissue equals the total concentration in tissue (CT) × the free fraction in 
tissue (ft).
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The decrease in total drug concentration is seen least with opioids that 
have a high V

d
, when the addition of the prime volume is less impor-

tant, and in those drugs that can equilibrate rapidly to minimize dilu-
tional effect. In this respect, sufentanil, which has the most stable total 
drug concentrations, may offer advantages. Studies of free alfentanil con-
centrations have shown that these remain relatively stable throughout 
CPB and, therefore, the pharmacologically active concentration remains 
unchanged. It is the bound concentration that changes, reflecting changes 
in both albumin and 

1
-acid glycoprotein concentrations to which alfen-

tanil is predominantly bound.505–507 Elimination of fentanyl and alfenta-
nil has been shown to be prolonged by CPB, whereas that of morphine 
was unchanged. There are inadequate data available on the elimination 
of sufentanil after CPB. From the pharmacokinetic information currently 
available, alfentanil may be the most suitable opioid for CPB because free 
concentrations have been shown to be stable during CPB and the prolon-
gation of its half-life is much less than that of fentanyl.

Benzodiazepines
The benzodiazepines show a decrease in total concentration on com-
mencing CPB. However, because these drugs are more than 90% pro-
tein bound, changes in free concentrations are greatly influenced by 
changes in protein concentrations or in factors such as acid-base bal-
ance that influence protein binding. This is particularly pertinent in 
the context of CPB, but no studies have commented on free versus total 
concentrations of benzodiazepines. Diazepam has a very long elimi-
nation half-life, even in non-CPB patients, and has been shown to be 
cumulative after CPB.508 Midazolam has a shorter elimination half-life.  

This increases with age and also is significantly longer for CPB patients 
than for patients undergoing other types of major surgery (Figure 9-42). 
The elimination half-life is prolonged in a subset (6%) of patients.509,510 
However, the half-life of midazolam is shorter than that of the other 
benzodiazepines; and, in small doses, elimination was rapid in most 
patients. For this reason, it is the suitable benzodiazepine for use by 
repeated boluses of infusion. The elimination half-life of lorazepam 
was unchanged by CPB but was longer than that of midazolam.

Intravenous Anesthetic Agents
Thiopental and methohexital show a decrease in total drug concen-
tration on commencing CPB, but the active free concentrations are 
remarkably stable506,511 (Figure 9-43). Clearance of thiopental is halved 
during CPB, but elimination after CPB is not known. Elimination 
of methohexital remains unchanged. Conflicting results have been 
obtained for propofol512,513 (Figure 9-44). The total concentration of 
propofol may decrease on commencing CPB with an increase in the 
free fraction, or the total concentration may remain unchanged. A pro-
longed elimination half-life has been demonstrated in one study,512 but 
the redistribution half-life was short, concentrations decreased rapidly 
after stopping the drug, and patients made a rapid recovery. In general, 
the free active concentrations of these drugs remain unchanged, but 
their actions may be prolonged.

Volatile Anesthetic Agents
The effect of CPB on MAC remains uncertain. Some authors have 
shown that CPB reduces the MAC of enflurane by as much as 30% in 

CPB, cardiopulmonary bypass.
Data from Buylaert WA, Herregods LL, Mortier EP, Bogaert MG: Cardiopulmonary bypass and the pharmacokinetics of drugs, Clin Pharmacokinet 17:10, 1989.

Effect of Cardiopulmonary Bypass on the Disposition of Opioids

Concentration

Opioid Start of CPB During CPB Clearance Half-life Volume of Distribution

Fentanyl Decreased Relatively stable or increased 
toward end of CPB

Increased

Alfentanil Decrease in total alfentanil 
concentration; no change in free 
concentration

Gradual increase in total 
concentration toward end of 
CPB

Unchanged Increased Increased

Sufentanil Decreased Gradual increase

TABLE 
9-8
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Figure 9-40 Effect of cardiopulmonary bypass (CPB) on the disposition of a single bolus injection of fentanyl. The time course of plasma fentanyl 
concentrations after injection of a 500- g intravenous bolus at time zero. A, Data from a cardiac surgery patient. Times of CPB are indicated by arrows. 
B, Data from a vascular surgery control patient. (Reproduced from Koska AJ, Romagnole A, Karmer WG: Effect of cardiopulmonary bypass on fentanyl 
distribution and elimination, Clin Pharmacol Ther 29:100, 1981.)
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animal studies, whereas others have failed to demonstrate any reduc-
tion.514–516 Several groups have shown variation in MAC with tem-
perature and with reduced volatile concentrations required at lower 
temperatures.515,517–519

The effect of CPB with cooling on the uptake of volatile anesthetics 
administered to the oxygenator is dependent on three factors: (1) the 
blood-gas solubility of the agent and the opposing effects of cooling in 
increasing blood-gas solubility of blood versus hemodilution, which 
decreases blood-gas solubility of volatile anesthetic agents520; (2) the 
increased solubility in tissue of volatile anesthetics secondary to hypo-
thermia; and (3) uptake by the oxygenator.521 CPB produces changes in 
the blood-gas partition coefficient dependent on the prime used and 
the temperature. Factors that alter the solubility of volatile anesthetic 
agents in blood and other tissues include lipid concentration, osmolar-
ity, and PCV. The changes in blood composition after the addition of 
a crystalloid prime tend to decrease blood solubility, favoring a more 
rapid attainment of steady state and a lower blood concentration of 
volatile agent for a given inspired concentration. However, hemodilu-
tion with a plasma prime increases solubility because volatile agents 
are more soluble in albumin than red cells.522 Blood solubility also is 
inversely proportional to temperature. This relation is linear, but dif-
ferent for individual agents, with a range of 4% to 4.9% per degree 
Celsius decrease in body temperature.523 Thus, hemodilution with a 
crystalloid prime and hypothermia have opposite effects on the blood-
gas partition coefficient. The predicted net change in solubility for iso-
flurane when PCV is reduced from 40% to 20% and temperature is 
reduced from 37°C to 28°C is +2%.524

Volatile agents have been shown to bind to a variety of plastics,525 and 
this may account for some of the decrease in concentrations on com-
mencing bypass. A volatile agent started during hypothermic CPB takes 
longer to equilibrate, and agents already in use need to re- equilibrate, 
potentially changing the depth of anesthesia, until equilibration is 
complete. Because these agents are metabolized to a small degree and 
 washout is fast, the duration of action is not prolonged after CPB.526,527

Neuromuscular Blockers
It has been demonstrated that hypothermic CPB influences the 
 concentration and the response relations of neuromuscular blockers 
during hypothermia.528 In general, the requirements for neuromuscular 
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Figure 9-41 Effect of cardiopulmonary bypass (CPB) on plasma fen-
tanyl concentrations when fentanyl is administered at various constant 
rate infusions for aortocoronary surgery. Plasma fentanyl concentrations 
and duration of fentanyl infusion for three groups of patients: those 
given 30 g/kg followed by 0.3 g/kg/min (green line); those given 40 

g/kg followed by 0.4 g/kg/min (purple line); and those given 50 g/kg 
followed by 0.5 g/kg/min (red line). S.E.M., standard error of the mean. 
(Reproduced from Sprigge JS, Wynands JE, Whalley DG, et al: Fentanyl 
infusion anesthesia for aortocoronary bypass surgery: Plasma levels and 
hemodynamic response, Anesth Analg 61:972, 1982.)
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Figure 9-42 Variability of concentrations of midazolam and its metabolite in the intensive care unit. Note the difference in the two scales 
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albumin concentration results in increased volume of distribution and increased elimination of midazolam in intensive care patients, Clin Pharmacol 
Ther 46:537, 1989.)
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 blockade are found to be significantly reduced as a result of a number of 
both pharmacokinetic and pharmacodynamic effects. Specifically, cool-
ing influences nerve conduction in the mobilization of acetylcholine 
from the nerve vesicles,529 as well as modifying cholinergic receptors. 
Furthermore, the effect of cooling is manifest on cholinesterase enzyme 
activity, which is temperature dependent. The most important effect 
of cooling, however, is a decrease in the mobilization of acetylcholine 
that has been demonstrated both in vitro and in animal models.530,531 
Thus, during hypothermia, fewer muscle relaxants are needed to obtain 
the same amount of muscle relaxation. In addition, cooling alters the 
mechanical properties of the muscle, as well as having potentially signif-
icant effects on electrolytes, which modulate the contractile response.

CPB causes hemodilution, which may result in an initial decrease 
in the free drug concentration. However, there also is an associated 

decrease in the albumin concentration during CPB, so that although 
the total drug concentration may be decreased as a result of hemodilu-
tion, if the drug is partially bound to albumin, the free drug concen-
tration may actually be increased. This phenomenon may occur with 
neuromuscular blockers such as rocuronium.532

Hypothermia inhibits the hepatic clearance of steroidal neuromus-
cular blocking agents, although it seems to promote renal clearance. 
This may explain why the time course of action of steroidal neuro-
muscular blocking agents such as rocuronium and vecuronium, which 
are dependent on liver clearance, are relatively more prolonged under 
hypothermic conditions than those that are dependent on renal clear-
ance, such as pancuronium and pipecuronium.533
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Figure 9-43 Effect of cardiopulmonary bypass on plasma thio-
pental concentrations during continuous infusion. Top, Total plasma 
thiopental concentrations. Bottom, Unbound (free) plasma thiopental 
concentrations. The point of reference (zero time) is taken as the start of 
bypass. (Reproduced from Morgan DJ, Crankshaw DP, Prideaux PR, et al: 
Thiopentone levels during cardiopulmonary bypass: Changes in plasma 
protein binding during continuous infusion, Anaesthesia 41:4, 1986.)
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Figure 9-44 Blood propofol concentrations during coronary artery 
surgery and cardiopulmonary bypass (CPB). A two-stage propofol 
infusion (10 mg/kg/hr for 30 minutes followed by 3 mg/kg/hr thereafter) 
was administered. Time scale shows the mean time taken to specific 
events, such as the onset of cardiopulmonary bypass (CPB), induced 
hypothermia (25°C to 27°C), and the end of bypass. Bars represent 
mean concentrations ± standard error of the mean. (Reproduced from 
Russell GN, Wright EL, Fox MA, et al: Propofol-fentanyl anaesthesia 
for coronary artery surgery and cardiopulmonary bypass, Anaesthesia 
44:205, 1989)
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Cardiovascular Pharmacology

ANTI-ISCHEMIC DRUG THERAPY
Anti-ischemic drug therapy during anesthesia is indicated whenever 
evidence of myocardial ischemia exists. The treatment of ischemia dur-
ing anesthesia is complicated by the ongoing stress of surgery, blood 
loss, concurrent organ ischemia, and the patient's inability to interact 
with the anesthesiologist. Nonetheless, the fundamental principles of 
treatment remain the same as in the unanesthetized state. All events of 
myocardial ischemia involve an alteration in the oxygen supply/demand 
balance (Table 10-1). The American College of Cardiology/American 
Heart Association (ACC/AHA) Guidelines on the Management and 
Treatment of Patients with Unstable Angina and Non-ST-Segment 
Elevation Myocardial Infarction provide an excellent framework for 
the treatment of patients with ongoing myocardial ischemia.1 These 
guidelines detail the initial evaluation, management, hospital care, and 
coronary revascularization strategies in the nonanesthetized patient 

KEY POINTS

Anti-Ischemic Drug Therapy

1. Ischemia during the perioperative period 
demands immediate attention by the 
anesthesiologist. The impact of ischemia may be 
both acute (impending infarction, hemodynamic 
compromise) and chronic (a marker of previously 
unknown cardiac disease, a prognostic indicator 
of poor outcome).

2. Nitroglycerin is indicated in nearly all conditions 
of perioperative myocardial ischemia. 
Mechanisms of action include coronary 
vasodilation and favorable alterations in preload 
and afterload. Nitroglycerin is contraindicated 
when hypotension is present.

3. Perioperative -blockade may reduce the 
incidence of perioperative myocardial ischemia 
via a number of mechanisms. Favorable 
hemodynamic changes associated with 
-blockade include a blunting of the stress 

response and reduced heart rate, blood pressure, 
and contractility. All of these conditions improve 
myocardial oxygen supply/demand ratios.

4. Calcium channel blockers reduce myocardial 
oxygen demand by depression of contractility, 
heart rate, and/or decreased arterial blood 
pressure. Calcium channel blockers often are 
administered in the perioperative period for 
longer term antianginal symptomatic control.

Drug Therapy for Systemic Hypertension

1. Current guidelines suggest seeking a target 
blood pressure of less than 140/85 mm Hg  
to minimize long-term risk for adverse 
cardiovascular morbidity and mortality.

2. For patients with diabetes, renal impairment,  
or established cardiovascular diseases,  
a lower target of less than 130/80 mm Hg  
is recommended.

3. Mild-to-moderate hypertension does not 
represent an independent risk factor for 
perioperative complications; however, a diagnosis 
of hypertension necessitates preoperative 
assessment for target organ damage.

4. Patients with poorly controlled preoperative 
hypertension experience more labile blood 
pressures in the perioperative setting with 
greater potential for hypertensive or hypotensive 
episodes, or both.

Pharmacotherapy for Acute and Chronic  
Heart Failure

1. The signs, symptoms, and treatment of chronic 
heart failure are as related to the neurohormonal 
response as they are to the underlying ventricular 
dysfunction.

2. Current treatments for chronic heart failure are 
aimed at prolonging survival, not just relief of 
symptoms.

3. The low-cardiac-output syndrome seen after 
cardiac surgery has a pathophysiology, treatment, 
and prognosis that differ from those of chronic 
heart failure, with which it is sometimes compared.

Pharmacotherapy for Cardiac Arrhythmias

1. Physicians must be cautious in administering 
antiarrhythmic drugs because of the 
proarrhythmic effects that can increase mortality 
in certain subgroups of patients.

2. Amiodarone has become a popular intravenous 
antiarrhythmic drug for use in the operating 
room and critical care areas because it has 
a broad range of effects for ventricular and 
supraventricular arrhythmias.

3. -Adrenergic receptor antagonists are very 
effective but underused antiarrhythmics in the 
perioperative period because many arrhythmias 
are adrenergically mediated because of the 
stress of surgery and critical illness.

4. Managing electrolyte abnormalities and 
treating underlying disease processes such as 
hypervolemia and myocardial ischemia are critical 
treatment steps before the administration of any 
antiarrhythmic agent.
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with an acute coronary syndrome. In the anesthetized patient with 
 evidence of myocardial ischemia, initiation of anti-ischemic drug 
 therapy is indicated. This section reviews the common agents used for 
this purpose (see Chapter 18).

 Nitroglycerin
Nitroglycerin (NTG) is clinically indicated as initial therapy in nearly 
all types of myocardial ischemia.2 Chronic exertional angina, de novo 
angina, unstable angina, Prinzmetal's angina (vasospasm), and silent 
ischemia respond to NTG administration.2–6 NTG therapy decreases 
the incidence of anginal attacks and improves exercise tolerance before 
angina symptoms.7 During therapy with intravenous (IV) NTG, if 
blood pressure (BP) declines and ischemia is not relieved, the addi-
tion of phenylephrine will allow coronary perfusion pressure (CPP) 
to be maintained while allowing greater doses of NTG to be used for 
ischemia relief.8 If reflex increases in heart rate (HR) and contractility 
occur, combination therapy with -adrenergic blockers may be indi-
cated to blunt this undesired increase in HR. Combination therapy 
with nitrates and calcium channel blockers may be an effective anti-
ischemic regimen in selected patients; however, excessive hypotension 
and reflex tachycardia may be a problem, especially when a dihydro-
pyridine calcium antagonist is used.9

Mechanism of Action
NTG enhances myocardial oxygen delivery and reduces myocardial 
oxygen demand. NTG is a smooth muscle relaxant that causes vascu-
lature dilation. Nitrate-mediated vasodilation occurs with or  without 

intact vascular endothelium.10 Nitrites, organic nitrites, nitroso com-
pounds, and other nitrogen oxide–containing substances (e.g., nitro-
prusside) enter the smooth muscle cell and are converted to reactive 
nitric oxide (NO) or S-nitrosothiols, which stimulate guanylate cyclase 
metabolism to produce cyclic guanosine monophosphate (cGMP)11–13 
(Figure 10-1). A cGMP-dependent protein kinase is stimulated with 
resultant protein phosphorylation in the smooth muscle. This leads 
to a dephosphorylation of the myosin light chain and smooth mus-
cle relaxation.14,15 Vasodilation is also associated with a reduction of 
intracellular calcium.16 Sulfhydryl (SH) groups are required for for-
mation of NO and the stimulation of guanylate cyclase. When exces-
sive numbers of SH groups are metabolized by prolonged exposure to 
NTG, vascular tolerance occurs.17 The addition of N-acetylcysteine, 
an SH donor, reverses NTG tolerance.18 The mechanism by which 
NTG compounds are uniquely better venodilators, especially at lower 
serum concentrations, is unknown but may be related to increased 
uptake of NTG by veins compared with arteries.19

Physiologic Effects
Two important physiologic effects of NTG are systemic and regional 
venous dilation (Figure 10-2). Venodilation can markedly reduce venous 
pressure, venous return to the heart, and cardiac filling pressures. 
Prominent venodilation occurs at lower doses and does not increase 
further as the NTG dose increases.20 Venodilation results primarily in 
pooling of blood in the splanchnic capacitance system.21 Mesenteric 
blood volume increases as ventricular size, ventricular pressures, and 
intrapericardial pressure decrease.21

NTG increases the distensibility and conductance of large arteries 
without changing systemic vascular resistance (SVR) at low doses.22 
Improved compliance of the large arteries does not necessarily imply 
afterload reduction. At greater doses, NTG dilates smaller arterioles 
and resistance vessels, reducing afterload and BP23 (see Figure 10-2). 
Reductions in cardiac dimension and pressure reduce myocardial 
oxygen consumption (MVO

2
) and improve myocardial ischemia24 

(Figure 10-3). NTG may preferentially reduce cardiac preload, while 
maintaining systemic perfusion pressure, an important hemody-
namic effect in myocardial ischemia. However, in hypovolemic 
states, greater doses of NTG may markedly reduce systemic BP to 
dangerous levels. A reflex increase in HR may occur at arterial vaso-
dilating doses.

NTG causes vasodilation of pulmonary arteries and veins and 
 predictably decreases right atrial (RAP), pulmonary artery (PAP), 
and pulmonary capillary wedge pressures (PCWP).23 Pulmonary 
artery hypertension may be reduced in various disease states and in 
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*Affects both supply and demand.
CPP, coronary perfusion pressure; CVR, coronary vascular resistance; DP, diastolic blood 

pressure; Hgb, hemoglobin; LVEDP, left ventricular end-diastolic pressure; SAT%, 
percent oxygen saturation.

Modified from Royster RL: Intraoperative administration of inotropes in cardiac surgery 
patients. J Cardiothorac Anesth 6(suppl 5):17, 1990.
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 congenital heart disease with NTG.25,26 Renal arteries, cerebral arteries, 
and cutaneous vessels also dilate with NTG.27 Blood flow to the kidney 
and brain may decrease if adequate renal and cerebral perfusion pres-
sures are not maintained.

NTG has several important effects on the coronary circulation 
(Box 10-1). NTG is a potent epicardial coronary artery vasodilator in 
both normal and diseased vessels. Stenotic lesions dilate with NTG, 
reducing the resistance to coronary blood flow (CBF) and improv-
ing myocardial ischemia.28,29 Smaller coronary arteries may dilate 
 relatively more than larger coronary vessels; however, the degree of 
dilation may depend on the baseline tone of the vessel.30 NTG effec-
tively reverses or prevents coronary artery vasospasm.31

Total CBF may initially increase but eventually decreases with NTG 
despite coronary vasodilation32 (Figure 10-4). Autoregulatory  mechanisms 
probably result in decreases in total flow as a result of reductions in 
wall tension and myocardial oxygen consumption.23 However, regional 
myocardial blood flow may improve by vasodilation of intercoronary 
collateral vessels or reduction of subendocardial compressive forces33 
(Figure 10-5). Coronary arteriographic studies in humans demonstrate 
that coronary collateral vessels increase in size after NTG administra-
tion.34 This effect may be especially important when epicardial vessels 
have subtotal or total occlusive disease.35 Improvement in collateral 
flow also may be protective in situations in which coronary artery 
steal may occur with other potent coronary vasodilator agents. The 
improvement in blood flow to the subendocardium, the most vulnera-
ble area to the development of ischemia, is secondary to both improve-
ment in collateral flow and reductions in left ventricular end-diastolic 
pressure (LVEDP), which reduce subendocardial resistance to blood 
flow.36 With the maintenance of an adequate CPP (e.g., with adminis-
tration of phenylephrine), NTG can maximize subendocardial blood 
flow8 (see Figures 10-4 and 10-5). The ratio of endocardial to epicardial 
blood in transmural segments is enhanced with NTG.36 Inhibition of 
platelet aggregation also occurs with NTG; however, the clinical signifi-
cance of this action is unknown.37

Pharmacology
Organic nitrates are biotransformed by reduction hydrolysis cata-
lyzed by the hepatic enzyme glutathione-organic nitrate reductase.15 
The rate of hepatic denitrification is characteristic of each nitrate and 
is further dependent on hepatic blood flow or presence of hepatic 
disease.15 Common organic nitrates for clinical use are shown in 
Table 10-2.

Sublingual Nitroglycerin
Sublingual NTG (0.15- to 0.6-mg tablets) achieves blood levels 
adequate to cause hemodynamic changes within several minutes; 
physiologic effects last 30 to 45 minutes.38 Sublingual bioavailabil-
ity is approximately 80% and bypasses the high first-pass biodegra-
dation in the liver (90%) by nitrate reductase to glycerol dinitrate 
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Figure 10-2 
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(Modified from Abrams J: Hemodynamic effects of 
nitroglycerin and long-acting nitrates. Am Heart J 110(part 2):216, 1985; 
and Abrams J: Nitrates. In Chatterjee K, Cheitlin MD, Karliner J, et al 
[eds]:  vol 1. Philadelphia: 
JB Lippincott, 1991, pp 275–290.)
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BOX 10-1. EFFECTS OF NITROGLYCERIN  
AND ORGANIC NITRATES ON THE CORONARY 
CIRCULATION

Epicardial coronary artery dilation: small arteries dilate 
proportionately more than larger arteries

Increased coronary collateral vessel diameter and enhanced 
collateral flow

Improved subendocardial blood flow
Dilation of coronary atherosclerotic stenoses
Initial short-lived increase in coronary blood flow, later reduction in 

coronary blood flow as MVO2 decreases
Reversal and prevention of coronary vasospasm and 

vasoconstriction

(Modified from Abrams J: Hemodynamic effects of nitroglycerin and long-acting 
nitrates. Am Heart J 110[pt 2]:216, 1985.)
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and nitrite, which are excreted renally. Plasma half-life of sublin-
gual NTG is 4 to 7 minutes. NTG spray has pharmacokinetics and 
pharmacodynamics equivalent to those of a 0.4-mg sublingual 
 tablet; however, it has a longer shelf half-life compared with the 
tablets, which decompose in air and warm temperatures.39 A tablet 

that adheres to the buccal area between the upper lip and teeth has 
rapid onset and has the advantage of longer half-life than sublin-
gual tablets.40 Although NTG is readily absorbed through the gastric 
mucosa, the high rate of liver metabolism makes oral administra-
tion highly unpredictable.
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Nitroglycerin Ointment and Patches
NTG ointment (2%) is readily absorbed through the skin, with this 
method of administration providing longer-lasting effects.41 Adequate 
NTG blood levels are reached within 20 to 30 minutes, and duration 
of action is 4 to 6 hours.41 Ointment is administered in inches (15 mg/
inch), but the surface area of application and not the amount admin-
istered determines the blood level achieved. NTG ointment is messy, 
requires application four times a day, and is most appropriate for nursing 
administration in special care units.42

NTG patches contain either liquid NTG or NTG bonded to a poly-
mer gel and slowly released to the skin through a semipermeable 
membrane.43 The pharmacokinetics approach that of a consistent IV 
infusion.43 Blood levels are reached within 20 to 30 minutes, and a 
steady state is reached within 2 hours. Blood levels may be maintained 
up to 24 hours and are largely determined by patch size. Patches or 
disks contain an NTG concentration per square centimeter, and dos-
ages of 0.2 to 0.8 mg/hr usually are required for relief of myocardial 
ischemia. Although convenient for patients, tolerance may be a prob-
lem with these sustained-release preparations.41 Intermittent therapy is 
 recommended to avoid tolerance.44

Intravenous Nitroglycerin
NTG has been available since the early 1980s as an injectable drug with 
stable shelf half-life in a 400- g/mL solution of D

5
W (5% dextrose in 

water). Blood levels are achieved instantaneously, and arterial dilating 
doses with resulting hypotension may quickly occur. If the volume sta-
tus of the patient is unknown, initial dosages of 5 to 10 g/min are rec-
ommended. The dosage necessary for relieving myocardial ischemia 
may vary from patient to patient, but relief is usually achieved with 
75 to 150 g/min. In a clinical study of 20 patients with rest angina, 
a mean dosage of 72 g/min reduced or abolished ischemic episodes 
in 85% of patients.45 However, doses as high as 300 to 400 g/min 
may be necessary for ischemic relief in some patients. Arterial dila-
tion becomes clinically apparent at doses around 50 g/min. Drug  
offset after discontinuation of an infusion is rapid (2 to 5 minutes). The 
dosage of NTG available is less when administered in plastic bags and 
polyvinylchloride tubing because of NTG absorption by the bag and 
tubing, although this is not a significant clinical problem because the 
drug is titrated to effect.46

Adverse Effects
The metabolism of NTG by liver nitrate reductase produces a nitrite 
that oxidizes the ferrous iron of hemoglobin to the ferric form of 
methemoglobin. The ferric iron does not bind or release oxygen.47 
Methemoglobin is formed normally and is reduced by enzyme sys-
tems within the red blood cell.48 Normally, methemoglobin levels 
do not exceed 1%, but may increase when direct oxidants are pres-
ent in the serum (nitrates, sulfonamides, aniline dye derivates). 
Methemoglobinemia with levels up to 20% is not a clinical  problem. 

Documented increases in methemoglobin blood levels occur with IV 
NTG, averaging 1.5% in one study of 50 patients receiving NTG for 
longer than 48 hours.49 NTG dosages of 5 mg/kg/day orally should 
be avoided to prevent significant methemoglobinemia.50 However, 
rare instances of smaller doses causing clinically significant prob-
lems have been reported.51 Nitrates are effective in producing meth-
emoglobin to bind cyanide in sodium nitroprusside toxicity.

Several mechanisms of nitrate tolerance have been proposed, 
including a depletion of SH groups, neurohumoral activation, volume 
expansion, and/or downregulation of nitrate receptors.52–57 Tolerance 
may occur with all forms of nitrate administration that maintain con-
tinuous blood levels of the drug.17,58–61 Discontinuation of the drug 
after prolonged exposure may result in a rebound phenomenon, 
possibly resulting in coronary vasospasm and myocardial ischemia 
or infarction.62 Tolerance to NTG apparently does not occur in all 
patients.63 If tolerance develops after prolonged exposure, physio-
logic responsiveness may be achieved with greater dosages of NTG, 
an important observation during NTG administration in cardiac sur-
gery.64 Intermittent dosing with a nitrate-free interval each day or 
night can maintain NTG responsiveness.44,65

NTG interferes with platelet aggregation.66 The ability of the plate-
let to adhere to damaged intima is reduced.67 Primary and secondary 
wave aggregation of platelets is also attenuated.68 Previously formed 
platelet plugs are disaggregated.69 A clinical study of 10 patients with 
coronary artery disease (CAD) demonstrated that a mean dosage of 
NTG (1.19 g/kg/min) inhibited platelet aggregation by 50%, with 
a return to baseline platelet aggregation 15 minutes after the infusion 
was discontinued70 (Figure 10-6). NO production increases cGMP, 
which modulates intracellular platelet calcium and reduces platelet 
secretion of proaggregatory factors.71 The clinical significance of these 
actions remains unclear. As with other potent vasodilators, NTG may 
increase intrapulmonary shunting of blood and reduce arterial oxy-
gen tension.

NTG may induce resistance to the anticoagulant effects of heparin.72 
During simultaneous infusions of NTG and heparin, an increase in 
the NTG infusion caused the activated partial thromboplastin time to 
decrease.73 Becker et al74 reported NTG-induced heparin resistance at 
NTG infusion rates greater than 350 g/min. The authors suggested a 
qualitative problem with antithrombin III (AT III) because AT III  levels 
did not decrease. Others have suggested that NTG interferes with AT 
III binding to heparin by N-desulfation of the heparin molecule at the 
AT III binding sites.75 N-desulfation of heparin reduces its anticoagu-
lant activity.76

NTG is contraindicated in patients who have used sildenafil, vard-
enafil, or tadalafil, or in patients who are hypotensive. These drugs 
for erectile dysfunction inhibit the phosphodiesterase (PDE5) that 
degrades cGMP, and the cGMP mediates vascular smooth muscle 
relaxation by NO. NTG-mediated vasodilation is markedly enhanced 
and prolonged, resulting in cases of profound hypotension, myocardial 
infarction (MI), and death.77 Small doses of NTG have been used, but 

Nitroglycerin and Nitrates in Angina

Compound Route Dose/Dosage Duration of Effect

Nitroglycerin Sublingual tablets
Spray
Transdermal
Intravenous

0.3–0.6 mg up to 1.5 mg
0.4 mg as needed
0.2–0.8 mg/h every 12 hr
5–200 g/min

1–7 min
Similar to sublingual tablets
8–12 hr during intermittent therapy
Tolerance in 7–8 hr

Isosorbide dinitrate Oral
Oral, slow release

5–80 mg, 2 or 3 times daily
40 mg 1 or 2 times daily

Up to 8 hr
Up to 8 hr

Isosorbide mononitrate Oral
Oral, slow release

20 mg twice daily
60–240 mg once daily

12–24 hr

Pentaerythritol tetranitrate Sublingual 10 mg as needed Not known
Erythritol tetranitrate Sublingual

Oral
5–10 mg as needed
10–30 mg 3 times daily

Not known
Not known

TABLE 
10-2

Adapted from Gibbons RJ, Chatterjee K, Daley J, Douglas JS: ACC/AHA/ACP-ASIM guidelines for the management of patients with chronic stable angina: A report of the American 
College of Cardiology/American Heart Association Task Force on Practice Guidelines (Committee on Management of Patients with Chronic Stable Angina). J Am Coll Cardiol  
33:2092–2197, 1999; Table 28.
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the amount of time that must elapse after a patient's last dose of one of 
these medications before regular doses of nitrates may be safely admin-
istered is unclear.78–80

Summary
NTG remains a first-line agent for the treatment of myocardial isch-
emia. Special care must be taken in patients with signs of hypovolemia 
or hypotension because the vasodilating effects of the drug may worsen 
the clinical condition. Recent ACC/AHA Guidelines address the pro-
phylactic intraoperative use of NTG and suggest that its usefulness in 
preventing myocardial ischemia and cardiac morbidity in high-risk 
patients undergoing noncardiac surgery is unclear.81

 b-Adrenergic Blockers
-Adrenergic blockers have multiple favorable effects in treating the 

ischemic heart during anesthesia (Box 10-2). -Adrenergic blockers 
reduce oxygen consumption by decreasing HR, BP, and myocardial 
contractility. HR reduction increases diastolic CBF. Increased collateral 
blood flow and redistribution of blood to ischemic areas may occur 
with -blockers. More free fatty acids may be available for substrate 

consumption by the myocardium. Microcirculatory oxygen delivery 
improves, and oxygen dissociates more easily from hemoglobin after 

-adrenergic blockade. Platelet aggregation is inhibited. -Blockers 
should be started early in patients with ischemia in the absence of con-
traindications.1 Many patients at high risk for perioperative cardiac 
morbidity should be started on -blockers before surgery and contin-
ued for up to 30 days after surgery.82–84 The choice of which -blocker 
for any individual patient is based on clinician familiarity and desired 
pharmacologic profile. There is no evidence that one specific agent is 
superior to another; however, -blockers without intrinsic sympath-
omimetic activity (ISA) are preferable when treating acute myocardial 
ischemia.

-Blockers administered during MI reduce myocardial infarct size.85 
In addition, a reduction in morbidity has been shown to occur with 
acute IV metoprolol during MI.85 Similar findings with reductions in 
mortality extending up to 3 years after MI have been shown in numer-
ous trials with -adrenergic blockers86,87 (Figure 10-7). The mechanisms 
for mortality reduction are unclear. In the absence of contraindica-
tions, -blockers should be a routine part of care in patients with all 
forms of CAD, including unstable angina and recent MI.

Data confirm the important role of -blockade in treating patients 
after acute MI and in reducing mortality in high-risk populations. 
Immediate -blockade after thrombolytic therapy in patients with 
acute MI significantly decreased recurrent early myocardial ischemia 
and reinfarction.88 Early -blockade is indicated in the treatment of 
MI89,90 (Box 10-3). In fact, -blocker therapy after MI may be greatly 
underused in patients older than 65 years.91 Atenolol has been found 
to reduce ischemia and adverse outcome in patients with mildly symp-
tomatic ischemia.92 Multiple studies have shown that perioperative 
administration of -adrenergic blockers reduces both mortality and 
morbidity when given to patients at high risk for CAD who must 
undergo noncardiac surgery82–84,93,94 (Figures 10-8 to 10-10). These data 
suggest that intermediate- and high-risk patients presenting for non-
cardiac surgery should receive perioperative -adrenergic blockade to 
reduce postoperative cardiac mortality and morbidity. However, in 
the Perioperative Ischemic Evaluation Study (POISE) trial, the use of 
higher dose metoprolol started in patients on the day of noncardiac 
surgery was associated with increased risk for severe stroke and greater 
total mortality.95 These findings have led to increased scrutiny of peri-
operative -blockade usage. Recent ACC/AHA recommendations on 
the perioperative use of -adrenergic blockade for noncardiac surgery 
are given in Box 10-4.81

b Receptor
The  receptor was conceptualized by Ahlquist,96 who divided vari-
ous physiologic effects of catecholamine stimulation into  and  
responses. The  receptor has been identified biochemically as a poly-
peptide chain of approximately 50,000 to 60,000 kDa.97 The receptor's 
structure is common to most receptor proteins that have been iden-
tified: seven transmembrane crossings with two  extramembranous 
 terminal ends98 (Figure 10-11). All receptors that transduce a signal 

BOX 10-2. EFFECTS OF b-ADRENERGIC 
BLOCKERS ON MYOCARDIAL ISCHEMIA
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through G proteins share this basic structure.99 There are three extracel-
lular and intracellular loops connecting the intramembranous portion 
of the receptor.98 Agonist-antagonist binding occurs at the intramem-
branous portion, whereas the intracellular loops modulate interaction 
with the G-protein complex.100,101 The terminal intracellular end con-
tains amino acid residues that undergo phosphorylation, which relates 
to desensitization and downregulation of the receptor.102

Receptor stimulation activates a G protein, which stimulates adeny-
lyl cyclase. The G-protein complex is composed of both stimulatory 
(G

s
) and inhibitory (G

i
) intermediary proteins.99 Adenylyl cyclase con-

verts adenosine triphosphate (ATP) to cyclic adenosine monophos-
phate (cAMP), which phosphorylates a protein kinase and produces 
the appropriate cellular response. A typical cascade of this sequence 

leading to increases in myocardial contractility from -receptor stimu-
lation is illustrated in Figure 10-12.

-Receptor numbers in any tissue may decrease with chronic stimu-
lation (downregulation) or increase with chronic blockade (upregu-
lation). The process of desensitization of the adrenergic response in 
chronic stimulation (i.e., congestive heart failure [CHF]) may involve 
downregulation of the receptors but may involve either the G-protein 
complex or adenylyl cyclase. Desensitization may occur quickly, whereas 
downregulation with actual internalization of the receptor within the 
cell may take days to weeks.103 Myocardial ischemia increases -receptor 
density, although it remains controversial whether this upregulation 
results in greater adrenergic response.104 Several studies have demon-
strated that high-affinity  receptors in nonischemic tissue were shifted 
to a low-affinity state during ischemia.105,106 Also, the levels of G

s
 and its 

activity are reduced during myocardial ischemia.107 However, stimula-
tion of these receptors with isoproterenol during ischemia does result 
in increases in cAMP production.104,108

There are two types of  receptors with a multitude of responses109 
(Table 10-3). Both 

1
- and 

2
-receptor stimulation primarily involve 

cardiac function (Figure 10-13). Responses of isolated human atrial tis-
sue demonstrated greater inotropic response to 

1
- than to 

2
-receptor 

stimulation.110 Endogenous norepinephrine produces inotropic 
responses in human atrial appendages and ventricular papillary muscle 
by 

1
-receptor stimulation, whereas epinephrine produces its maximal 

inotropic effects on the atria by 
2
-receptor stimulation and up to 50% 

of its maximal inotropic response in the ventricle by 
2
-receptor stim-

ulation.111,112 Sinus node, atrioventricular (AV) node, the left and right 
bundle branches, and the Purkinje system contain higher densities of 

2
 receptors.113 Clearly, both receptor subtypes have cardiac inotropic, 

chronotropic, and dromotropic properties.

2
-Adrenoceptors comprise 93% of the total population of  recep-

tors in arterioles and 100% of receptors in epicardium, vena cava, 
aorta, and pulmonary artery.112 

2
 receptors are found on the intimal 

surface of human internal mammary artery, but not on the saphenous 
vein,114 the two vessels most commonly used for coronary artery bypass 
graft surgery (CABG). 

2
-Stimulation results in vascular smooth mus-

cle relaxation and vasodilation.

1
-Receptor stimulation increases plasma renin production 

and aqueous humor production. 
2
-Receptor stimulation relaxes 

smooth muscle and produces bronchodilation and uterine relaxation. 

2
-Stimulation also increases insulin secretion, glycogenolysis, and 

lipolysis and shifts extracellular potassium to intracellular sites.

3
-Adrenoreceptors are found on visceral adipocytes, the  gallbladder, 

and colon. Stimulation of 
3
 receptors is thought to mediate lipolytic 

and thermic responses in brown and white adipose tissue.115

Physiologic Effects
Anti-ischemic Effects

-Blockade on the ischemic heart may result in a favorable shift in the 
O

2
 demand/supply ratio (see Table 10-1). The reductions in the force of 

contraction and HR reduce myocardial oxygen consumption and result 
in autoregulatory decreases in myocardial blood flow. Several stud-
ies have shown that blood flow to ischemic regions with propranolol 
is maintained; however, this is probably secondary to maintenance of 

-vasoconstrictor tone of epicardial vessels and of a pressure gradi-
ent to the vasodilated endocardial areas of ischemia.116,117 Reductions 
in blood flow in some patients with vasospastic angina may worsen 
with the administration of propranolol.118 Intracoronary infusion of 
propranolol does not worsen stenotic lesions and actually increases the 
luminal size of the stenosis at rest and during exercise.119

Antihypertensive Effects
The exact mechanisms involved in BP reduction are not clear. Both  

1
- and 

2
-receptor blockers inhibit myocardial contractility and 

reduce HR; both effects should reduce BP. No acute decrease in BP 
occurs during acute administration of propranolol.120 However, 
chronic BP reduction has been attributed to a chronic reduction in 
cardiac output (CO).121 Reductions in high levels of plasma renin have 
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been  suggested as effective therapy in controlling essential hyperten-
sion.122 However, the relation between renin levels and hypertension is 
not established, and the decrease in BP in patients has no relation to 
the change in renin levels.123,124 Stimulation of prejunctional  recep-
tors results in norepinephrine release from postganglionic sympathetic 
fibers and increases in vascular tone to most major organ systems.125 
Prejunctional -blockade reduces norepinephrine release, sympathetic 
nerve traffic, and vascular tone.125

Electrophysiologic Effects
Several -blockers have potent local anesthetic activity at greater 
serum levels because of sodium-channel–blocking activity and result 
in depression of phase 0 of the cardiac action potential.126 However, 

this membrane-stabilizing or quinidine-like effect is of question-
able clinical relevance because it is observed at concentrations far 
exceeding therapeutic levels.127 Generalized slowing of cardiac depo-
larization results from reducing the rate of diastolic depolarization 
(phase 4). Action potential duration (APD) and the QT interval may 
shorten with -adrenergic blockers.126 The ventricular fibrillation 
(VF) threshold is increased with -blockers.128 These antiarrhythmic 
actions of -blockers are enhanced in settings of catecholamine excess 
as in pheochromocytoma, acute MI, the perioperative period, and 
hyperthyroidism.
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BOX 10-3. ACC/AHA GUIDELINES FOR EARLY USE OF b-ADRENOCEPTOR BLOCKING AGENTS AFTER STEMI

Circulation 90

years, systolic blood pressure less than 120 mm Hg, sinus tachycardia greater than 110 bpm or heart rate less than 60 bpm, and increased time since onset of 

Early Therapy
Class I*
1. Oral 

for patients who do not have any of the following: 1) signs of 
* 

to 
 

of Evidence: B)

should be reevaluated for candidacy for 

Class IIa:
1. It is reasonable to administer an IV 

not have any of the following: 1) signs of heart failure, 2) evidence 
*

Class III
1. IV 

have any of the following: 1) signs of heart failure, 2) evidence 
*
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Metabolic Effects
Although 

2
-blockers are reported to reduce insulin release, the clinical 

significance of this reduction is questionable.129 Catecholamines, how-
ever, promote glycogenolysis and mobilization of glucose in response 
to hypoglycemia. In the diabetic patient, nonselective -blockade may 
impede this process, thereby worsening recovery from a hypoglyce-
mic episode. Also, the usual hypoglycemic symptoms of tachycardia 
and anxiety may be suppressed when taking -blockers, thus delay-
ing detection. In fact, bradycardia and hypertension have been docu-
mented as side effects of hypoglycemia in the diabetic patient receiving 
propranolol because of unopposed -receptor stimulation with cate-
cholamine release.130

Stimulation of 
2
-receptors increases the movement of potassium 

into skeletal muscle cells, reduces aldosterone secretion, and increases 
renal potassium loss, effects resulting in reduction of serum potassium. 

2
-Receptor blockers aid in the maintenance of serum potassium levels 

by blocking the adrenergic-stimulated movement of potassium intra-
cellularly.131 

2
-Receptor blockers may cause mild increases in serum 

potassium concentration, which may be significant in patients with 
renal insufficiency.132

Inhibition of catecholamine-stimulated lipolysis may occur with 
-blockers, which reduces the availability of free fatty acids to acti-

vate contracting muscle, such as the heart.133 -Adrenergic blockers 
produce increases in serum triglycerides, decreases in high-density 
lipoprotein cholesterol, and little change in low-density lipoprotein 
cholesterol. A proposed mechanism is an increase in the relative ratio 
of - to -activity receptors.134 Increases in -receptor activity result in 
increases in lipoprotein lipase and triglyceride levels.135 These effects 
on blood lipids are concerns for patients receiving chronic therapy. 
However, animal studies have shown that -blockers actually have a 
retarding effect on the development of atherosclerosis.136 -Blockers 
with ISA produce the smallest changes in the lipid profile.137

Intrinsic Sympathomimetic Activity
Several -blockers (acebutolol, carteolol, penbutolol, pindolol) have 
agonist and antagonist properties, and are characterized as hav-
ing ISA.138 These agents are actually agonists that elicit a submaxi-
mal response and block the effects of endogenous catecholamines 
in a competitive fashion.138 CO and HR are reduced less with ISA 

drugs.139 Peripheral blood flow also is reduced less, making ISA agents 
attractive in patients with peripheral vascular disease.140 ISA drugs 
also cause less bronchoconstriction and are advantageous in chronic 
obstructive pulmonary disease. Theoretically, differences in changes 
in -receptor density should differ with ISA. The effects of ISA drugs 
reduce -receptor density (similar to pure agonists), whereas non-
ISA agents increase -receptor density.141 Although controversial, ISA 
drugs appear to have a role in mortality reduction after MI, similar to 
non-ISA -blockers.142

General Pharmacology
Lipid-soluble -blockers (propranolol, labetalol, metoprolol) are well 
absorbed after oral administration and attain high concentrations in 
the brain.143 Lipid-soluble agents have a high incidence of central ner-
vous system (CNS) side effects, such as depression, sleep disturbances, 
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BOX 10-4. RECOMMENDATIONS FOR 
PERIOPERATIVE b-BLOCKER THERAPY

Class I
1.  

who are receiving  
 

Class IIa
1. 

recommended for patients undergoing vascular surgery who are 

Evidence: B)
2. 

reasonable for patients in whom preoperative assessment 

*

3. 
reasonable for patients in whom preoperative assessment 

* who are 

Class IIb

surgery in whom preoperative assessment identifies a single 
* 

* who are not 

Class III
1. 

who have absolute contraindications to 

2. Routine administration of high-dose 
of dose titration is not useful and may be harmful to patients 

of compensated or prior heart failure, history of cerebrovascular 
disease, diabetes mellitus, and renal insufficiency (defined in the 
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and impotence. First-pass hepatic metabolism after oral ingestion can 
be very high but varies from patient to patient and affects daily dos-
ing schedules.144 Cirrhosis, CHF, and cigarette smoking may reduce 
hepatic metabolism.145 Lipophilic agents are highly protein bound. 
The hepatic metabolism of lipophilic agents is independent of protein 
binding, which is different from most drugs in which hepatic metabo-
lism occurs only with the unbound drug.146

Lipid-insoluble or water-soluble agents (atenolol, nadolol, ace-
butolol, sotalol) are less well absorbed orally but are not hepatically 
metabolized. These drugs are almost entirely eliminated by renal excre-
tion and must be used with caution in renal insufficiency. The inci-
dence of CNS side effects is low because of lipid insolubility.

Pindolol and timolol have intermediate lipid solubility proper-
ties and are metabolized partially by the liver (50%) and excreted 
through the kidneys (50%). Acebutolol, which is water soluble, has 
an active metabolite, diacetolol, which is water soluble and excreted 
renally.147 The plasma elimination of acebutolol is more rapid than 
that of diacetolol. For further information on the available oral and 
IV -adrenergic blockers for treatment of myocardial ischemia, see 
Table 10-4. Additional -blockers with other indications, such as 
carvedilol (for CHF) and sotalol (for arrhythmias), are covered later 
in this chapter.

Pharmacology of Intravenous b-Adrenergic Blockers
Propranolol
Propranolol has an equal affinity for 

1
 and 

2
 receptors, lacks ISA, 

and has no -adrenergic receptor activity. It is the most lipid-soluble 
-blocker and generally has the most CNS adverse effects. First-

pass liver metabolism (90%) is very high, requiring much greater 
oral doses than IV doses for pharmacodynamic effect.148 Although 
propranolol has an active metabolite (4-hydroxypropranolol),  
the metabolite's half-life is much shorter and does not add to the 
clinical effect.149 Serum half-life of the drug after IV dosing is 3 to 
4 hours.150

Because of the high hepatic extraction of propranolol, factors that 
affect hepatic blood flow markedly affect propranolol plasma levels. 
Because propranolol reduces hepatic blood flow, it can reduce its own 
metabolism, as well as the metabolism of other drugs.151 This must 
be taken into consideration during anesthetic procedures in patients 
with liver disease, reduced CO states, and right ventricular (RV) heart 
failure (HF).

Propranolol serum levels of 100 ng/mL produce a maximum 
-blocking effect in relation to reducing exercise-induced tachycar-

dia.144 Propranolol still produces a 50% reduction of exercise-induced 
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tachycardia at serum levels of 12 ng/mL.152 Reductions in HR with pro-
pranolol occur at lower serum levels than depression of myocardial 
contractility.153 Accordingly, as drug levels decrease after discontinu-
ation of therapy, reductions in the chronotropic response last much 
longer than reductions in inotropy.153 This is an important concept in 
treating tachycardias in patients with significant ventricular dysfunc-
tion and CHF.

The usual IV dose of propranolol initially is 0.5 to 1.0  mg titrated 
to effect. A titrated dose resulting in maximum pharmacologic serum 
levels is 0.1 mg/kg. The use of continuous infusions of propranolol has 
been reported after noncardiac surgery in patients with cardiac dis-
ease.154 A continuous infusion of 1 to 3 mg/hr can prevent tachycardia 
and hypertension but must be used with caution because of the poten-
tial of cumulative effects.

Metoprolol
Metoprolol was the first clinically used cardioselective -blocker. Its 
affinity for 

1
 receptors is 30 times greater than its affinity for 

2
 recep-

tors, as demonstrated by radioligand binding.155 Metoprolol is lipid 
soluble, with 50% of the drug metabolized during first-pass hepatic 
metabolism and with only 3% excreted renally.156 Protein binding is 
less than 10%. Metoprolol's serum half-life is 3 to 4 hours. Because of 
its lipophilic properties, metoprolol has been shown in animal stud-
ies to diffuse into ischemic tissue better than atenolol, a hydrophilic 

-receptor blocker.155

As with any cardioselective -blocker, greater serum levels may 
result in greater incidence of 

2
-blocking effects. Metoprolol is admin-

istered intravenously in 1- to 2-mg doses, titrated to effect. The potency 
of metoprolol is approximately half that of propranolol. Maximum 

-blocker effect is achieved with 0.2 mg/kg intravenously.

Esmolol
Esmolol's chemical structure is similar to that of metoprolol and pro-
pranolol, except it has a methylester group in the para position of the 
phenyl ring, making it susceptible to rapid hydrolysis by red blood cell 
esterases (9-minute half-life).157 Esmolol is not metabolized by plasma 
cholinesterase. Hydrolysis results in an acid metabolite and methanol 
with clinically insignificant levels.158 Ninety percent of the drug is elim-
inated in the form of the acid metabolite, normally within 24 hours.158 
A loading dose of 500 g/kg given intravenously followed by a 50-to 
300- g/kg/min infusion will reach steady-state concentrations within 
5 minutes. Without the loading dose, steady-state concentrations are 
reached in 30 minutes.158

Esmolol is cardioselective, blocking primarily 
1
 receptors. It lacks 

ISA and membrane-stabilizing effects and is mildly lipid soluble. 
Esmolol produced significant reductions in BP, HR, and cardiac index 
after a loading dose of 500 g/kg and an infusion of 300 g/kg/min in 
patients with CAD, and the effects were completely reversed 30 min-
utes after discontinuation of the infusion.159 Initial therapy during 
anesthesia may require significant reductions in both the loading and 
infusion doses.

Hypotension is a common side effect of IV esmolol. The incidence 
of hypotension was greater with esmolol (36%) than with propra-
nolol (6%) at equal therapeutic end points.160 The cardioselective 
drugs may cause more hypotension because of 

1
-induced myocardial 

depression and the failure to block 
2
 peripheral vasodilation. Esmolol 

appears safe in patients with bronchospastic disease. In another com-
parative study with propranolol, esmolol and placebo did not change 
airway resistance, whereas 50% of patients treated with propranolol 
experienced development of clinically significant bronchospasm.161 
Phlebitis may occur at the site of IV administration after prolonged 
infusion.162

Esmolol inhibits human plasma cholinesterase during in vitro 
studies, in which clinically insignificant prolongation of duration 
of succinylcholine action by esmolol was reported.163 Digoxin lev-
els may increase slightly with concomitant esmolol administra-
tion.164 In addition, both esmolol and landiolol, a new short-acting 

1
-receptor blocker, also suppress the bispectral index during general 

anesthesia.165
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(Modified 
from Royster RL: Intraoperative administration of inotropes in cardiac 
surgery patients. J Cardiothorac Anesth 4:17, 1990.)

Modified from Lefkowitz RJ, Hoffman BB, Taylor P: Neurohumoral transmission: The 
autonomic and somatic motor nervous systems. In Gilman AG, Rall TW, Niew AS, 
Taylor P (eds): Goodman and Gilman's the pharmacological basis of therapeutics. 
New York: Pergamon Press, 1990, pp 84–121, by permission of McGraw-Hill 
Companies.

Physiologic Effects of b1- and b2-Receptor Stimulation

Physiologic Effect b
1
 Response b

2
 Response

Cardiac
 Increased heart rate ++ ++
 Increased contractility
  Atrium + ++
  Ventricle ++ ++
Increased automaticity and conduction velocity
 Nodal tissue ++ ++
 His-Purkinje ++ ++
Arterial relaxation
 Coronary ++
 Skeletal muscle ++
 Pulmonary +
 Abdominal +
 Renal + +
Venous relaxation ++
Smooth muscle relaxation
 Tracheal and bronchial +
 Gastrointestinal +
 Bladder +
 Uterus +
 Splenic capsule +
 Ciliary muscle +
Metabolic
 Renin release ++
 Lipolysis ++ +
 Insulin secretion +
 Glycogenolysis, gluconeogenesis ++
 Cellular K+ uptake +
 Antidiuretic hormone secretion (pituitary) +

TABLE 
10-3
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Labetalol
Labetalol is an equal mixture of four stereoisomers with varying  

- and -blocking properties. Labetalol provides selective 
1
-receptor 

blockade and nonselective 
1
- and 

2
-blockade. The potency of 

-adrenergic blockade is 5- to 10-fold greater than 
1
-adrenergic 

blockade.15,165 Labetalol has partial 
2
-agonist effects that promote 

vasodilation.166 Labetalol is moderately lipid soluble and is com-
pletely absorbed after oral administration.167 First-pass hepatic 
metabolism is significant with production of inactive metabolites.167 
Renal excretion of the unchanged drug is minimal. Elimination  
half-life is approximately 6 hours.167

In contrast with other -blockers, clinically, labetalol should be 
considered a peripheral vasodilator that does not cause a reflex 
tachycardia. BP and systolic vascular resistance decrease after an 
IV dose.168 Stroke volume (SV) and CO remain unchanged, with 
HR decreasing slightly.169 The reduction in BP is dose related, and 
acutely hypertensive patients usually respond within 3 to 5 minutes 
after a bolus dose of 100 to 250 g/kg.170 However, the more critically 
ill or anesthetized patients should have their BP titrated beginning 
with 5- to 10-mg IV increments. Reduction in BP may last as long as 
6 hours after IV dosing.

*Labetalol is a combined - and -blocker.
Adapted from Gibbons RJ, Chatterjee K, Daley J, Douglas JS: ACC/AHA/ACP-ASIM 

guidelines for the management of patients with chronic stable angina: A report of the 
American College of Cardiology/American Heart Association Task Force on Practice 
Guidelines (Committee on Management of Patients with Chronic Stable Angina).  
J Am Coll Cardiol 33:2092–2197, 1999; Table 25.

Properties of b-Blockers in Clinical Use

Drug Selectivity
Partial Agonist 
Activity Usual Dose for Angina

Propranolol None No 20–80 mg twice daily
Metoprolol

1
No 50–200 mg twice daily

Atenolol
1

No 50–200 mg/day
Nadolol None No 40–80 mg/day
Timolol None No 10 mg twice daily
Acebutolol

1
Yes 200–600 mg twice daily

Betaxolol
1

No 10–20 mg/day
Bisoprolol

1
No 10 mg/day

Esmolol 
(intravenous)

1
No 50–300 g  kg–1  min–1

Labetalol* None Yes 200–600 mg twice daily
Pindolol None Yes 2.5–7.5 mg 3 times daily

TABLE 
10-4
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Significant Adverse Effects
CHF can be precipitated by -adrenergic blockers, especially when 
other cardiac drugs with myocardial depressant properties are used, 
such as calcium blockers and disopyramide. -Blockers blunt the usual 
reflex in sympathetic activity with these other depressant agents.171 
Similarly, these effects are additive on the conduction system, and heart 
block can occur. Propranolol reduces the clearance of many drugs that 
depend on hepatic metabolism by reducing hepatic blood flow (e.g., 
lidocaine).172

2
-Blocker effects cause bronchospasm and peripheral vasoconstric-

tion, which can exacerbate symptoms in patients with chronic pulmo-
nary disease and peripheral vascular disease. Impotence is a problem 
in some patients. The lipophilic agents cause many CNS side effects 
such as depression, sleep disturbances, and fatigue. Hypoglycemia is a  
significant problem for patients with diabetes.

Sudden withdrawal of -adrenergic blockers can precipitate a state 
of enhanced adrenergic activity, resulting in tachycardia, hypertension, 
arrhythmias, myocardial ischemia, and infarction.173 Most studies indi-
cated that this period of hypersensitivity occurs from 2 to 6 days after 
withdrawal of  -blockade. This corresponds to an increase in human 
lymphocyte  receptors during this period. Continuing -receptor 
blockers before cardiac surgery results in a more stable anesthetic 
induction, intubation, and sternotomy sequence than performing anes-
thesia and surgery during a period of withdrawal hypersensitivity.83,174 
Furthermore, reinstitution of small doses of -adrenergic blockade 
after cardiac surgery smooths the postoperative course and reduces the 
incidence of tachyarrhythmias.175

Summary
-Adrenergic blockers are first-line agents in the treatment of myo-

cardial ischemia. These agents effectively reduce myocardial work and 
oxygen demand. There is growing evidence that -adrenergic–blocking 
agents may play a significant role in reducing perioperative cardiac 
morbidity and mortality in noncardiac surgery.176

 Calcium Channel Blockers
Calcium channel blockers reduce myocardial oxygen demands by 
depression of contractility, HR, and/or decreased arterial BP.177 
Myocardial oxygen supply may be improved by dilation of coronary 
and collateral vessels. Calcium channel blockers are used primarily for 
symptom control in patients with stable angina pectoris. In an acute 
ischemic situation, calcium channel blockers (verapamil and diltiazem) 
may be used for rate control in situations when -blockers cannot be 
used. The most important effects of calcium channel blockers, how-
ever, may be the treatment of variant angina. These drugs can attenuate 
ergonovine-induced coronary vasoconstriction in patients with vari-
ant angina, suggesting protection via coronary dilation.178 Most epi-
sodes of silent myocardial ischemia, which may account for 70% of 
all transient ischemic episodes, are not related to increases in myocar-
dial oxygen demands (HR and BP) but, rather, intermittent obstruc-
tion of coronary flow likely caused by coronary vasoconstriction or 
spasm.179 All calcium channel blockers are effective at reversing coro-
nary spasm, reducing ischemic episodes, and reducing NTG consump-
tion in patients with variant or Prinzmetal's angina.180 Combinations 
of NTG and calcium channel blockers, which also effectively relieve 
and possibly prevent coronary spasm, are currently rational therapy 
for variant angina. -Blockers may aggravate anginal episodes in some 
patients with vasospastic angina and should be used with caution.181 
Preservation of CBF with calcium channel blockers is a significant 
difference from the predominant -blocker anti-ischemic effects of 
reducing myocardial oxygen consumption.

Calcium channel blockers have proved effective in controlled trials of 
stable angina.182–185 However, rapid-acting dihydropyridines such as nife-
dipine may cause a reflex tachycardia, especially during initial therapy, 
and exacerbate anginal symptoms. Such proischemic effects probably 

explain why the short-acting dihydropyridine nifedipine in high doses 
produced adverse effects in patients with unstable angina. The intro-
duction of long-acting dihydropyridines such as extended-release nife-
dipine, amlodipine, felodipine, isradipine, nicardipine, and nisoldipine 
has led to fewer adverse events. These agents should be used in com-
bination with -blockers. Some patients may have symptomatic relief 
improved more with calcium channel blockers than with -blocker ther-
apy, although currently it is difficult to predict which patients respond 
better by other than empiric observation.

The causes of unstable angina may involve coronary vasospasm, 
accelerated atherosclerotic process, or enhanced platelet aggregation 
with fibrin clot formation. Calcium channel blockers have favorable 
effects in all three of the processes and are effective in the relief of 
symptoms of unstable angina.186 There are no significant clinical differ-
ences in the response of patients with unstable angina to -adrenergic 
blockers and calcium channel blockers.187

Calcium Channel
Calcium channels are functional pores in membranes through which 
calcium flows down an electrochemical gradient when the channels are 
open. Calcium channels exist in cardiac muscle, smooth muscle, and 
probably many other cellular membranes. These channels also are pres-
ent in cellular organelle membranes such as the sarcoplasmic reticu-
lum (SR) and mitochondria. Calcium functions as a primary generator 
of the cardiac action potential and an intracellular second messenger to 
regulate various intracellular events.188

Calcium enters cellular membranes through voltage-dependent 
channels or receptor-operated channels. The voltage-dependent chan-
nels depend on a transmembrane potential for activation (opening). 
Receptor-operated channels either are linked to a voltage-dependent 
channel after receptor stimulation or directly allow calcium passage 
through cell or organelle membranes independent of transmembrane 
potentials.

There are three types of voltage-dependent channels: the T (tran-
sient), L (long-lasting), and N (neuronal) channels.189 The T and  
L channels are located in cardiac and smooth muscle tissue, whereas 
the N channels are located only in neural tissue. The T channel is acti-
vated at low voltages (−50 mV) in cardiac tissue, plays a major role in 
cardiac depolarization (phase 0), and is not blocked by calcium antag-
onists.190,191 The L channels are the classic “slow” channels, are acti-
vated at greater voltages (−30 mV), and are responsible for phase 2 of 
the cardiac action potential. These channels are blocked by calcium 
antagonists.190,191

As mentioned previously, receptor-operated channels regulate  
calcium entry through voltage-regulated channels or through chan-
nels regulated by the receptor system per se. The -adrenergic receptor  
operates an L-type voltage-dependent channel, which is activated 
by phosphorylation of a protein kinase by cAMP generated by the 

-adrenergic receptor.191 
1
-Receptor stimulation activates a G pro-

tein, which causes phospholipase C to hydrolyze phosphatidylinosi-
tol diphosphate to diacylglycerol (DAG) and inositol triphosphate 
(IP

3
).192 DAG activates protein kinase C that likely phosphorylates an 

L-type channel allowing calcium entry, whereas IP
3
 is a second mes-

senger that interacts with the SR and directly promotes calcium release 
from the SR through an intracellular calcium channel.193 A receptor- 
operated channel also may increase calcium entry stimulated directly 
by a G protein. Both 

2
-receptor and -receptor stimulation may 

activate G-protein–regulated channels, which are not voltage depen-
dent194,195 (see Chapters 7 and 9).

Calcium channel blockers interact with the L-type calcium channel 
and are composed of drugs from four different classes: (1) the 1,4-dihy-
dropyridine (DHP) derivatives (nifedipine, nimodipine, nicardipine, 
isradipine, amlodipine, and felodipine); (2) the phenylalkyl-amines, 
(verapamil); (3) the benzothiazepines (diltiazem); and (4) a dia-
rylaminopropylamine ether (bepridil).15 The L-type calcium channel  
has specific receptors, which bind to each of the different chemical 
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classes of calcium channel blockers.196 The binding to calcium blocker 
receptors by dihydropyridine derivatives (nifedipine) is voltage depen-
dent.197 Calcium channels transform from a closed resting form that 
can potentially open, to an activated open form, to an inactive confor-
mation that cannot open, and finally back to the closed resting form. 
Nifedipine binds preferentially to the inactive receptor that has just 
recently undergone activation and cannot open. Nifedipine essentially 
acts as a plug to block the channel. Verapamil binds to the L-type chan-
nel preferentially when it is active or open.198 The greater the period 
of activation of the channel, the more effective is the blockade (use 
dependent). Any repetitive activity, such as cardiac pacemaker activity, 
is sensitive to use-dependent agents.

Physiologic Effects
Hemodynamic Effects
Systemic hemodynamic effects of calcium channel blockers in vivo 
represent a complex interaction among myocardial depression, vaso-
dilation, and reflex activation of the autonomic nervous system 
(Table 10-5).

Nifedipine, like all dihydropyridines, is a potent arterial dilator with 
few venodilating effects.199 Reflex activation of the sympathetic ner-
vous system (SNS) may increase HR. The intrinsic negative inotropic 
effect of nifedipine is offset by potent arterial dilation, which results 
in decline of BP and increase in CO in patients.200 Dihydropyridines 
are excellent antihypertensive agents because of their arterial vasodi-
latory effects. Antianginal effects result from reduced myocardial oxy-
gen requirements secondary to the afterload-reducing effect and to 
coronary vascular dilation, resulting in improved myocardial oxygen 
delivery.

Verapamil is a less potent arterial dilator than the dihydropyridines 
and results in less reflex sympathetic activation. In vivo, verapamil 
generally results in moderate vasodilation without significant change 
in HR, CO, or SV201 (Table 10-6). IV administration of verapamil in 
the catheterization laboratory causes increases in RV pressure and 
LVEDP, decreases in SVR, improvement in ejection fraction (EF), and 
little change in PAPs.202 Verapamil can significantly depress myocardial 
function in patients with preexisting ventricular dysfunction.203

Diltiazem is a less potent vasodilator and has fewer negative inotropic 
effects compared with verapamil. Studies in patients show reductions 
in SVR and BPs, with increases in CO, PAWP, and EF204 (Figure 10-14). 
Diltiazem attenuates baroreflex increases in HR secondary to NTG and 
decreases in HR secondary to phenylephrine.205 Regional blood flow to 
the brain and kidney increases, whereas skeletal muscle flow does not 
change.206 In contrast with verapamil, diltiazem is not as likely to aggra-
vate CHF, although it should be used carefully in these patients.207

Coronary Blood Flow
Coronary artery dilation occurs with the calcium channel blockers with 
increases in total CBF (Figure 10-15). Nifedipine is the most potent 
coronary vasodilator, especially in epicardial vessels, which are prone to 

coronary vasospasm. Diltiazem is effective in blocking coronary artery 
vasoconstriction caused by a variety of agents, including -agonists, 
serotonin, prostaglandin, and acetylcholine.178,208,209

Calcium channel blockers also may dilate the coronary artery at the 
stenotic site, thus reducing the pressure gradient across the coronary 
lesion.178 Diltiazem preferentially dilates coronary arteries compared 
with other peripheral vessels.210 Animal studies demonstrate that nife-
dipine, verapamil, and diltiazem increase coronary collateral flow distal 
to coronary ligation in animals and improve subendocardial flow rela-
tive to subepicardial flow211–214 (Figure 10-16).

From Eisenberg MJ, Brox A, Bestawros AN: Calcium channel blockers: An update. Am J 
Med 116:35–43, 2004.

Calcium Channel Blocker Vasodilator Potency and 
Inotropic, Chronotropic, and Dromotropic Effects on 
the Heart

Characteristics Amlodipine Diltiazem Nifedipine Verapamil

Heart rate /0 /0
Sinoatrial node 

conduction
0 0

Atrioventricular node 
conduction

0 0

Myocardial 
contractility

0 /0

Neurohormonal 
activation

/0

Vascular dilatation
Coronary flow

TABLE 
10-5

*Values are mean ± standard deviation.
NS, not significant.
Reproduced from Ferlinz J, Easthope JL, Aronow WS: Effects of verapamil on myocardial 

performance in coronary disease. Circulation 59:313, 1979, by permission. copyright 
1979 American Heart Association.

Hemodynamic Effects of Intravenous Administration 
of Verapamil in 20 Patients with Coronary Artery 
Disease

Characteristics Before Verapamil* After Verapamil* Significance (P)

Heart rate  
(beats/min)

74 ± 12 75 ± 12 NS

Mean arterial 
pressure  
(mm Hg)

94 ± 17 82 ± 13 <0.0005

Right ventricular 
end-diastolic 
pressure  
(mm Hg)

4 ± 2 7 ± 2 <0.0005

Left ventricular 
end-diastolic 
pressure  
(mm Hg)

12 ± 4 14 ± 4 <0.25

Cardiac index  
(L/min/m2)

2.8 ± 0.6 3.1 ± 0.7 <0.0005

Stroke volume  
index (mL/m2)

57 ± 12 63 ± 13 <0.025

Systemic vascular 
resistance (dyne  
sec  cm–5)

1413 ± 429 1069 ± 235 <0.0005

Ejection  
fraction (%)

55 ± 16 61 ± 18 <0.01

TABLE 
10-6
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Electrophysiologic Effects
Calcium channel blockers exert their primary electrophysiologic 
effects on tissue of the conducting system that is dependent on calcium 
for generation of the action potential, primarily at the sinoatrial (SA) 
and AV nodes. They do not alter the effective refractory period (ERP) 
of atrial, ventricular, or His-Purkinje tissue. Diltiazem and verapamil 
exert these electrophysiologic effects in vivo and in vitro, whereas the 

electrophysiologic depression of dihydropyridines (nifedipine) is com-
pletely attenuated by reflex sympathetic activation. Nifedipine actually 
can enhance SA and AV node conduction, whereas verapamil and dil-
tiazem slow conduction velocity and prolong refractoriness of nodal 
tissue.215–217

Atherosclerosis
Calcium is involved in the generation of atherosclerotic plaque and in 
damaged atherosclerotic tissue (calcification).218 Verapamil and nife-
dipine have been found to have antiatherogenic effects.218 Nifedipine 
has been shown to retard angiographic progression of CAD in 
humans.219 Diltiazem also may reduce atherosclerotic progression 
after heart transplantation.220 Diltiazem suppresses aortic atheroscle-
rosis, but not that of coronary arteries, inhibits spontaneous calcino-
sis in hypertensive rats, and prevents vitamin D–induced calcinosis in 
arterial elastic tissue.221–223 Diltiazem also suppresses necrosis of aortic 
smooth muscle cells by hyperlipidemia serum224 and intimal thicken-
ing in rabbit carotid arteries.225

Platelet Aggregation
Calcium antagonists, nitrates, and -adrenergic blockers all inhibit 
platelet aggregation. This could be a most important effect of all anti-
ischemic drugs, especially in the treatment of chronic disease. Calcium 
is a mediator involved in the release of platelet aggregatory factors, 
such as ADP, and verapamil inhibits calcium-induced release of these 
factors.226 Diltiazem inhibition of platelet aggregation correlates with 
changes in intracellular calcium levels.227 In vivo, diltiazem inhibits 
platelet aggregation after 24 hours in healthy volunteers.228 Similar 
antiaggregatory effects of diltiazem were seen in patients with unstable 
angina, but no inhibitory effect of platelet aggregation was found with 
verapamil. Diltiazem metabolites are even more effective in inhibiting 
platelet aggregation than diltiazem.229

Metabolic Effects
Nifedipine may be associated with decreases in serum glucose levels in 
patients with diabetes, but glucose levels in healthy volunteers gener-
ally increase slightly with nifedipine and in hypertensive patients with 
diltiazem.230,231 Diltiazem reportedly has no effect on insulin, glucagon, 
growth hormone, or cortisol levels.232,233 However, nifedipine appar-
ently delays insulin release in patients with diabetes.233

Pharmacology
Table 10-7 illustrates pharmacokinetic parameters for the U.S. Food 
and Drug Administration–approved anti-ischemic calcium channel 
blockers.

Nifedipine
Nifedipine was the first dihydropyridine derivative to be used clinically. 
Other dihydropyridines available for clinical use include nicardipine, 
isradipine, amlodipine, felodipine, and nimodipine.234 In contrast with 
the other calcium channel blockers, nimodipine is highly lipid solu-
ble and penetrates the blood–brain barrier. It is indicated for vascular 
spasm after intracerebral bleeding.

Nifedipine's oral bioavailability is approximately 70%, with peak 
plasma levels occurring within 30 to 45 minutes. Protein binding is 
95%, and elimination half-life is approximately 5 hours. Nifedipine 
is available for oral administration in capsular form. The compound 
degenerates in the presence of light and moisture, preventing commer-
cially available IV preparations. Puncture of the capsule and sublingual 
administration provide an onset of effects in 2 to 3 minutes. Nifedipine 
GITS (GastroIntestinal Therapeutic System, Procardia XL), a long-
acting, controlled-release delivery system, is available for single daily 
dosing and is now the preferred preparation. It has an onset of action of 
20 minutes, with steady-state plasma levels being reached in 48 hours.

Nicardipine
Nicardipine is a dihydropyridine agent with a longer half-life than nife-
dipine and with vascular selectivity for coronary and cerebrovascular 
beds. Nicardipine may be the most potent overall relaxant of vascular 
smooth muscle among the dihydropyridines.235 Peak plasma levels are 
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reached 1 hour after oral administration, with bioavailability of 35%.236 
Plasma half-life is approximately 8 to 9 hours. Although the drug 
undergoes extensive hepatic metabolism with less than 1% of the drug 
excreted renally, greater renal elimination occurs in some patients.237 
Plasma levels may increase in patients with renal failure; reduction of 
the dose is recommended in these patients.236

Nicardipine is a potent cerebrovascular vasodilator and may prevent 
ischemia-related neuronal necrosis in animal studies.238,239 Marked 
improvements in CBF occur with nicardipine.240 Although coronary 
vasodilation is one explanation, positive inotropic effects with either 
PDE activity or calcium channel agonist (as well as antagonist) activ-
ity resulting in autoregulatory increases in blood flow may be an addi-
tional mechanism.241

Verapamil
The structure of verapamil is similar to that of papaverine. Verapamil 
exhibits significant first-pass hepatic metabolism, with a bioavailability 
of only 10% to 20%.242 One hepatic metabolite, norverapamil, is active 
and has a potency approximately 20% of that of verapamil.242 Peak 
plasma levels are reached within 30 minutes. Bioavailability markedly 
increases in hepatic insufficiency, mandating reduced doses. 242 IV vera-
pamil achieves hemodynamic and dromotropic effects within min-
utes, peaking at 15 minutes and lasting up to 6 hours. Accumulation 
of the drug occurs with prolonged half-life during long-term oral 
administration.243

Verapamil's metabolism is dependent on hepatic blood flow and may 
decrease in the presence of H

2
-receptor blockers. Increased metabolism 

may occur when hepatic enzyme-inducible agents like phenobarbital 
are given concomitantly. Seventy percent of verapamil's metabolites 
are recovered in the urine and 15% in feces.

Diltiazem
After oral dosing, the bioavailability of diltiazem is greater than vera-
pamil's, varying between 25% and 50%.244 Peak plasma concentration 
is achieved between 30 and 60 minutes, and elimination half-life is 
2 to 6 hours.244 Protein binding is approximately 80%. As with vera-
pamil, hepatic clearance is flow dependent and major hepatic metab-
olism occurs, with metabolites having 40% of the clinical activity of 
diltiazem.245,246 Hepatic disease may require decreased dosing, whereas 
renal failure does not affect dosing.247

Significant Adverse Effects
Most significant adverse hemodynamic effects can be predicted from 
the calcium channel blockers' primary effects of vasodilation, and  
negative inotropy, chronotropy, and dromotropy. Hypotension, HF, 
bradycardia and asystole, and AV nodal block have occurred with  

calcium channel blockers.248 These side effects are more likely to occur 
with combination therapy with -blockers or digoxin, in the presence 
of hypokalemia.248

Verapamil increases digoxin levels, whereas diltiazem has variable 
effects and nifedipine no effect on digoxin levels.249–251 Cimetidine 
and ranitidine increase calcium blockers' serum levels either by liver 
enzyme induction or reductions of hepatic blood flow.252 The physi-
ologic effects of calcium blockers may be additive to those of anes-
thetic agents in animal studies, but clinically significant effects are 
variable.253,254 The cautious use of IV verapamil with a -adrenergic 
receptor antagonist is necessary because of the increased risk for AV 
block or severe myocardial depression.

Paradoxic aggravation of myocardial ischemia may be seen with the 
short-acting dihydropyridines (nifedipine).255 This may be secondary 
to decreased CPP with associated hypotension, selective vasodilation in 
the nonischemic region (coronary steal), or increased oxygen demand 
as a result of reflex sympathetic stimulation and tachycardia.

Case reports of a withdrawal syndrome similar to -blocker with-
drawal have been presented. Five of 143 patients had significant 
ST-segment changes after diltiazem or verapamil withdrawal.256 MI and 
coronary spasm have been reported after diltiazem withdrawal.257,258 
One study comparing propranolol with verapamil withdrawal in 
patients with stable angina found that 2 of 20 patients had severe exac-
erbation of their angina with propranolol withdrawal, and no patients 
had hemodynamic or symptomatic evidence of a withdrawal phenom-
enon with verapamil.259

Summary
Calcium antagonists provide excellent symptom control in patients 
with unstable angina. In the absence of -adrenergic blockade, the 
short-acting dihydropyridine nifedipine may increase the risk for 
MI or recurrent angina. When -adrenergic blockers cannot be used, 
and HR slowing is indicated, verapamil and diltiazem may offer an 
alternative.

Drug Therapy for Systemic  
Hypertension

Systemic hypertension, long recognized as a leading cause of cardiovas-
cular morbidity and mortality, accounts for enormous health-related 
expenditures. Nearly a fourth of the U.S. population has hypertensive 
vascular disease; however, 30% of these individuals are unaware of their 
condition, and another 30% to 50% are inadequately treated.260,261 On a 
worldwide basis, nearly 1 billion individuals are hypertensive.262 Based 

From Gibbons RJ, Chatterjee K, Daley J, Douglas JS: ACC/AHA/ACP-ASIM guidelines for the management of patients with chronic stable angina: A report of the American College of 
Cardiology/American Heart Association Task Force on Practice Guidelines (Committee on Management of Patients with Chronic Stable Angina). J Am Coll Cardiol 33:2092–2197, 
1999; Table 27.

Properties of Calcium Antagonists in Clinical Use

Drug Usual Dose Duration of Action Side Effects

Dihydropyridines
Nifedipine Immediate release: 30–90 mg daily orally

Slow release: 30–180 mg orally
Short Hypotension, dizziness, flushing, nausea,  

constipation, edema
Amlodipine 5–10 mg once daily Long Headache, edema
Felodipine 5–10 mg once daily Long Headache, edema
Isradipine 2.5–10 mg twice daily Medium Headache, fatigue
Nicardipine 20–40 mg 3 times daily Short Headache, dizziness, flushing, edema
Nisoldipine 20–40 mg once daily Short Similar to nifedipine
Nitrendipine 20 mg once or twice daily Medium Similar to nifedipine
Miscellaneous
Bepridil 200–400 mg once daily Long Arrhythmias, dizziness, nausea
Diltiazem Immediate release: 30–80 mg 4 times daily

Slow release: 120–320 mg once daily
Short
Long

Hypotension, dizziness, flushing, bradycardia,  
edema

Verapamil Immediate release: 80–160 mg 3 times daily
Slow release: 120–480 mg once daily

Short
Long

Hypotension, myocardial depression, heart failure,  
edema, bradycardia

TABLE 
10-7
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on data from the Framingham Heart Study, normotensive patients at 
age 55 can expect a 90% lifetime risk for subsequent development of 
hypertension.263 Furthermore, hypertension management comprises 
the most common reason underlying adult visits to primary care phy-
sicians, and antihypertensive drugs are the most prescribed medication 
class.264

Despite the asymptomatic nature of hypertensive disease, with 
symptom onset delayed 20 to 30 years after development of systemic 
hypertension, substantial incontrovertible evidence demonstrates 
a direct association between systemic hypertension and increased 
morbidity and mortality. The World Health Organization estimates 
that hypertension underlies one in eight deaths worldwide, making 
elevated BP the third leading cause of mortality.262 In fact, hypertension 
accounts for the single most treatable risk factor for MI, stroke, 
peripheral vascular disease, CHF, renal failure, and aortic dissection.260 
In prospective randomized trials, over the course of adult lifetimes, 
successful treatment of hypertension has been associated with 
35% to 40% reductions in the incidence of stroke, 50% reductions 
in CHF, and 25% reductions in MIs.260,262 Improved treatment of 
hypertension has been credited with the major reductions in stroke 
and cardiovascular mortality occurring since the 1970s in the United 
States.

Pathophysiologic mechanisms underlying predisposition to hyper-
tension remain, for the most part, unclear. Undoubtedly, both genetic 
and environmental factors play contributory roles.265 Concordance for 
hypertension is greater between monozygotic or dizygotic twins, and 
even siblings within a single family, than that observed between unre-
lated individuals, supporting a genetic component. However, by some 
estimates, genetic predeterminants account for only 30% to 40% of 
hypertensive disease.265 As for environmental factors, a direct associa-
tion between body mass index and hypertension has been reported, 
and dietary sodium intake is associated with long-term risk for devel-
opment of hypertension.266,267

In most cases, no single reversible mechanism underlying systemic 
hypertensive disease can be identified—the so-called primary or essential 
hypertension. In a small subset, perhaps 5% of hypertensive patients, 
a distinct causative factor promoting systemic hypertension is identified. 
The most common causative factor underlying secondary hypertension 
is renal insufficiency. Other less common mechanisms include 
pheochromocytoma, renal artery stenosis, and hypertension resulting 
from adrenal cortical abnormalities such as primary aldosteronism 
or Cushing syndrome. Diagnostic clues suggestive of secondary 
hypertension include hypertensive disease refractory to medical therapy, 
unusually abrupt onset with severe associated symptoms, or occurrence 
of hypertension at a particularly young age.

Definitions for hypertension are somewhat arbitrary, although 
derived from clinical trials suggesting systemic pressures at which the 
benefits of treatment outweigh the risk for adverse effects related to 
antihypertensive therapy. BP varies with normal distribution across the 
population at large, and aging is associated with progressive increases 
in systolic pressure. After 50 years of age, reductions in diastolic pres-
sure are commonly observed, resulting in widening of pulse pressure 
with age. Published evidence suggests that systolic and pulse pres-
sures are better predictors for morbidity and mortality than diastolic 
pressure.264 Most recently, the Seventh Report of the Joint National 
Committee on Prevention, Detection, Evaluation, and Treatment of 
High Blood Pressure (JNC-7 Report) defined systolic BPs (Table 10-8) 
exceeding 140 mm Hg and diastolic BPs exceeding 90 mm Hg as stage 
1 hypertension. BPs less than 120/80 mm Hg were defined as normal, 
and those in between as consistent with “prehypertension.”260

Although antihypertensive drug therapy is widely regarded as essen-
tial for BPs greater than 140/90 mm Hg, recent evidence suggests ben-
efits to more aggressive BP reduction for certain patient subsets. The 
association between systemic BP and cardiovascular risk has been 
described as a “J-curve,” with progressive cardiovascular risk reduc-
tions accompanying BP reductions until a critical threshold—after 
which the potential for myocardial ischemia and/or other organ injury 
increases.268

Risk for cardiovascular disease appears to increase at BPs greater 
than 115/75 mm Hg, with a doubling in risk associated with each 
20/10-mm Hg increment in systemic pressure.260 Thus, the most recent 
JNC-7 report recommends drug therapy for “prehypertensive” disease 
in patients with “compelling indications” such as chronic renal disease 
or diabetes. Antihypertensive therapy generally is targeted to achieve 
systemic BPs less than 140/90 mm Hg; however, for high-risk patients 
such as those with diabetes, renal, or cardiovascular disease, lower BP 
targets are suggested, typically more than 130/80 mm Hg.260

Medical Treatment for Hypertension
Currently, nearly 80 distinct medications are marketed for treatment 
of hypertension264 (Table 10-9). Often, combined therapy with two or 
more classes of antihypertensive medications may be needed to achieve 
treatment goals269 (Table 10-10). Although the specific drug selected 
for initial therapy now has been deemed less important than in the 
past, recognition that specific antihypertensive drug classes alleviate 
end-organ damage, beyond that simply associated with reductions 
in systemic BP, has led to targeted selection of antihypertensive drug 
combinations on the basis of coexisting risk factors such as recent MI, 
chronic renal insufficiency, or diabetes.

*Treatment determined by highest blood pressure (BP) category.
†Treat patients with chronic kidney disease or diabetes to BP goal or <130/80 mm Hg.
‡Initial combination therapy should be used cautiously in those at risk for orthostatic hypotension.
ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blocker; CCB, calcium channel blocker.
Reproduced from Chobanian AV, Bakris, GL, Black HR, et al: Seventh report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure: 

The JNC7 Report. JAMA 289:2560–2572, 2003, by permission.

Classification and Management of Blood Pressure for Adults Age 18 Years or Older

   Management*

Initial Drug Therapy

BP Classification Systolic BP* 
(mm Hg)

Diastolic BP* 
(mm Hg)

Lifestyle 
Modification

Without Compelling Indication With Compelling Indication

Normal < 120 and < 80 Encourage
Prehypertension 120–139 or 80–89 Yes No antihypertensive drug indicated Drugs(s) for the compelling indications†

Stage 1 
hypertension

140–159 or 90–99 Yes Thiazide-type diuretics for most; may 
consider ACE inhibitor, ARB, -blocker, 
CCB, or combination

Drug(s) for the compelling indications
Other antihypertensive drugs (diuretics, 

ACE inhibitor, ARB, -blocker, CCB) 
as needed

Stage 2 
hypertension

160 or 100 Yes Two-drug combination for most (usually 
thiazide-type diuretic and ACE inhibitor 
or ARB or -blocker or CCB)‡

Drug(s) for the compelling indications
Other antihypertensive drugs (diuretics, 

ACE inhibitor, ARB, -blocker, CCB) 
as needed

TABLE 
10-8
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Oral Antihypertensive Drugs

Class Drug (Trade Name) Usual Dosage Range (mg/day) Usual Daily Frequency*

Thiazide diuretics Chlorothiazide (Diuril) 125–500 1–2
Chlorthalidone (generic) 12.5–25 1
Hydrochlorothiazide  

(Microzide, HydroDIURIL†)
12.5–50 1

Polythiazide (Renese) 2–4 1
Indapamide (Lozol†) 1.25–2.5 1
Metolazone (Mykrox) 0.5–1.0 1
Metolazone (Zaroxolyn) 2.5–5 1

Loop diuretics Bumetanide (Bumex†) 0.5–2 2
Furosemide (Lasix†) 20–80 2
Torsemide (Demadex†) 2.5–10 1

Potassium-sparing diuretics Amiloride (Midamor†) 5–10 1–2
Triamterene (Dyrenium) 50–100 1–2

Aldosterone receptor blockers Eplerenone (Inspra) 50–100 1
Spironolactone (Aldactone†) 25–50 1

-Blockers Atenolol (Tenormin†) 25–100 1
Betaxolol (Kerlone†) 5–20 1
Bisoprolol (Zebeta†) 2.5–10 1
Metoprolol (Lopressor†) 50–100 1–2
Metoprolol extended release  

(Toprol XL)
50–100 1

Nadolol (Corgard†) 40–120 1
Propranolol (Inderal†) 40–160 2
Propranolol long-acting  

(Inderal LA†)
60–180 1

Timolol (Blocadren†) 20–40 2
-Blockers with intrinsic  
sympathomimetic activity

Acebutolol (Sectral†) 200–800 2

Penbutolol (Levatol) 10–40 1
Pindolol (generic) 10–40 2

Combined -blockers and -blockers Carvedilol (Coreg) 12.5–50 2
Labetalol (Normodyne, Trandate†) 200–800 2

ACEIs Benazepril (Lotensin†) 10–40 1
Captopril (Capoten†) 25–100 2
Enalapril (Vasotec†) 5–40 1–2
Fosinopril (Monopril) 10–40 1
Lisinopril (Prinivil, Zestril†) 10–40 1
Moexipril (Univasc) 7.5–30 1
Perindopril (Aceon) 4–8 1
Quinapril (Accupril) 10–80 1
Ramipril (Altace) 2.5–20 1
Trandolapril (Mavik) 1–4 1

Angiotensin II antagonists Candesartan (Atacand) 8–32 1
Eprosartan (Teveten) 400–800 1–2
Irbesartan (Avapro) 150–300 1
Losartan (Cozaar) 25–100 1–2
Olmesartan (Benicar) 20–40 1
Telmisartan (Micardis) 20–80 1
Valsartan (Diovan) 80–320 1–2

CCBs-Nondihydropyridines Diltiazem extended release  
(Cardizem CD, Dilacor XR, Tiazac†)

180–420 1

Diltiazem extended release (Cardizem LA) 120–540 1
Verapamil immediate release (Calan, Isoptin†) 80–320 2
Verapamil long-acting (Calan SR, Isoptin SR†) 120–480 1–2
Verapamil (Coer, Covera HS, Verelan PM) 120–360 1

CCBs-Dihydropyridines Amlodipine (Norvasc) 2.5–10 1
Felodipine (Plendil) 2.5–20 1
Isradipine (Cynacirc CR) 2.5–10 2
Nicardipine sustained release (Cardene SR) 60–120 2
Nifedipine long-acting  

(Adalat CC, Procardia XL)
30–60 1

Nisoldipine (Sular) 10–40 1

1
-Blockers Doxazosin (Cardura) 1–16 1

Prazosin (Minipress†) 2–20 2–3
Terazosin (Hytrin) 1–20 1–2

TABLE 
10-9
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Diuretics
Thiazide diuretic therapy comprises the cornerstone of most anti-
hypertensive regimens.270,271 Three classes of diuretics have proved 
efficacious in reducing systemic BP—the thiazide and related sulfon-
amide compounds, loop diuretics, and potassium-sparing agents. All 
classes of diuretics initially reduce BP by increasing urinary excretion 
of sodium, with resultant reductions in plasma volume and CO; how-
ever, over a period of 6 to 8 weeks, diuretic therapy leads to reductions 
in SVR—hypothesized to relate to activation of vascular endothelial 
potassium channels.

Thiazide diuretics remain the first-choice medical therapy for the 
majority of patients with hypertension.272 Although the natriuretic 
effect achieved by blockade of sodium and chloride transport in the 
distal convoluted tubule is relatively weak, thiazide diuretics generally 
produce 10-mm Hg reductions in BP and have proved efficacious in 
numerous randomized trials to reduce morbidity and mortality related 
to hypertensive vascular disease.264,269

Loop diuretics, the most potent natriuretics of this class, block 
sodium, potassium, and chloride transport in the thick ascending loop 
of Henle. The loop diuretics typically are reserved for patients with 

*In some patients treated once daily, the antihypertensive effect may diminish toward the end of the dosing interval (trough effect). Blood pressure (BP) should be measured just before 
dosing to determine whether satisfactory BP control is obtained. Accordingly, an increase in dosage or frequency may need to be considered. These dosages may vary from those listed 
in the Physician's Desk Reference, 51st ed.

†Available now or soon to become available in generic preparations.
CCB, calcium channel blocker.
Reproduced from Chobanian AV, Bakris GL, Black HR, et al: Seventh report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. 

Hypertension 42:1206–1252, 2003, by permission.

Class Drug (Trade Name) Usual Dosage Range (mg/day) Usual Daily Frequency*

Central 
2
-agonists and other centrally 

acting drugs
Clonidine (Catapres†) 0.1–0.8 2

Clonidine patch (Catapres-TTS) 0.1–0.3 1 weekly
Methyldopa (Aldomet†) 250–1000 2
Reserpine (generic) 0.1–0.25 1
Guanfacine (Tenex†) 0.5–2 1

Direct vasodilators Hydralazine (Apresoline†) 25–100 2
Minoxidil (Loniten†) 2.5–80 1–2

Oral Antihypertensive Drugs—Cont'd
TABLE 
10-9

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin-receptor blocker; BB, -blocker; CCB, calcium channel blocker.
*Some drug combinations are available in multiple fixed doses. Each drug dose is reported in milligrams.
Reproduced from Chobanian AV, Bakris GL, Black HR, et al: Seventh report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. 

Hypertension 42:1206–1252, 2003, by permission.

Combination Drugs for Hypertension

Combination Type Fixed-Dose Combination, mg* Trade Name

ACEIs and CCBs Amlodipine-benazepril hydrochloride (2.5/10, 5/10, 5/20, 10/20) Lotrel
Enalapril-felodipine (5/5) Lexxel
Trandolapril-verapamil (2/180, 1/240, 2/240, 4/240) Tarka

ACEIs and diuretics Benazepril-hydrochlorothiazide (5/6.25, 10/12.5, 20/12.5, 20/25) Lotensin HCT
Captopril-hydrochlorothiazide (25/15, 25/25, 50/15, 50/25) Capozide
Enalapril-hydrochlorothiazide (5/12.5, 10/25) Vaseretic
Fosinopril-hydrochlorothiazide (10/12.5, 20/12.5) Monopril/HCT
Lisinopril-hydrochlorothiazide (10/12.5, 20/12.5, 20/25) Prinzide, Zestoretic
Moexipril-hydrochlorothiazide (7.5/12.5, 15/25) Uniretic
Quinapril-hydrochlorothiazide (10/12.5, 20/12.5, 20/25) Accuretic

ARBs and diuretics Candesartan-hydrochlorothiazide (16/12.5, 32/12.5) Atacand HCT
Eprosartan-hydrochlorothiazide (600/12.5, 600/25) Teveten-HCT
Irbesartan-hydrochlorothiazide (150/12.5, 300/12.5) Avalide
Losartan-hydrochlorothiazide (50/12.5, 100/25) Hyzaar
Olmesartan medoxomil-hydrochlorothiazide (20/12.5, 40/12.5, 40/25) Benicar HCT
Telmisartan-hydrochlorothiazide (40/12.5, 80/12.5) Micardis-HCT
Valsartan-hydrochlorothiazide (80/12.5, 160/12.5, 160/25) Diovan-HCT

BBs and diuretics Atenolol-chlorthalidone (50/25, 100/25) Tenoretic
Bisoprolol-hydrochlorothiazide (2.5/6.25, 5/6.25, 10/6.25) Ziac
Metoprolol-hydrochlorothiazide (50/25, 100/25) Lopressor HCT
Nadolol-bendroflumethiazide (40/5, 80/5) Corzide
Propranolol LA-hydrochlorothiazide (40/25, 80/25) Inderide LA
Timolol-hydrochlorothiazide (10/25) Timolide

Centrally acting drug and diuretic Methyldopa-hydrochlorothiazide (250/15, 250/25, 500/30, 500/50) Aldoril
Reserpine-chlorthalidone (0.125/25, 0.25/50) Demi-Regroton, 

Regroton
Reserpine-chlorothiazide (0.125/250, 0.25/500) Diupres
Reserpine-hydrochlorothiazide (0.125/25, 0.125/50) Hydropres

Diuretic and diuretic Amiloride-hydrochlorothiazide (5/50) Moduretic
Spironolactone-hydrochlorothiazide (25/25, 50/50) Aldactazide
Triamterene-hydrochlorothiazide (37.5/25, 75/50) Dyazide, Maxzide

TABLE 
10-10
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renal insufficiency (serum creatinine > 2 mg/dL or creatinine clearance 
< 25 mL/min) or CHF, conditions for which thiazide diuretics are rela-
tively ineffective. The short duration of action of loop diuretics (e.g., 
furosemide: 4 to 6 hours) and greater likelihood for adverse effects 
limit more widespread application.

Potassium-sparing and aldosterone-receptor–blocking diuretics are 
among the weakest natriuretics of this class. These drugs act by a variety 
of mechanisms to inhibit sodium reabsorption from the distal collect-
ing duct while simultaneously reducing urinary potassium excretion. 
These drugs are most commonly administered in combination with a 
thiazide diuretic in an effort to reduce the incidence of hypokalemia or 
for their salutary effects in chronic HF.

Low doses of diuretic are well tolerated; however, common adverse 
effects related to this drug class include hypokalemia (secondary to 
renal potassium wasting), impaired glucose tolerance and insulin 
resistance, hyperuricemia, hypercalcemia, hyperlipidemia, and, rarely, 
hyponatremia. The potassium-sparing and aldosterone-receptor–
blocking drugs are contraindicated in patients at risk for hyperkalemia, 
in particular, patients with renal insufficiency.

b-Blockers
-Adrenergic receptor blockers, which reduce sympathetic 

stimulation of the heart and vasculature, comprise another common 
antihypertensive therapy, particularly in settings of CAD or CHF.273–

277 More specifically, -blockers inhibit myocardial and peripheral 

1
-adrenergic receptors to reduce CO. As well, -blockers reduce 

renin release from renal juxtaglomerular cells and norepinephrine 
release by inhibition of prejunctional 

2
-adrenergic receptors in 

the  peripheral vasculature. -Blockers traditionally are classified 
on the basis of cardioselectivity, lipid solubility, and intrinsic 
sympathetic activity, with first-generation agents such as propranolol 
nonselectively blocking both 

1
- and 

2
-adrenergic receptors. Second-

generation agents (e.g., metoprolol or atenolol) exhibit a relatively 
cardioselective preference for 

1
-adrenergic receptor blockade at low 

doses. Pindolol, a novel -blocker with ISA, stimulates vasodilation 
by activation of 

2
-adrenergic receptors. Combination agents, such 

as labetalol, provide mixed - and 
1
-adrenergic blocking properties 

resulting in inhibition of sympathetic activity, as well as direct 
vasodilatory effects.

As with the diuretics, -blockers typically are well tolerated 
at low doses; however, the potential for nonselective blockade of 

-adrenergic receptors may result in bronchospasm, Raynaud's phe-
nomenon, depression, and HF or heart block. -Blockers are rela-
tively contraindicated in patients with asthma or reactive airways 
disease, heart block, or depression. Rapid withdrawal of -blockers 
may be associated with rebound adrenergic stimulation and poten-
tial for exacerbating myocardial and/or peripheral vascular ischemia; 
therefore, -blocker discontinuation must occur by gradual stepped 
reductions in dose.

Angiotensin-Converting Enzyme Inhibitors
Angiotensin-converting enzyme (ACE) inhibitors reduce peripheral 
vascular resistance by inhibiting conversion of angiotensin I (Ang I) 
to the highly vasoconstrictive angiotensin II (Ang II).278 Recent evi-
dence suggests that much of the long-term antihypertensive effect 
of ACE inhibitors derives from protective effects on bradykinin de-
gradation. Bradykinin, a potent vasodilator under normal condi-
tions, undergoes degradation by the action of ACE. Therefore, ACE 
inhibition results in increased plasma and tissue concentrations of 
bradykinin.

Persistent dry cough accounts for the most common adverse effect 
associated with ACE inhibitor administration. Attributed to increased 
concentrations of bradykinin, this side effect frequently leads to dis-
continuation of ACE inhibitor therapy. Much rarer, although substan-
tially more serious, is the potential for angioedema, again attributable 
to increased bradykinin concentrations. Angioedema may occur at any 
time during therapy, occurs most frequently in African Americans, and 

may prove fatal because of airway compromise. Increased potential 
for hyperkalemia occurs in patients with renal insufficiency and those 
receiving potassium supplements or potassium-sparing diuretics. ACE 
inhibitors have been reported to induce renal failure in patients with 
bilateral renal artery stenosis and may potentiate severe intractable 
hypotension in patients with particularly elevated renin activity (e.g., 
decompensated HF or intravascular volume depletion). Finally, ACE 
inhibitors pose a teratogenic risk and are therefore contraindicated in 
pregnancy.

Angiotensin II Antagonists
Ang II antagonists, or angiotensin-receptor blockers, are perhaps the 
best tolerated of all current antihypertensive therapies and rapidly are 
becoming a favored drug therapy for management of hypertensive vas-
cular disease.278 Ang II antagonists bind and competitively inhibit Ang 
II AT

1
 receptors, thereby directly inhibiting the vasoconstrictive effects 

of Ang II.279

Similar concerns to those of ACE inhibitors exist with regard to 
administration of Ang II antagonists in the settings of bilateral renal 
artery stenosis or hypovolemia; however, Ang II antagonists typically 
are not associated with cough and are rarely implicated in angioedema. 
As with the ACE inhibitors, Ang II antagonists are contraindicated in 
pregnancy.

Calcium Channel Blockers
Calcium channel blockers, commonly classified as either dihy-
dropyridines or nondihydropyridines, share a common mecha-
nism of action in that they bind various sites on the 

1
 subunit of 

the L-type voltage-dependent calcium channel to partially inhibit  
calcium entry into cells. Although all calcium channel blockers induce 
arterial vasodilation, the dihydropyridines more frequently induce a 
reflex tachycardia, whereas the nondihydropyridines (e.g., diltiazem 
and verapamil) may impair cardiac conduction or contractility, or 
both.280

Common side effects reported with calcium channel blockers, 
and relating to arterial vasodilation, include ankle edema, flushing, 
and headaches. Nondihydropyridines are most often contraindi-
cated in patients with preexisting HF or cardiac conduction defects 
because of their potential for precipitating HF, heart block, or both. 
Controversy surrounding the safety of calcium channel blockers as 
antihypertensive therapy has been substantially negated by recent 
prospective randomized trials demonstrating the safety and efficacy 
of long-acting calcium channel blockers for treatment of hyper-
tensive cardiovascular disease.281–283 Administration of short-acting 
dihydropyridines (e.g., nifedipine) for rapid control of hyperten-
sion has been associated with an increased incidence of acute coro-
nary events and is contraindicated in the acute treatment of severe 
hypertension.

a1-Blockers

1
-Adrenergic blockers competitively inhibit binding of norepineph-

rine to 
1
-adrenergic receptors in the peripheral vasculature, thereby 

producing vasodilation and reducing BP. Prazosin and its congeners 
selectively block postsynaptic 

1
-adrenergic receptors. Continued 

activity of the presynaptic 
1
 receptors allows for downregulation of 

norepinephrine release, limits occurrence of tolerance, and reduces 
the incidence of compensatory tachycardia. In contrast, phenoxyben-
zamine, commonly used in the preoperative management of pheochro-
mocytoma, blocks both presynaptic and postsynaptic 

1
-adrenergic 

receptors.
Adverse effects associated with 

1
-blockers include orthostatic 

hypotension, fluid retention, and reflex tachycardia.284 Although rarely 
administered as monotherapy, 

1
-blockers continue to prove useful 

in combination with other antihypertensives because of their lack of 
metabolic side effects and propensity to dilate urethral smooth muscle, 
alleviating symptoms of prostatism.264
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 Central a2-Agonists and Other Centrally 
Acting Drugs

Centrally acting antihypertensive agents, such as clonidine and meth-
yldopa, stimulate 

2
-adrenergic and imidazoline receptors within the 

CNS to reduce sympathetic outflow and SVR. In the case of clonidine, 
activation of presynaptic -adrenergic receptors inhibits norepineph-
rine release and subsequent catecholamine generation.285 Reserpine  
differs from the 

2
-agonists in that it inhibits reuptake of norepi-

nephrine by storage vesicles in the postganglionic adrenergic neurons, 
depleting norepinephrine. As opposed to the 

2
-agonists, reserpine's 

peripheral effects predominate over central activity.
More widespread use of centrally acting antihypertensives has been 

limited by CNS-mediated adverse effects including sedation, depres-
sion, and dry mouth. In addition, autoimmune hemolytic anemia 
has been reported with methyldopa. Despite these limitations, how-
ever, pregnancy-induced hypertension remains a common indication 
for this agent because long-term use has indicated no adverse effects 
toward the fetus. Abrupt discontinuation of clonidine frequently 
results in rebound hypertension, but this effect may be alleviated with 
transdermal clonidine patches or the longer-acting oral agent guanfa-
cine. All centrally acting antihypertensives are contraindicated in the 
setting of depression.

Direct Vasodilators
Both hydralazine and minoxidil produce potent direct arterial vaso-
dilation mediated by activation of ATP-sensitive potassium channels 
within the arterial vasculature. The relative lack of effect on venous 
capacitance vessels by direct vasodilators reduces the potential for 
orthostatic hypotension. The potency and relatively adverse side-effect 
profile for direct vasodilators limit applications to hypertensive disease 
resistant to standard pharmacologic approaches, most often in the 
setting of severe hypertension associated with chronic renal failure.

Both hydralazine and minoxidil cause peripheral edema formation 
and profound reflex sympathetic activation manifested as tachycar-
dia, headaches, and flushing. Minoxidil, a more potent antihyperten-
sive than hydralazine, frequently is associated with excessive growth 
of facial hair. Reflex sympathetic responses to direct vasodilators 
necessitate concomitant administration of diuretics and -adrenergic 
blockers to alleviate the potential for fluid retention and myocardial 
ischemia.

 Novel Approaches to Antihypertensive 
Therapy

Despite the array of antihypertensive medications currently available, 
heterogeneity of treatment effects and adverse effects of current drugs 
on quality-of-life measures suggest the need for alternative approaches 
to antihypertensive therapy.286 Promising approaches include both 
aldosterone-receptor blockers and renin inhibitors. With the exception 
of potential for hyperkalemia, aldosterone-receptor inhibitors have 
proved well tolerated, and renin inhibitors administered in concert 
with Ang II inhibitors alleviated the compensatory increase in plasma 
renin activity. Third-generation -blockers incorporating vasodilatory 
activity offer particular promise for treating hypertension in the set-
ting of concomitant HF. Further modifications to endothelin-receptor 
antagonists and dual vasopeptidase inhibitors offer novel antihyper-
tensive approaches for the future. Ultimately, gene therapy may prove 
the definitive solution to essential hypertension. It appears likely that 
environmental factors interacting with multiple genetic polymor-
phisms contribute to overall risk for hypertension. Gene therapy offers 
a viable approach to long-term management of hypertension but will 
prove dependent on further identification of target genes, improve-
ments in gene transfer efficiency, and development of safer transfer 
vectors. Near term, advances in personalized medicine offer potential 
for DNA testing of genetic polymorphisms to identify antihypertensive 
drugs most likely to benefit specific patients.287

 Management of Severe Hypertension
For purposes of characterizing treatment urgency, severe hyperten-
sion is characterized as either a hypertensive emergency with target-
organ injury (e.g., myocardial ischemia, stroke, pulmonary edema) 
or hypertensive urgency with severe elevations in BP not yet associ-
ated with target-organ damage. Chronic increases in BP, even when 
of a severe nature, do not necessarily require urgent intervention and 
often may be managed with oral antihypertensive therapy on an out-
patient basis. In contrast, a hypertensive emergency necessitates imme-
diate therapeutic intervention, most often in an intensive care setting, 
with IV antihypertensive therapy and invasive arterial BP monitoring. 
In the most extreme cases of malignant hypertension, severe increases 
in BP may be associated with retinal hemorrhages, papilledema, and 
evidence of encephalopathy, which may include headache, vomiting, 
seizure, and/or coma. Progressive renal failure and cardiac decompen-
sation are additional clinical features characteristic of the most severe 
hypertensive emergencies.

A common therapeutic approach to the hypertensive emergency 
includes a limited reduction in BP, of perhaps 10%, over the initial  
1 to 2 hours of therapy, followed by further reductions to a target dia-
stolic pressure (e.g., 110 mm Hg) during the initial 12 hours of ther-
apy. Further reductions in BP to acceptable target levels should proceed 
over a period of days to minimize potential for inducing ischemic 
injury in the setting of altered autoregulatory flow to target organ vas-
cular beds.264,288

The favored parenteral drug for rapid treatment of hypertensive 
emergencies remains sodium nitroprusside264 (Table 10-11). An NO 
donor, sodium nitroprusside induces arterial and venous dilation, 
providing rapid and predictable reductions in systemic BP. Prolonged 
administration of large doses may be associated with cyanide or thi-
ocyanate toxicity; however, rarely is this a concern in the setting of 
acute hypertensive emergencies. Although less potent and predict-
able than sodium nitroprusside, NTG, another NO donor, may be 
preferable in the setting of myocardial ischemia or after CABG. NTG 
preferentially dilates venous capacitance beds as opposed to arteri-
oles; however, rapid onset of tolerance limits the efficacy of sustained 
infusions to maintain BP control. Nicardipine, a parenteral dihydro-
pyridine calcium channel blocker, and fenoldopam, a selective dop-
amine

1
-receptor antagonist, have been utilized increasingly in select 

patient populations after CABG and in the setting of renal insuffi-
ciency, respectively.

Several drugs remain available for intermittent parenteral admin-
istration in the setting of hypertensive emergencies or urgencies. 
Enalaprilat, an IV ACE inhibitor, has been administered in settings of 
severe hypertension complicated by HF. Hydralazine, labetalol, and 
esmolol provide additional therapeutic options for intermittent par-
enteral injection for hypertensive control. However, with the exception 
of sodium nitroprusside, the response to parenteral antihypertensive 
drugs remains unpredictable, posing the potential for delayed achieve-
ment of targeted BP goals or, conversely, severe hypotensive responses. 
In most cases of emergent or severe hypertension, a diuretic will be 
required to maintain the prolonged natriuresis needed to sustain an 
antihypertensive response. In the setting of renal insufficiency or fail-
ure, minoxidil and even acute dialysis may be necessary to attain BP 
control.

 Compelling Indications for Specific 
Antihypertensive Drug Selection

Despite compelling evidence supporting the preferential administra-
tion of thiazide diuretics as agents of choice for treatment of hyper-
tension, most patients will require addition of a second nondiuretic 
antihypertensive drug to achieve desired target BPs.264 Selection of a 
complementary antihypertensive agent necessitates a thorough under-
standing of the mechanisms of action to optimize the additive effect of 
combined therapy. For example, -blockers, ACE inhibitors, and Ang 
II antagonists inhibit renin release. Therefore, combinations of these 
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agents are unlikely to achieve a maximal additive antihypertensive 
response. Similarly, both the diuretics and dihydropyridine calcium 
channel blockers produce peripheral vasodilation such that combina-
tion with other antihypertensive drug classes may prove more effica-
cious. Increasingly, data derived from ongoing outcomes-based trials 
of antihypertensive therapy in patients with coexisting diseases sug-
gest that specific antihypertensive drugs reduce morbidity beyond that 
expected for BP reduction alone264 (Table 10-12).

For example, in patients with ischemic heart disease, and most espe-
cially a recent MI, -blockers have been demonstrated to reduce mor-
tality and morbidity related to subsequent cardiac events.86,275,277,305 
Although precise mechanisms remain unclear, reductions in overall 
sympathetic stimulation and antiarrhythmic effects presumably play 
contributory roles. In the setting of renal insufficiency, ACE inhibitors 
and Ang II antagonists delay progression of both diabetic and nondi-
abetic-associated renal disease.305,308–310 Calcium channel blockers have 
proved efficacious in the setting of peripheral vascular diseases, such as 
Raynaud syndrome, and 

1
-blockers favorably influence symptoms of 

prostatism. In the setting of hypertension and pregnancy, methyldopa 
and hydralazine remain preferred antihypertensives for management 
of chronic hypertension and preeclampsia, respectively.260

  Perioperative Implications  
of Hypertension

There is little evidence to suggest that mild-to-moderate degrees 
of hypertension adversely affect morbidity and mortality in the 
perioperative setting. In fact, ACC/AHA guidelines state that mild-
to-moderate hypertension does not represent an independent risk 
factor for perioperative cardiovascular complications.314 However, 
given the strong association between hypertension and cardiovascular 
diseases, a preoperative diagnosis of hypertension necessitates 
preoperative assessment for evidence of target-organ damage (e.g., CAD, 
renal dysfunction, stroke, peripheral vascular disease).315 In contrast 
with isolated hypertension, secondary cardiovascular diseases, in 
many cases, do pose increased risk for perioperative morbidity and 
mortality. In patients with a preoperative diagnosis of hypertension, 
an electrocardiogram (ECG) is performed (to assess for evidence of 
ischemia, prior MI, or left ventricular [LV] hypertrophy), and a urinalysis 
and plasma creatinine determination may be obtained to assess renal 
function. Specific antihypertensive therapies may necessitate additional 
evaluations such as assessment of plasma potassium and sodium in 
patients taking diuretics.

These doses may vary from those in the Physician's Desk Reference, 51st ed.
†Hypotension may occur with all agents.
‡Requires special delivery system.
HF, heart failure; IM, intramuscularly; IV, intravenously.
Reproduced from Chobanian AV, Bakris GL, Black HR, et al: Seventh report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. 

Hypertension 42:1206–1252, 2003, by permission.

Parenteral Drugs for Treatment of Hypertensive Emergencies

Drug Dosage Onset of Action Duration of Action Adverse Effects† Special Indications

Vasodilators
Sodium 

nitroprusside
0.25–10 g/kg/min as 

intravenous infusion‡
Immediate 1–2 min Nausea, vomiting, muscle 

twitching, sweating, 
thiocyanate and cyanide 
intoxication

Most hypertensive 
emergencies; caution 
with high intracranial 
pressure or azotemia

Nicardipine 
hydrochloride

5–15 mg/hr IV 5–10 min 15–30 min,  
may exceed 4 hr

Tachycardia, headache, flushing, 
local phlebitis

Most hypertensive 
emergencies except 
acute HF; caution 
with coronary 
ischemia

Fenoldopam 
mesylate

0.1–0.3 g/kg/min 
intravenous infusion

<5 min 30 min Tachycardia, headache, nausea, 
flushing

Most hypertensive 
emergencies; caution 
with glaucoma

Nitroglycerin 5–100 g/min as intravenous 
infusion

2–5 min 5–10 min Headache, vomiting, 
methemoglobinemia,  
tolerance with prolonged  
use

Coronary ischemia

Enalaprilat 1.25–5 mg every 6 hr IV 15–30 min 6–12 hr Precipitous decline in pressure 
in high-renin states; variable 
response

Acute left ventricular 
failure; avoid in acute 
myocardial infarction

Hydralazine 
hydrochloride

10–20 mg IV 10–20 min IV 1–4 hr IV Tachycardia, flushing, headache, 
vomiting, aggravation of 
angina

Eclampsia

10–40 mg IM 20–30 min IM 4–6 hr IM
Adrenergic 
Inhibitors
Labetalol 

hydrochloride
20–80 mg IV bolus every 

10 min
5–10 min 3–6 hr Vomiting, scalp tingling, 

bronchoconstriction, dizziness, 
nausea, heart block, orthostatic 
hypotension

Most hypertensive 
emergencies except 
acute HF

0.5–2.0 mg/min  
IV infusion

Esmolol 
hydrochloride

250–500 g/kg/min  
IV bolus, then  
50–100 g/kg/min by 
infusion; may repeat  
bolus after 5 min or 
increase infusion to 
300 g/min

1–2 min 10–30 min Hypotension, nausea, asthma, 
first-degree heart block, HF

Aortic dissection, 
perioperative

Phentolamine 5–15 mg IV bolus 1–2 min 10–30 min Tachycardia, flushing, headache Catecholamine excess

TABLE 
10-11



 10 Cardiovascular Pharmacology 257

In cases of mild-to-moderate hypertension, few controlled trials  
assessing the association between preoperative hypertension and 
perioperative morbidity and mortality are available. Most inves-
tigations have been observational in nature with no correction 
for potentially confounding risk factors. In many cases, the num-
ber of study participants has been inadequate to ensure statistical 
power to assess for relevant associations between outcomes and a 
preoperative diagnosis of hypertension. Howell et al288 published a 
meta-analysis summarizing 30 studies including more than 12,995 
patients for whom an association between hypertension and peri-
operative complications could be assessed. These authors calculated 
an odds ratio of 1.31, suggesting a slightly increased risk for peri-
operative cardiovascular complications in patients with preexisting 
hypertension; however, given limitations of the dataset, the authors 
further concluded that such a small odds ratio in the setting of a 
“low perioperative event rate” likely represents a clinically insignifi-
cant association between preexisting hypertension and cardiac risk. 
Other investigators have reported similar small associations between 
isolated systolic hypertension before surgery and subsequent peri-
operative morbidity.

As opposed to the apparently low perioperative risk posed by mild-
to-moderate hypertension, cases of severe hypertension (diastolic 
BP > 110 mm Hg) frequently lead to questions whether elective sur-
gery should be postponed to allow for titration of antihypertensive 
therapy to acceptable systemic BPs. Again, although there are little 
data to support conclusive recommendations regarding acceptable 
preoperative BPs or the length of antihypertensive therapy neces-
sary to achieve a new “steady state,” patients with poorly controlled 
BP experience more labile BP responses in the perioperative setting 
with greater potential for hypertensive or hypotensive episodes, or 
both.315–317 Guidelines published by the ACC/AHA suggest that sys-
temic BPs exceeding 180 mm Hg systolic and/or 110 mm Hg dia-
stolic should be controlled before surgery.314 In a review, Howell and  
colleagues288 concluded that surgery need not be canceled in the setting 
of severe hypertension; however, a careful preoperative assessment for 
target organ damage (e.g., cardiovascular, renal, cerebrovascular dis-
ease) should be performed before surgery, and intraoperative arterial 
pressures should be maintained within 20% of preoperative BPs. At a 
minimum, in patients with severe hypertension, invasive monitoring 
of arterial pressure with strict control of perioperative BPs, continuing 

into the postoperative setting, appears justified; given the predilection 
for CAD in these patients, perioperative therapy with -blockers may 
be indicated.93,94

PHARMACOTHERAPY FOR ACUTE  
AND CHRONIC HEART FAILURE
Chronic HF is one major cardiovascular disorder that continues to 
increase in incidence and prevalence, both in the United States and 
worldwide. It affects nearly 550 million persons in the United States, 
and roughly 600,000 new cases are diagnosed each year.318,319 Currently, 
1% to 2% of those 40 to 59 years of age and 12% to 14% of individuals 
older than 80 have HF.318 Because HF is primarily a disease of the elderly, 
its prevalence is projected to increase twofold to threefold over the next 
decade, as the median age of the U.S. population continues to increase.320 
The increasingly prolonged survival of patients with various cardiovas-
cular disorders that culminate in ventricular dysfunction (e.g., patients 
with CAD are living longer rather than dying acutely with MI), and 
the greater diagnostic awareness further compound the HF epidemic. 
Despite improvements in the understanding of the neurohormonal 
mechanisms underlying its pathophysiology and remarkable advances 
made in pharmacologic therapy, HF continues to cost the United States 
an estimated $38 billion annually in medical expenditures,321 and it con-
tributes to approximately 292,000 deaths per year.318 Given the public 
health impact of the disease and the rapid pace of therapeutic advances, 
it is essential that the perioperative physician remain aware of contem-
porary clinical practice for the benefit of those patients with chronic HF 
presenting to the operating room or intensive care unit.

Accordingly, the pharmacologic management of HF as it relates to 
guidelines published by the ACC/AHA is reviewed.322 The focus is pri-
marily on chronic HF associated with LV systolic dysfunction, although 
chronic HF with preserved systolic function (or diastolic heart failure 
[DHF]) and acute HF also are discussed. For each drug commonly 
used in clinical practice, the general format of presentation includes 
whether it alters the progression of myocardial damage (for agents 
administered chronically), its mechanism(s) of action, current clinical 
data on trials of its use for HF, and its current place in the treatment of 
HF. New, non-neurohormonal, pharmacologic options in HF manage-
ment also are reviewed.

*Compelling indications for antihypertensive drugs are based on benefits from outcome studies or existing clinical guidelines. The compelling indication is managed in parallel with the 
blood pressure.

†Conditions for which clinical trials demonstrate benefit of specific classes of antihypertensive drugs used as part of an antihypertensive regimen to achieve blood pressure goal to test 
outcomes.

ACEI, angiotensin-converting enzyme inhibitor; Aldo ANT, aldosterone antagonist; ARB, angiotensin receptor blocker; BB, -blocker; CCB, calcium channel blocker.
Reproduced from Chobanian AV, Bakris GL, Black HR, et al: Seventh report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. 

Hypertension 42:1206, 2003, by permission.

Clinical Trial and Guideline Basis for Compelling Indications for Individual Drug Classes

Recommended Drugs

Compelling Indication* Diuretic BB ACEI ARB CCB Aldo ANT Clinical Trial Basis†

Heart failure ACC/AHA Heart Failure 
Guideline,273 MERIT-HF,274 
COPERNICUS,289 CIBIS,276 
SOLVD,290 AIRE,291 TRACE,292 
ValHEFT,293 RALES,294 CHARM295

Postmyocardial 
infarction

ACC/AHA Post-MI Guideline,296 
BHAT,86 SAVE,297 CAPRICORN,275 
EPHESUS (TS40)

High coronary disease 
risk

ALLHAT,283 HOPE,299 ANBP2,300 
LIFE,301 CONVINCE,302 
EUROPA,303 INVEST304

Diabetes NKF-ADA Guideline,305,306 
UKPDS,307 ALLHAT283

Chronic kidney disease NKF Guideline,305 Captopril Trial,308 
RENAAL,309 IDNT,310 REIN,311 
AASK312

Recurrent stroke 
prevention

PROGRESS313

TABLE 
10-12
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Heart Failure Classification
The ACC/AHA updated guidelines for evaluating and managing HF 
include a new, four-stage classification system emphasizing both the 
evolution and progression of the disease (Figure 10-17). It calls attention 
to patients with preclinical stages of HF to focus on halting disease pro-
gression. The staging system is meant to complement, not replace, the 
widely used New York Heart Association (NYHA) classification, a semi-
quantitative index of functional classification that categorizes patients 
with HF by the severity of their symptoms (Box 10-5). NYHA classifi-
cation remains useful clinically because it reflects symptoms, which, in 
turn, correlate with quality of life and survival.323 The new classification 

system for HF, recognizing its progressive course and identifying those 
who are at risk (e.g., the first two stages, A and B, clearly are not HF), 
reinforces the importance of determining the optimal strategy for neu-
rohormonal antagonism in an attempt to improve the natural history 
of the syndrome. In this new staging approach, patients would only be 
expected to either not advance at all or to advance from one stage to the 
next, unless progression of the disease was halted by treatment. This is 
in contrast with the NYHA functional classification in which the sever-
ity of symptoms characteristically fluctuates depending on changes in 
diet and medications, even in the absence of measurable changes in 
LV structure and function.318,322 The new HF staging approach may be 
comparable with that used in such disorders as cancer.

STAGE B
Structural heart
disease without

signs or symptoms
of HF

AT RISK FOR HEART FAILURE HEART FAILURE

STAGE C
Structural heart disease

with prior or current
symptoms of HF

STAGE D
Refractory HF

requiring specialized
interventions

STAGE A
At high risk for HF but

without structural
heart disease or
symptoms of HF
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            or
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Figure 10-17 American College of Cardiology/American Heart Association Four-Stage Classification and Management Recommendations. 

(Reprinted by permission of Hunt SA: 2009 focused update incorporated into the ACC/AHA 2005 Guidelines for the Diagnosis and Management of 
Heart Failure in Adults: A report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines: 
Developed in collaboration with the International Society for Heart and Lung Transplantation.  119:e391–e479, 2009; Figure 1.)
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Although the pathophysiology of HF has been addressed elsewhere, 
it is important to mention key concepts as the basis of current phar-
macologic therapy. To start, HF remains the final common pathway 
for CAD, hypertension, valvular heart disease, and cardiomyopathy, in 
which the natural history results in symptomatic or asymptomatic LV 
dysfunction (specifically, LV systolic dysfunction for the purposes of 
this discussion). The neurohormonal responses to impaired cardiac 
performance (salt and water retention, vasoconstriction, sympathetic 
stimulation) are initially adaptive but, if sustained, become maladap-
tive, resulting in pulmonary congestion and excessive afterload. This, 
in turn, leads to a vicious cycle of increases in cardiac energy expen-
diture and worsening of pump function and tissue perfusion (Table 
10-13). Although the cardiorenal and cardiocirculatory branches of 
this neurohormonal hypothesis of HF were the original foundation 
for the use of diuretics, vasodilators, and inotropes, respectively, sem-
inal information in the early 1990s emerged from large, randomized 
clinical trials that showed ACE inhibitors324,325 and angiotensin recep-
tor blockers,293,326 but not most other vasodilators,327 prolonged sur-
vival in patients with HF. In a similar fashion, the use of -blockers, 
despite their negative inotropic effects, improved morbidity and 
mortality in randomized, controlled trials.289,328,329

The finding that low-dose aldosterone antagonists added to con-
ventional therapy for HF reduce mortality in patients with severe HF 
suggests that there is more to the neurohormonal hypothesis of drug 
efficacy than cardiorenal and hemodynamic effects alone.294,298 Taken 
together with evidence from basic investigations showing that Ang II 
is a growth factor and a vasoconstrictor,330 the clinical data promoted a 
shift in focus from cardiorenal and cardiocirculatory processes toward 
cardiac remodeling as the central component in the progression of this 
neurohormone-mediated cardiac syndrome.331 The renin-angiotensin-
aldosterone system, excess sympathetic activity, endothelin, and var-
ious cytokines all have been implicated as stimuli of proliferative 
signaling that contribute to maladaptive cardiac growth. Accordingly, 
ventricular remodeling, or the structural alterations of the heart in the 
form of dilatation and hypertrophy (Boxes 10-6 and 10-7), in addition 

to the counter-regulatory hemodynamic responses, lead to progressive 
ventricular dysfunction and represent the target of current therapeutic 
interventions (Figure 10-18).

Pathophysiologic Role of the Renin-
Angiotensin System in Heart Failure

The renin-angiotensin system (RAS) is one of several neuroendo-
crine systems that are activated in patients with HF. The RAS is also 
an important mediator in the progression of HF. In the short term, 
the juxtaglomerular cells of the kidney release the proteolytic enzyme, 
renin, in response to a decrease in BP or renal perfusion (e.g., hem-
orrhage), generating Ang I from circulating angiotensinogen. ACE 
cleavage of Ang II from Ang I in the lung produces circulating Ang 
II. Acutely, Ang II acts as a potent arteriolar and venous vasoconstric-
tor to return BP and filling pressure to baseline, respectively. Ang II 
also stimulates the release of aldosterone from the adrenal cortex and 
antidiuretic hormone (ADH) from the posterior pituitary. Both con-
tribute to increases in blood volume through their effects on the kidney 
to promote salt and water reabsorption, respectively. In the long term, 
increases in Ang II lead to sodium and fluid retention, and increases in 
SVR, which contribute to symptoms of HF, pulmonary congestion, and 
hemodynamic decompensation (Figure 10-19).

In addition to these cardiorenal and cardiocirculatory effects, most 
of the hormones and receptors of the RAS are expressed in the myo-
cardium, where they contribute to maladaptive growth or remodeling, 

BOX 10-5. NEW YORK HEART ASSOCIATION 
FUNCTIONAL CLASS

does not cause undue fatigue, palpitation, dyspnea, or anginal 
pain.

but ordinary physical activity results in fatigue, palpitation, 
dyspnea, or anginal pain.

or anginal pain.

discomfort increases.

Neurohormonal Effects of Impaired Cardiac 
Performance and Their Effects on the Circulation

Response Short-Term Effects Long-Term Effects

Salt and water 
retention

Augments preload Pulmonary congestion, 
anasarca

Vasoconstriction Maintains blood pressure 
for perfusion of vital 
organs (brain, heart)

Exacerbates pump 
dysfunction (excessive 
afterload), increases 
cardiac energy 
expenditure

Sympathetic 
stimulation

Increases heart rate and 
ejection

Increases energy 
expenditure

TABLE 
10-13

BOX 10-6. PATHOBIOLOGY OF LEFT 
VENTRICULAR REMODELING

Alterations in Myocyte Biology

Hypertrophy
Myocytolysis

Myocardial Changes
Myocyte loss

Apoptosis

Replacement fibrosis

Alterations in Left Ventricular (LV) Chamber Geometry

Mitral valve incompetence

Circulation 100:999–1088, 1999.

BOX 10-7. MECHANICAL DISADVANTAGE 
CREATED BY LEFT VENTRICULAR REMODELING

Increased wall stress (afterload)
Afterload mismatch
Episodic subendocardial hypoperfusion

Circulation 100:999–1088, 1999.
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key factors in the progression of HF. Increased expression of messenger 
RNA for angiotensinogen, ACE, and Ang II has been identified in the 
failing human heart.332 Correspondingly, increased coronary sinus Ang 
II concentrations were measured in patients with dilated and ischemic 
cardiomyopathy, signifying a paracrine or autocrine action of the RAS. 
Moreover, progressive increases in coronary sinus Ang II production 
correlated with increases in NYHA functional classification of HF.332 
Taken together, these data provide evidence that intracardiac RAS is 
involved in the evolution of the disease process.

The effects of Ang II on its receptors, AT
1
 and AT

2
, are well appreciated. 

The AT
1
 receptor is involved in several effects that lead to adverse car-

diovascular outcomes. Activation of AT
1
 receptors promotes aldosterone 

and vasopressin secretion with concomitant increases in salt and water 
reabsorption through the kidneys, vasoconstriction, catecholamine 
release, and cell growth and proliferation of cardiovascular tissue (Table 
10-14). Stimulation of AT

2
 receptors, in contrast, results in natriuresis, 

vasodilation, release of bradykinin and NO, and cell growth inhibition 
or apoptosis. The Ang II that is formed locally in the heart acts primar-
ily through AT

1
 receptors located on myocytes and fibroblasts, where it 

participates in the regulation of cardiac remodeling. Through complex 
cascades of intracellular signal transduction that activate protein tran-
scription factors within the nucleus, initiating the creation of RNA tran-
scripts, the long-term effects of intracardiac Ang II on the AT

1
 receptor 

result in cardiomyocyte hypertrophy, fibroblast proliferation, and extra-
cellular matrix deposition333 (Figure 10-20). These processes contribute 
to progressive LV remodeling and LV dysfunction characteristic of HF.

Angiotensin-Converting Enzyme Inhibitors
Clinical Evidence
Evidence supporting the beneficial use of ACE inhibitors in HF 
patients comes from various randomized, placebo-controlled clini-
cal trials (Table 10-15). Initially, this class of drugs was evaluated for 

Cardiorenal
model

(diuretics)

Cardiocirculatory model
(vasodilators, inotropes) Symptom relief

Neurohormonal model
ACEI

-blocker
ARBs

 - Aldosterone
 - Vasopeptidase?
 - Endothelin?
 - TNF?

Gene
therapy?

Anti-remodeling
strategies
 
 
 acing?
 

(Future)
Reversal of
heart failure
phenotype?

(Current)
vention of

disease
progression

Figure 10-18 Current and future treatments of heart failure. 
-

-

(Adapted from Mann 
DL: Mechanisms and model in heart failure: A combinatorial approach. 

 100:999, 1999.)

Angiotensin

J-G Renin
ACE

Angiotensin I Angiotensin II

Sodium retention Free water
retention

Increased blood
pressure

Negative
feedback

Vasoconstriction Increased
aldosterone
synthesis

Increased
antidiuretic
hormone

Figure 10-19 Basic pathway of the renin-angiotensin-aldosterone  
system. (From Jaski BE: 

 Boston: Kluwer Academic 
Publishers, 2000, by permission of Springer Science and Business Media.)

Cellular and Physiologic Effects of AT1 and AT2 
Stimulation That Lead to Tissue Remodeling

AT
1
 Receptor AT

2
 Receptor

Vasoconstriction
Cell growth and proliferation
Positive inotropy
Aldosterone secretion
Catecholamine release

Vasodilation
Cell growth inhibition/apoptosis
Negative chronotropy
Natriuresis
Bradykinin release

TABLE 
10-14
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 treatment of symptomatic HF (Studies Of Left Ventricular Dysfunction 
[SOLVD], Vasodilator-Heart Failure Trial [V-HeFT], Cooperative North 
Scandinavian Enalapril Survival Study [CONSENSUS]). Patients with 
NYHA Class II to IV HF treated with ACE inhibitors had reductions in 
mortality rate ranging from 16% to 31%. Subsequently, ACE inhibitors 
also were found to improve outcome for asymptomatic patients with 
LV systolic dysfunction in the following categories: patients with EFs 
less than 35% because of cardiomyopathy,333 patients within 2 weeks 
after MI with EFs less than 40%,334 and patients presenting within 
the first 24 hours of MI regardless of EF.335 Recent results from the 
Heart Outcomes Prevention Evaluation (HOPE) study have further 
expanded the indications for this class of agents to include asymp-
tomatic, high-risk patients to prevent new-onset HF.336 In patients 
with diabetes or peripheral vascular disease and an additional athero-
sclerotic risk factor, but without clinical HF or systolic dysfunction, 
ramipril (10 mg/day) reduced the HF risk by 23%. More recently, the 
Prevention of Events with Angiotensin Converting Enzyme (PEACE) 
trial evaluated the use of angiotensin converting enzyme-inhibitors 
(ACE-I) in addition to modern conventional therapy in patients with 
stable CAD with preserved LV function. The results of this trial did 
not demonstrate any decrease in mortality from cardiovascular causes 
or nonfatal MI compared with placebo.337 As a result, the ACC/AHA 
committee has changed the level of recommendation for the use of 
ACE-I from Class I to Class IIa for patients with Stage A HF.322 Together, 
these data endorse the use of ACE inhibitors as first-line therapy for a 
broad spectrum of patients including those with LV systolic dysfunc-
tion, with or without symptoms, and in high-risk patients with vascu-
lar disease, diabetes, or both, in addition to those with the traditional 
coronary risk factors. Indeed, the addition of ACE-I in patients with 
stable CAD, preserved LV systolic function, and at low risk for cardio-
vascular events also can be useful (Class IIa recommendation). Since the 
commencement of these trials, the rationale for the use of ACE inhibi-
tors has expanded from a reduction in the progression of clinical HF 
through ACE inhibitor–mediated vasodilatory action, to acknowledg-
ment that ACE inhibitors also directly affect the cellular mechanisms 
responsible for progressive myocardial pathology.

Mechanisms of Action
ACE inhibitors act by inhibiting one of several proteases responsible 
for cleaving the decapeptide, Ang I, to form the octapeptide, Ang II. 
Because ACE is also the enzyme that degrades bradykinin, ACE inhibi-
tors lead to increased circulating and tissue levels of bradykinin (Figure 
10-21). ACE inhibitors have several useful effects in chronic HF. They 
are potent vasodilators through decreasing Ang II and norepinephrine, 
and increasing bradykinin, NO, and prostacyclin.338 By reducing the 
secretion of aldosterone and ADH, ACE inhibitors also reduce salt and 

water reabsorption from the kidney. ACE inhibitors reduce release of 
norepinephrine from sympathetic nerves by acting on AT

1
 receptors at 

the nerve terminal. Within tissue, ACE inhibitors inhibit Ang II pro-
duction, and thus attenuate Ang II–mediated cardiomyocyte hypertro-
phy and fibroblast hyperplasia.339,340 Clinical evidence supporting an 
ACE inhibitor–mediated role in cardiac remodeling comes from com-
parative studies of enalapril versus placebo (SOLVD trial) and enal-
april versus hydralazine isosorbide dinitrate (VHeft II trial).341,342 In 
a subset of the SOLVD study,341 the placebo group exhibited LV dila-
tion, whereas the enalapril group exhibited a decrease in chamber size 
for a given LV pressure. Correspondingly, in the VHeft II trial, sur-
vival was better with enalapril versus hydralazine-isosorbide dinitrate, 
despite improvements in exercise capacity in the latter group, suggest-
ing that mechanisms other than vasodilation contribute to improved 
survival with ACE inhibitors.341 Chymase also catalyzes the production 
of Ang II from Ang I within myocardial tissue. This serine protease 
has nearly 20-fold greater affinity for Ang I than ACE, and it is not 
influenced by ACE inhibitors.343 Accordingly, Ang II receptor blockers 
(ARBs) may add to the inhibition by ACE inhibitors of angiotensin-
 promoted progression of HF (see Angiotensin II Receptor Blockers for 
Heart Failure).

ACE inhibitors attenuate insulin resistance, a common metabolic 
abnormality in patients with HF, independent of Ang II activity. Ang 
II receptor antagonists do not attenuate insulin resistance.344 Both ACE 
inhibitors and ARBs have been shown to reduce proteinuria and slow 
the progression to renal failure in patients with hypertension (a com-
mon comorbidity in patients with HF).309,345

Drug Selection/Strategy for Clinical Practice
Treatment guidelines for the use of ACE inhibitors, including appro-
priate starting and target doses, and common side effects are shown in 
Table 10-16. Adherence to target doses of ACE inhibitors increases the 
likelihood of reproducing benefits demonstrated in large-scale HF tri-
als (see Table 10-15). According to the AHA/ACC guidelines (see Table 
10-13), it is reasonable to initiate ACE inhibitor therapy in high-risk 
patients (stage A)—those with diabetes, peripheral vascular disease, or 
both, though the committee now acknowledges that further objective 
studies are needed in this patient group. ACE- inhibitor therapy should 
be initiated in high-risk patients: Those with diabetes and/or periph-
eral vascular disease, asymptomatic patients with structural heart dis-
ease (stage A); those with previous MI and normal EFs (stage B); and 
all patients with EFs less than 40% (stages C and D) should receive ACE 
inhibitor therapy. The relative contraindications for the use of ACE 
inhibitors include (1) a history of intolerance or adverse reactions, for 
example, cough, angioedema, neutropenia, and rash; (2) persisting 
hyperkalemia > 5.5 mEq/L (that cannot be reduced by diet or diuretic 

DM, diabetes mellitus; EF, ejection fraction; HOPE, Heart Outcomes Prevention 
Evaluation; ISIS-4, Fourth International Study of Infarct Survival; LV, left ventricular; 
MI, myocardial infarction; NYHA, New York Heart Association; PVD, peripheral 
vascular disease; SAVE, Survival and Ventricular Enlargement; SOLVD, Studies Of 
Left Ventricular Dysfunction; V-HeFT II, second Vasodilator-Heart Failure Trial; 
CONSENSUS, Cooperative North Scandinavian Enalapril Survival Study; GISSI, 
Gruppo Italiano Studiso Pravvivenza Infartomi Ocardico.

Selected Clinical Trials of Angiotensin-Converting 
Enzyme Inhibitors in Heart Failure

Patient Subset
Heart Failure 
Stage Drug Trial

Heart Failure
NYHA Class II and III C Enalapril SOLVD (treat); 

V-HeFT II
Class IV D Enalapril CONSENSUS
Asymptomatic LV 
Dysfunction
EF < 35% B Enalapril SOLVD (prevent)
Post-MI (EF < 40%) B Captopril SAVE
Acute MI B Captopril

Lisinopril
GISSI
ISIS-4

Asymptomatic High Risk
History of DM, PVD, and 

coronary risk factors
A Ramipril HOPE

TABLE 
10-15
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Figure 10-21 Activation of the renin-angiotensin-aldosterone  
system. (Redrawn from Mann DL: 
Heart therapy: A companion to Braunwald's Heart Disease. Philadelphia: 
Saunders, 2004.)



262 SECTION II Cardiovascular Physiology, Pharmacology Biology, and Genetics

adjustment); (3) symptomatic hypotension; and (4) history of bilateral 
renal artery stenosis. Small doses of an agent with a short plasma half-
life (e.g., captopril) are advocated when initiating therapy in patients 
with marginal BP (systolic BP < 90 mm Hg) or reduced renal func-
tion (baseline creatinine > 2.0 mg/dL). Once it is demonstrated that a 
patient tolerates inhibition of RAS, dosing should be adjusted to tar-
get doses of a longer-acting agent. In the Adjuvant Tamoxifen Longer 
Against Shorter (ATLAS) trial, lisinopril, 32.5 to 35 mg/day, had greater 
efficacy than 2.5 to 5.0 mg/day in patients with symptomatic HF and 
LV systolic dysfunction (EF < 35%).346 Patients receiving “target doses” 
of ACE inhibitors are less frequently hospitalized than those receiv-
ing reduced doses.347 The importance of differences in tissue binding 
among the various ACE inhibitors remains unclear.

Angiotensin II Receptor Blockers for Heart Failure
Pathophysiology/Mechanism of Action
Although ACE inhibitors reduce mortality, many patients will not tol-
erate their side effects. ACE inhibitors incompletely antagonize Ang II. 
These factors have prompted the development of specific ARBs in the 
pharmacologic treatment of HF348 (see Figure 10-21). Non–ACE-generated 
Ang II within the myocardium contributes to LV remodeling and HF 
progression through AT

1
 -receptor effects (see Table 10-14). Selective 

AT
1
 blockers prevent Ang II from acting on the cell, preventing vasocon-

striction, sodium retention, release of norepinephrine, and delaying or 
preventing LV hypertrophy and fibrosis.349 AT

2
 receptors remain unaf-

fected, and their actions, including NO release, remain intact.

Clinical Evidence
Outcome benefits from ARBs were first shown in the Evaluation 
of Losartan in the Elderly Study (ELITE) I trial, which showed, as a 
secondary end point, a significantly reduced risk for sudden death 
with losartan (4.8%) compared with captopril (8.7%),350 despite no 
between-group differences in the primary end points, renal dysfunc-
tion, and hypotension. The follow-up ELITE II trial (Table 10-17), 
although having greater statistical power than ELITE I, failed to 

 confirm that losartan was superior to captopril in reducing mortality 
in older patients with HF.351 Moreover, in subgroup analyses, the ELITE 
II trial patients on preexisting -blockers tended to have less favor-
able outcomes with losartan, as opposed to captopril. The two more 
recent trials, Valsartan in Heart Failure (Val-HeFT) and Candesartan 
in Heart Failure Assessment in Reduction of Mortality (CHARM), 
were designed to evaluate whether ARBs plus conventional therapy 
(including -blockers, ACE inhibitors, and diuretics) for symptom-
atic HF provide additional clinical benefit. Although the findings from 
the Val-HeFT support the use of this ARB in patients with chronic HF 
who are intolerant to ACE inhibitors, those patients already on ACE 
inhibitors and -blockers (93% of their patient population) showed a 
trend toward an increased risk for death or hospitalization when val-
sartan was added to their treatment regimen293 (Figure 10-22). This is 
in contrast with the CHARM-Added trial,352 which showed safety with 
regard to use of candesartan in combination with ACE inhibitors and 

-blockers (15% relative risk reduction in cardiovascular-related mor-
tality or hospitalization), and in patients intolerant to ACE (alternative 
group), the relative risk reduction in mortality or hospitalization was 
23%. In contrast, patients with EF greater than 40% not receiving ACE 
inhibition (preserved group) showed no difference in cardiovascular 
mortality and only a small reduction in HF hospitalizations.353,354 In the 
CHARM-overall trial, both cardiovascular-related death and hospital-
izations were significantly reduced with candesartan use (relative risk 
reduction for CV death was 16%).326

Clinical Practice
ARBs may be used as alternatives to ACE inhibitors for the treatment of 
patients with symptomatic HF if there are side effects to ACE inhibitors 
(e.g., persistent cough, angioedema, hyperkalemia, or worsening renal 
dysfunction) or persistent hypertension despite ACE inhibitors and 

-blockers. Because ARBs do not affect bradykinin levels, cough and 
angioedema are rare side effects. Doses and dosing intervals for ARBs 
studied in large-scale trials are shown in Table 10-18. Similar to ACE 
inhibition, ARBs produce dose-dependent decreases in RAP, PCWP,  

CHARM, Candesartan in Heart Failure Assessment in Reduction of Mortality; EF, ejection fraction; ELITE, Evaluation of Losartan in the Elderly Study; HF, heart failure; NYHA, New York 
Health Association; Val-HeFT, Valsartan in Heart Failure Trial.

Angiotensin-Receptor Blocker Trial in Heart Failure

Trial Agent Population Outcome

ELITE II Losartan 50 mg qd Age  60
NYHA Class II-IV
EF  40%

-blocker had worse outcome
Val-HeFT Valsartan 160 mg bid or placebo  

plus open-label ACE-I (93%)
NYHA Class II-IV
EF < 40%

group) with 45% reduction in combined primary end points
CHARM Candesartan 32 mg qd vs. placebo  

with or without open-label ACE-I
NYHA Class II-IV

Added EF  40%
Preserved EF > 40%
Alternative EF  40%

hospitalization
Overall ACE-I intolerant

TABLE 
10-17

Angiotensin-Converting Enzyme Inhibitors Proven Effective in Heart Failure and/or Left Ventricular Dysfunction

Drug Half-life (hr) Dosing Interval Start Dose (mg) Target Dose (mg) Relative Tissue Binding

Captopril 3 tid 6.25 50 +
Enalapril 11 bid 2.5–5 10 +
Lisinopril 12 qd 5 20 +
Ramipril 9–18 bid 2.5 5 ++
Quinapril 2 (25) bid 5 20 +++
Trandolapril 6 bid 1 1–2 NA*

TABLE 
10-16

*Not applicable
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and SVR. Unlike long-term ACE inhibition,355 these hemodynamic effects 
and associated increases in cardiac index are sustained, and the plasma 
levels of Ang II remain suppressed with ARB therapy. Nevertheless, there 
is no convincing evidence that patients with HF benefit from addition 
of ARBs to standard therapy with ACE I and -blockers.

Aldosterone Receptor Antagonists
Aldosterone, a mineralocorticoid, is another important compo-
nent of the neurohormonal hypothesis of HF. Although it was previ-
ously assumed that treatment with an ACE inhibitor (or ARB) would 
block the production of aldosterone in patients with HF, increased 
levels of aldosterone have been measured despite inhibition of Ang  
II356 (see Figure 10-21). Adverse effects of increased aldosterone lev-
els on the cardiovascular system include sodium retention, potassium 
and magnesium loss, ventricular remodeling (e.g., collagen produc-
tion, myocyte growth, and hypertrophy), myocardial norepineph-
rine release, and endothelial dysfunction357 (Figure 10-23). Non–Ang 
II–mediated  aldosterone  production may, in part, be caused by the 
hypomagnesemia commonly seen in HF patients.358 Low extracellular 
Mg2+, common in chronic illness, as well as a result of loop diuretics, 
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Figure 10-22 Val-HeFT subgroups.
(From Cohn JN, Tognoni G; Valsartan Heart Failure Trial Investigators: A randomized trial of the angiotensin-receptor 

blocker valsartan in chronic heart failure.  345:1667, 2001. copyright © 2001 Massachusetts Medical Society. All rights reserved.)

Angiotensin Receptor Blockers Evaluated in  
Large-Scale Trials

Agent Half-life (hr) Dosing Interval Initial Dose Target Dose

Losartan 6–9 qd 25 50
Valsartan 9 bid 40 160
Irbesartan 11–15 qd 75 150
Candesartan 3.5–4 qd 4 32

TABLE 
10-18
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Figure 10-23 Adverse effects of aldosterone and salt on the cardiovascular system.
(From Pitt B, 

Rajagopalan A: The role of mineralocorticoid receptor blocking agents in patients with heart failure and cardiovascular disease. In McMurray JJ, 
Pfeffer MA [eds]:  London: Martin Dunitz, 2003, p 129.)
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becomes a stimulus for adrenal aldosterone secretion.359 Extra-adrenal 
production of aldosterone (e.g., in myocardial and vascular tissue) also 
may contribute to oxidative, proinflammatory, and prothrombotic 
signaling pathways (NF- B, activator protein-I [AP-1], plasminogen 
activator inhibitor-1), and maladaptive processes such as LV dilata-
tion, perivascular fibrosis, and atherosclerosis.360–362 Aldosterone pro-
duced in the brain increases SNS activity, a central finding in HF.363

Given the multiple endocrine and auto/paracrine contributions of 
aldosterone to the neurohormonal hypothesis of HF, the possibility 
that aldosterone-receptor antagonism might halt disease progression 
became an increasingly attractive hypothesis. Besides the traditional 
mechanisms of mineralocorticoid receptor blockade, including natri-
uresis, diuresis, and kaliuresis,358,364 beneficial nonrenal effects of 
 aldosterone antagonism include decreased myocardial collagen for-
mation,365 increased myocardial norepinephrine uptake and decreased 
circulating norepinephrine levels,365 normalization of baroreceptor 
function, increased HR variability,366,367 and improved endothelial vaso-
dilator dysfunction and basal NO bioactivity at the vascular level.368

Clinical Evidence
Two large-scale trials have demonstrated improved outcomes with 
aldosterone-receptor antagonism in chronic HF. The Randomized 
Aldactone Evaluation Study (RALES), conducted in more than 1600 
symptomatic HF (e.g., stage C, NYHA Class III-IV) patients, showed 
the efficacy of spironolactone (26 mg/day) in combination with stan-
dard therapy: ACE inhibitor, loop diuretic with or without digoxin, 
and a -blocker. Regardless of age, sex, and cause of HF, the treatment 
group experienced a 30% reduction in risk for all-cause mortality and 
in cardiovascular-related mortality compared with standard therapy294 
(Figure 10-24). Because -blockers were used infrequently in this study 
(10% to 20%), the role of spironolactone in contemporary  management 
of HF remains unclear. Indeed, studies have reported marked increases 

in hospital admission and death related to hyperkalemia subsequent 
to widespread use of spironolactone.369 It has been speculated that the 
K+-sparing effect of spironolactone and its ability to reduce circulating 
norepinephrine370 and increase NO availability368 may have reduced the 
propensity for digitalis-related arrhythmias and the subsequent risk for 
sudden cardiac death reported in the digitalis trial.371 Eplerenone is a 
new aldosterone antagonist that lacks some of spironolactone's com-
mon side effects.372 The Eplerenone Post-acute Myocardial Infarction 
Heart Failure Efficacy and Survival Study (EPHSUS), conducted in 
more than 6600 patients with symptomatic HF within 3 to 14 days after 
MI, showed that eplerenone (25 to 50 mg/day) in combination with 
ACE inhibitor, loop diuretic, and -blocker reduced all-cause mortality 
(P = 0.008), death from cardiovascular causes (P = 0.0002), and hospi-
talization for cardiovascular events.298

Although there are no large-scale trials examining the use of aldos-
terone receptor blockade in patients with mild-to-moderate systolic HF 
(NYHA Class II-III), pilot data suggest that aldosterone inhibition also 
may benefit these patients through improvements in endothelial func-
tion,373 exercise tolerance, EF,374 and attenuation of collagen formation. As 
noted previously, successful use of aldosterone antagonists mandates that 
close attention be paid to blood [K+].373 Based on these data and the favor-
able effects of aldosterone antagonism in animal models of infarction,360 
it seems reasonable to expect that aldosterone-receptor blockers may find 
value even in patients with asymptomatic systolic LV dysfunction.

Clinical Practice
Current evidence supports aldosterone antagonists only for patients 
with severe symptomatic HF and patients with LV dysfunction after 
MI.298 Aldosterone-receptor antagonists should be considered in 
addition to standard therapy (including ACE inhibitors) for patients 
with severe HF (NYHA stage IV) caused by LV systolic function. 
Spironolactone should be initiated at 12.5 to 25 mg/day. Patients 
should have a normal serum K+ (<5.0 mEq/L) and adequate renal func-
tion (creatinine  2.5 mg/dl in men, creatinine  2.0 mg/dl in women 
and creatinine clearance > 30). Regular measurement of electrolytes is 
mandatory to avoid hyperkalemia. In particular, dosages and/or dosing 
intervals should be reduced during episodes of potential dehydration 
(e.g., vomiting or diarrhea) and with concomitant use of pharmaco-
logic agents that may predispose to impairments in renal function 
(e.g., steroidal anti-inflammatory agents). In the RALES trial, there 
was no significant increase in the incidence of severe hyperkalemia 
(K+  6.0 mEq/L), and only one death related to hyperkalemia (in the 
placebo arm).294 This is in marked contrast with a recent Canadian 
time-series analysis that showed an abrupt increase in hyperkalemia-
associated morbidity and mortality in association with the publication 
of the RALES data.369 Spironolactone can occupy androgen receptors, 
leaving unopposed estrogen receptors and, thus, predispose to estro-
gen-like effects such as painful gynecomastia and menstrual disorders. 
Because digoxin has estrogen-like properties, its use in combination 
with spironolactone also can predispose to gynecomastia.375 This usu-
ally does not pose a problem in men because they do not have bio-
logically significant amounts of estrogen. From the EPHESUS data, it 
appears that the newer aldosterone-receptor antagonist, eplerenone, 
has a lower incidence of hyperkalemia and no evidence of unopposed 
estrogen-receptor–like properties. Unfortunately, eplerenone is many 
times more expensive than spironolactone.

With regard to patients in stage B and C HF on baseline ACE inhib-
itor and -blocker therapy, clinicians look forward to findings from 
large, randomized trials whether the addition of aldosterone antago-
nists to standard therapy will halt progression of the disease.

 b-Adrenergic Receptor Antagonists
Sympathetic Nervous System Activation and Its Role 
in the Pathogenesis of Heart Failure
Activation of the SNS (e.g., after MI or with long-standing hyper-
tension), much like increases in RAS activity, contributes to the 
pathophysiology of HF. In brief, SNS activation leads to pathologic 
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LV growth and remodeling. Myocytes thicken and elongate, with 
eccentric hypertrophy and increases in sphericity. Wall stress is 
increased by this architecture, promoting subendocardial ischemia, 
cell death, and contractile dysfunction. Persistent SNS activation 
leads to altered gene expression with a shift to a fetal-like pheno-
type (e.g., downregulation of cardiac -actin and -myosin heavy 
chain, and upregulation of fetal forms of -myosin heavy chain). 
There is downregulation of calcium regulatory proteins, including 
SR calcium ATPase, and impairment of contractility and relaxation. 
The activated SNS also can be harmful to myocytes directly through 
programmed cell death. As myocytes are replaced by fibroblasts, the 
heart function deteriorates from this “remodeling.”376 The thresh-
old for arrhythmias may also be lowered, contributing to a vicious,  
deteriorating cycle.

How b-Adrenergic Receptor Blockers Influence  
the Pathophysiology of Heart Failure
In chronic HF, the beneficial effects of long-term -blockade include 
improved systolic function and myocardial energetics, and reversal of 
pathologic remodeling. A shift in substrate utilization from free fatty 
acids to glucose, a more efficient fuel in the face of myocardial isch-
emia, may partly explain the improved energetics and mechanics in the 
failing heart treated with -blockade.377 HR, a major determinant of 
myocardial oxygen consumption, is reduced by 

1
-receptor blockade. 

-Blockade also is associated with a change in the molecular pheno-
type of the heart. Systolic dysfunction of individual myocytes is associ-
ated with upregulation in gene expression of natriuretic peptides and 
fetal-like -myosin heavy chain, and increased expression of SERCA2 
and -myosin heavy chain (the more efficient, faster, adult isoform).376 

-Blockade reverses these changes in gene expression with concurrent 
improvements in LV function.378 In a dog model of HF, -blockade 
also reduces myocyte apoptosis.379 Taken together, chronic -blockade 
reduces the harmful effects of excessive SNS activation of the heart and 
can reverse LV remodeling.

-Adrenergic blockade also may limit the disturbance of excitation-
contraction (E-C) coupling and predisposition to ventricular arrhyth-
mias associated with HF. In the normal heart, the “fight-or-flight” 
response activates the SNS. This, in turn, stimulates a -adrenergic 
receptor signaling pathway in the myocyte that increases phosphoryla-
tion of three key components of E-C coupling: the voltage-gated Ca2+ 
channel (VGCC), the SR Ca2+ release channel (RYR2), and the Ca2+ 
uptake pathway (phosphorylation of phospholamban reduces inhibi-
tion of the Ca2+-ATPase SERCA2a), ultimately resulting in increased  
contractility.380 In the low-CO failing heart, the SNS is chronically 
activated. In this hyperadrenergically stimulated heart, excitation 
 contraction coupling (ECC) becomes maladaptive because of “leaky” 
Ca2+ from the SR. This “leaky” Ca2+ is due to protein kinase A (PKA)–
hyperphosphorylated RyR2 channels that cause a diastolic SR Ca2+ leak 
that conspires with reduced SERCA2a-mediated SR Ca2+ uptake (due, 
in part, to PKA-hypophosphorylated phospholamban that inhibits 
SERCA2a) to deplete SR Ca2+ and contribute to contractile dysfunc-
tion of cardiac muscle381,382 (Figure 10-25). Depletion of SR Ca2+ stores 
explains, in part, the reduced contractility of failing cardiac muscle. The 
“leaky” Ca2+ also may explain the predisposition to ventricular arrhyth-
mias thought to be initiated by delayed afterdepolarizations.383 In brief, 
the cardiac RyR has a large cytoplasmic structure that serves as a scaf-
fold for modulatory proteins that regulate the function of the chan-
nel. PKA phosphorylation of RyR2 dissociates the regulatory protein 
FKBP 12.6 and regulates the open probability of the channel. In failing 
hearts, RyR2 is PKA-hyperphosphorylated, resulting in defective chan-
nel function because of increased sensitivity of Ca2+-induced activa-
tion. Interestingly, studies in animal models of HF show that chronic 

-blockade may reverse the PKA hyperphosphorylated state and restore 
the structure and function of the RYR2 Ca2+ release channel.384,385 Thus, 
another potential benefit of -adrenergic receptor blockade in the fail-
ing heart may be normalization of E-C coupling, potentially reducing 
the propensity for arrhythmias.

An evolving concept in the pathophysiology of HF also relates to the 
negative inotropic action of catecholamines and, specifically, the role of 

3
-adrenoreceptors. The failing heart is resistant to exogenous inotropic 

stimulation compared with hearts that are not failing. This has been 
attributed to a downregulation of 

1
- and 

2
-adrenoreceptors second-

ary to a hyperadrenergic state.386,387 However, 
3
-adrenoreceptors have 

been identified in the failing and nonfailing hearts of humans and other 
mammalian species.388–390 Unlike the case for 

1
- and 

2
-adrenoreceptors, 

3
-adrenoreceptors are upregulated in HF.390–392 

3
-Activation decreases 

contractility. In contrast with the G
s
-protein–coupled adenylyl 

cyclase activation and cAMP-dependent pathway of the 
1
- and 

2
-

adrenoreceptors, the negative inotropy that results from stimulation of 

3
-adrenoreceptors appears to be due to activation of an NO pathway 

and an increased intracellular cGMP.393 However, an understanding of 
the role of 

3
 receptors in the treatment and pathophysiology of HF will 

await the arrival of specific 
3
-adrenoceptor antagonists.

Clinical Evidence
The use of -blockers in patients with HF initially was accepted with 
skepticism related to the perceived risk for decompensation from tran-
sient negative inotropic effects. However, data from both human and 
animal studies have shown that -blockers improve energetics and 
ventricular function, and reverse pathologic chamber remodeling. 
Although this beneficial biologic process takes 3 months or more to 
manifest (Figure 10-26), it translates into improved outcomes (reduced 
deaths and hospitalizations) in patients with HF. The available random-
ized trials show that metoprolol CR/XL, bisoprolol, and carvedilol (in 
conjunction with ACE inhibitors) reduce morbidity (hospitalizations) 
in symptomatic, stage C and D (not in cardiogenic shock) HF patients 
(NYHA Class II-IV)328,329,394,395 (Table 10-19). Although -blocker ther-
apy is recommended for asymptomatic HF patients (stages A and B), 
evidence from randomized trials is still lacking.322

-Blockers are classified as being first-, second-, or third-generation 
drugs based on specific pharmacologic properties. First-generation 
agents, such as propranolol and timolol, block both 

1
- and 

2
-

adrenoreceptors, are considered nonselective, and have no ancillary 
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Figure 10-25 -

(Redrawn from Marks AR: A guide for the perplexed: Towards 
an understanding of the molecular basis of heart failure. Circulation 
107:1456, 2003.)
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properties. Second-generation agents, such as metoprolol, bisoprolol, 
and atenolol, are specific for the 

1
-adrenoreceptor subtype but lack 

additional mechanisms of cardiovascular activity. Third-generation 
agents, such as bucindolol, carvedilol, and labetalol, block both 

1
- and 

2
-adrenoreceptors, as well as possessing vasodilatory and other ancil-

lary properties. Specifically, labetalol and carvedilol produce vasodila-
tion by 

1
-adrenoreceptor antagonism, whereas bucindolol produces 

mild vasodilation through a cGMP-mediated mechanism. Carvedilol 
increases insulin sensitivity,396 possesses antioxidant effects,397 and 
has 

3
-adrenoreceptor selectivity.398,399 Although it is not entirely clear 

whether these ancillary properties of the third-generation -blockers 
translate into better outcomes as opposed to the second-generation 
agents, recent findings from the Carvedilol or Metoprolol European 
Trial (COMET) suggest that the beneficial effect from -blockers is 
not a “drug-class” effect. The study compared carvedilol (25 mg twice 
a day) with metoprolol tartrate (50 mg twice a day) in symptomatic 
patients with EF  35% for 58 months and demonstrated that carve-
dilol reduced the risk for death significantly more than metoprolol 
tartrate (all-cause mortality risk reduction: 17%, P = 0.0017; cardio-
vascular death risk reduction: 20%, P = 0.00004).400 Specifically, the 
superiority of carvedilol over metoprolol may reflect the importance 
of carvedilol's ancillary effects and/or pharmacodynamic (half-life) 
differences.401 Findings from the BEST (Beta Blocker Evaluation of 

Survival Trial) confirm that not efit from carvedilol might not be a 
2
-

antagonistic effect, because there was no improvement with bucindolol 
compared with placebo.395 Whether the selective 

1
-specific agents biso-

prolol and metoprolol CR/XL exert similar clinical benefits to carve-
dilol will require additional study. Nonetheless, based on the results of 
COMET, carvedilol is preferred to conventional metoprolol, not meto-
prolol CR/XL, for HF treatment. Interestingly, a recent metaregression 
analysis of -blocker HF trials demonstrates that the magnitude of sur-
vival benefit seen with -blockers is statistically significantly associated 
with the magnitude of HR reduction achieved but not the dosage of 

-blocker administered. However, until HF trials randomly assign par-
ticipants who receive -blockers to different target HRs, an optimal HR 
(and thus target HR reduction) is unknown.402

Clinical Practice
Current evidence suggests that -blockers should be given to all 
HF patients with reduced EF (EF < 0.40) who are stabilized on oral 
medications including ACE inhibitors and diuretics, unless there is 
a contraindication. This recommendation is endorsed by the ACC/
AHA322 and the European Society of Cardiology.403 Specifically, long-
term -blockade is advocated in patients with HF in stages B to D in 
 addition to ACE inhibition to limit disease progression and reduce 
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Large-Scale Placebo-Controlled Mortality Trials of b-Blockade in Heart Failure

Effect on All Causes

Trial Agent HF Severity Patients (n) Target Dose (mg) Mortality Hospitalization

US Carvedilol Carvedilol NYHA II-III 1094 6.25–50 bid  65%  27%
CIBIS-II Bisoprolol EF  35; NYHA 

Class III-IV
2647 10 qd  34%  20%

MERIT-HF Metoprolol CR/XL EF  40; NYHA 
Class II-IV

3991 200 qd  34%  18%

BEST Bucindolol EF  35; NYHA 
Class III-IV

2708 50–100 bid NS  8%

COPERNICUS Carvedilol EF 25; NYHA 
Class IV

2289 25 bid  35%  20%

TABLE 
10-19
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mortality. Patients with ongoing decompensation (e.g., requiring IV 
inotropic or vasodilator therapy), overt fluid retention, or symptom-
atic hypotension should not receive -blockers. There is no apparent 
decline in safety or efficacy when -blockers are given to diabetics with 
HF. The long-term benefit of -blocker therapy in patients with coex-
isting chronic obstructive pulmonary disease is uncertain, because 
these patients have been excluded from the major clinical trials.

The three agents with clinical trial evidence for improved morbidity 
and mortality in patients with HF are carvedilol, metoprolol CR/XL, 
and bisoprolol. Starting doses of -blockers should be small to mini-
mize worsening of HF symptoms, hypotension, and bradycardia. The 
dose should be doubled every 1 to 2 weeks, as tolerated, until target 
doses shown to be effective in large trials are achieved (Table 10-20). 
Although it is recommended that -blocker therapy be continued 
indefinitely in patients with HF, if it is to be electively stopped, a slow 
down-titration is preferred. Acute withdrawal of -blocker therapy in 
the face of high adrenergic tone may result in sudden cardiac death.404 
The adverse effects of -blocker therapy include fatigue, dizziness, 
hypotension, and bradycardia. Because the absolute risk for adverse 
events is small compared with the overall risk reduction of cardiovas-
cular death, few patients have been withdrawn from -blocker ther-
apy.405 A practical guide to the use of -blockers in patients with HF has 
been reported by McMurray et al406

 Hydralazine-Isosorbide Dinitrate
Combination vasodilator therapy, hydralazine and isosorbide dini-
trate, also has the potential to interfere with the mechanisms respon-
sible for the progression of HF, particularly those that involve oxidative 
stress.407 In addition to biochemical and molecular benefits, this isosor-
bide/hydralazine combination reduces preload and afterload, decreases 
mitral regurgitation, improves exercise capacity, increases left  
ventricular ejection fraction (LVEF), and prolongs survival in select  
HF populations.408

Clinical Evidence
Three major clinical studies have examined the effects of combina-
tion therapy with hydralazine and nitrates in the management of HF. 
In the first Vasodilator-Heart Failure Trial (V-HeFT I), combination 
vasodilator therapy with hydralazine and isosorbide dinitrate given 
to male patients with mild-to-severe HF improved survival compared 
with the ACE-I, prazosin, or placebo.409 However, in V-HeFTII, enal-
april had a major benefit on survival in NYHA Class II-III patients 
compared with the combination vasodilator therapy.342 Because suba-
nalyses performed on these studies showed that hydralazine-isosorbide 
dinitrate had a marked risk reduction in patients of black race,410 the 
African-Americans Heart Failure (AheFT) was designed to prospec-
tively examine the efficacy of this vasodilator combination. The AheFT 
randomized 1040 self-described African-Americans with HF and an 
abnormal LVEF (only 23% with ischemic heart disease) treated with 
diuretics, ACE inhibitors, and -blockers to isosorbide dinitrate, 40 mg 
three time daily, plus hydralazine, 75 mg three times daily, or to pla-
cebo.411 Because a significant reduction in mortality rate was observed 
in isosorbide dinitrate plus hydralazine–treated patients compared 
with placebo treatment (6% vs. 10%, respectively; HR, 0.52; P = 0.02), 
the study was terminated early and ACC/AHA recommendations were 
initiated.411

Clinical Practice
The combination of hydralazine and isosorbide dinitrate should be 
administered (Class I) to improve outcomes for patients self-described 
as African-American, with moderate-to-severe symptoms on optimal 
therapy with ACE inhibitors, -blockers, and diuretics.322 The benefit is 
presumed to be related to an increase in NO bioavailability. The addi-
tion of this combination vasodilator therapy is thought to be reason-
able (Class IIa recommendation) in other stage C patients with HF with 
reduced LVEF who have persistent symptoms despite optimal medi-
cal therapy with ACE inhibitors and -blockers. Whether hydralazine 
and isosorbide dinitrate have a significant benefit in those symptom-
atic patients with HF who are intolerant to ACE inhibitors, however, 
requires additional study (Class IIB recommendation).322 The initial 
dosage of oral isosorbide dinitrate is 10 mg three times daily, with sub-
sequent titration up to a maximum dosage of 40 mg three times daily. 
Nitrates should be given no more than three times daily, with daily 
nitrate washout intervals of 12 hours to prevent nitrate tolerance from 
developing. The initial dosage of oral hydralazine in patients with HF 
is 10 to 25 mg three times daily, with subsequent titration up to a maxi-
mum dose of 100 mg three times daily. Nonetheless, compliance with 
this regimen generally has been poor because of the large number of 
tablets required and the high incidence of adverse effects, including 
headache and dizziness.

Adjunctive Drugs
In addition to ACE inhibitors and -blockers, diuretics and digoxin are 
often prescribed for patients with LV systolic dysfunction and symp-
tomatic HF.

Diuretics
For most patients, volume status should be optimized before intro-
duction of -blockers and ACE inhibitors. Patients with pulmonary 
congestion often will require a loop diuretic in addition to standard 
therapy. Diuretics relieve dyspnea, decrease heart size and wall stress, 
and correct hyponatremia of volume overload. However, overly aggres-
sive and especially unmonitored diuretic therapy can lead to metabolic 
abnormalities, intravascular depletion, hypotension, and neurohor-
monal activation. Loop diuretics inhibit tubular reabsorption of 
sodium along the ascending limb of the loop of Henle. Furosemide 
also reduces preload by increasing vascular capacity. Diuretics continue 
to have a role in the management of chronic HF, now generally added to 
ACE inhibitors, -blockers, and aldosterone antagonists. However, no 
randomized, controlled trial has shown a survival benefit from diuret-
ics in HF. Indeed, rates of hospitalization or death from worsening HF 
were significantly greater in HF patients receiving diuretics (other than 
aldosterone antagonists) than in those not receiving diuretics (relative 
risk, 1.31; 95% confidence interval, 1.09 to 1.57) in a large post hoc 
review of data from SOLVD. 412 Dosing recommendations and kinetic 
data for the commonly used loop diuretics are provided in Table 10-21. 
Common adverse effects of loop diuretics include electrolyte depletion 
(Na+, K+, Mg2+, Ca2+, Cl-), prolonged action of nondepolarizing muscle 
relaxants, hyperglycemia, and insulin resistance. Less common adverse 
effects include skin rash, hyperuricemia, and ototoxicity.

Digoxin
Digoxin continues to be useful for patients with symptomatic HF and 
LV systolic dysfunction despite receiving ACE inhibitor, -blocker, and 
diuretic therapy. Digoxin is the only positive inotropic drug approved 
for the management of chronic HF. Its indirect mechanism of posi-
tive inotropy begins with inhibition of the myocardial sarcolemmal 
Na+/K+-ATPase, resulting in increased intracellular Na+. This, in turn, 
prompts the Na+/Ca+ exchanger to extrude Na+ from the cell, increas-
ing intracellular [Ca2+]. The increased Ca2+ now available to the con-
tractile proteins increases contractile function.413 Besides its inotropic 
effects, digoxin has important vagotonic and sympatholytic effects. 

b-Blockers Proven Effective in Heart Failure

Agent Receptor Selectivity Start Dose (mg) Target Dose (mg)

Metoprolol  
CR/XL

1
12.5 qd 200 qd

Bisoprolol
1

1.25 qd 5–10 qd
Carvedilol

1 2
>> ; 

2
3.125 qd 25–50 qd

TABLE 
10-20
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The inhibition of Na+/K+-ATPase in the kidney also decreases sodium 
reabsorption in the renal tubules.322 In atrial fibrillation (AF), digoxin 
slows the rate of conduction at the AV node. In patients with HF, it 
reduces sympathetic efferent nerve activity to the heart and periph-
eral circulation through direct effects on the carotid sinus barorecep-
tors.414 Digoxin increases HR variability, an additional beneficial action 
on autonomic function in the patient with HF.415 Although these prop-
erties are beneficial in controlling the ventricular rate in AF, digoxin 
has only a narrow therapeutic/toxicity ratio. Digoxin toxicity is dose 
dependent and modified by concurrent medications (nonpotassium-
sparing diuretics) or conditions (renal insufficiency, myocardial isch-
emia). Ventricular arrhythmias consequent to digoxin toxicity may be 
caused by calcium-dependent afterpotentials. In patients with intoxi-
cation and life-threatening arrhythmias, purified antidigoxin FAB frag-
ments from digoxin-specific antisera provide a specific antidote.413

The efficacy of digoxin for symptomatic HF was shown in ran-
domized, controlled trials. The Digitalis Investigators Group (DIG) 
trial, enrolling more than 6500 patients with an average follow-up of  
37 months, showed that digoxin reduced the incidence of HF exacerba-
tions. Although the study showed no difference in survival in patients 
with EF less than 45% receiving either digoxin or placebo, the com-
bined end point of death or hospitalization for HF was significantly 
reduced in patients who received digoxin (27% vs. 35%; relative risk, 
0.72; 95% confidence interval, 0.66 to 0.79).371 However, this study 
showed a greater incidence of suspected digoxin toxicity in the treat-
ment group. Efficacy of digoxin in patients with mildly symptomatic 
HF was shown in pooled results from the Prospective Randomized 
Study of Ventricular Function (PROVED) and the Randomized 
Assessment of Digoxin and Inhibitors of Angiotensin-Converting 
Enzyme (RADIANCE) trials. Patients randomized to digoxin with-
drawal had an increased likelihood of treatment failure compared  
with those who continued to receive digoxin, suggesting that patients 
with LV systolic dysfunction benefit from digoxin (or, at least, do not 
benefit from digoxin withdrawal), even when they have only mild 
symptoms.416,417 Taken together with its narrow therapeutic window, 
digoxin is deemed reasonable to add to patients with HF with reduced 
EF who remain symptomatic despite optimal therapy (Class IIa rec-
ommendation). Ideally, serum digoxin concentration should remain 
between 0.7 and 1.1 ng/ml. In the elderly patient with renal insuffi-
ciency, severe conduction abnormalities, or acute coronary syndromes, 
even a low dose of 0.125 mg/day should be used with extra caution.

Other Pharmacologic Therapies for Chronic Heart 
Failure Management

Vasopressin Receptor Antagonists
Arginine vasopressin has been elucidated as one of the mediators 
involved in the progression of HF. Patients with HF have greater levels 
of arginine vasopressin than control subjects, and this has been shown 
to be a marker of increased cardiac-related mortality.418 The effects 
of arginine vasopressin include vasoconstriction via the V1 receptor 
and antidiuresis via the V2 receptor in the kidney. The water retention 
that occurs in chronic HF because of the activation of the RAS cur-
rently is treated with diuretics. However, diuretics are associated with 
numerous adverse effects (electrolyte imbalance, renal insufficiency, 
and activation of the RAS). Vasopressin receptor antagonists, because 
of their ability to decrease water retention without activating the RAS,  
currently are being investigated for use in patients with HF.

Studies performed on patients with stage C HF comparing tolvap-
tan with placebo (e.g., EVEREST and ECLIPSE) have demonstrated 
its ability to decrease water retention, correct hyponatremia, improve 
patient-assessed clinical status, and decrease PCWP without causing 
renal injury. Vasopressin-receptor antagonists ultimately may come 
to replace the use of diuretics in patients with HF. However, further 
studies are necessary to determine whether this class of medication can 
produce an improvement in outcomes in patients with HF.

Anticytokines
In addition to the renin-angiotensin-aldosterone system and the SNS, 
an increasing number of other vasoactive mediators and growth factors 
have been implicated in the progression of HF. Production of inflamma-
tory cytokines (including tumor necrosis factor-  and interleukin-6) is 
increased in patients with HF, and increased blood concentrations of 
these cytokines have been associated with poor short-term and long-
term prognoses.419 The value of anti–tumor necrosis factor-  therapy 
with etanercept, a tumor necrosis factor-  receptor fusion protein, has 
been studied in two trials: RENAISSANCE (Randomized Etanercept 
North American Strategy to Study Antagonism of Cytokines) and 
RECOVER (Research into Etanercept: Cytokine Antagonism in 
Ventricular Dysfunction), and in the combined analysis, RENEWAL 
(Randomized Etanercept Worldwide Evaluation). However, the trials 
were terminated prematurely after an interim data analysis showing 
lack of benefit. Etanercept had no effect on clinical status and had no 
effect on the death or HF hospitalization end points.420 Accordingly, 
inhibition of anti-proinflammatory cytokines remains only a potential 
therapy for HF.

Endothelin-Receptor Antagonists
The endothelin system also may contribute to the progression of HF. 
Plasma levels of endothelin-1 (ET-1) are increased in patients with 
HF.421 ET-1 produces vasoconstriction of the systemic, renal, pul-
monary, and coronary vasculature, remodeling of the myocardium 
(including myocardial and vascular fibrosis), and neurohormonal acti-
vation, and has proarrhythmic and negative inotropic effects. Once 
the central role of endothelin in pathogenesis and beneficial effect of 
endothelin antagonists in treating experimental HF were defined, clini-
cal studies with endothelin antagonists began.422,423 To date, the clinical 
efficacy of endothelin receptor-antagonists (e.g., bosentan, enrasentan, 
and darusentan) have been investigated in four clinical trials: REACH-
1, ENCOR, Endothelin Antagonist Bosentan for Lowering Cardiac 
Events in Heart Failure (ENABLE), and EARTH.424–426 However, in 
none of these trials was there a significant difference between endothe-
lin-receptor antagonists and placebo with regard to clinical status, all-
cause mortality, or HF-related hospitalizations.

Vasopeptidase Inhibitors
In opposition to the endogenous vasoconstrictor systems (Ang II, 
the adrenergic system, ET-1, vasopressin, and aldosterone) are the 
endogenous vasodilator systems, including NO, endothelium-derived 
hyperpolarizing factor, prostaglandins, adrenomedullin, and natri-
uretic peptides. These vasodilating mediators not only reduce BP and 
improve sodium and water excretion, they reduce growth and fibrosis, 
inhibit coagulation, and reduce inflammation. However, in HF, there 
is an imbalance that favors vasoconstriction. Accordingly, the concept 
of neutral endopeptidase inhibition (the major enzymatic pathway 

Loop Diuretics

Drug Equivalent Doses Initial Dose Maximal Dose Onset (IV) Diuresis Peak Duration

Furosemide 40 mg 10–40 mg/day 240 mg twice a day 10–20 min 90 min 4–5 hr
Bumetanide 1 mg 0.5–1.0 mg/day 10 mg/day Within

10 min
75–95 min 4–5 hr

Torsemide 20 mg 50 mg/day 200 mg twice a day 10 min 60 min 6–8 hr
Ethacrynic acid 25 mg 100 mg twice a day 100 mg twice a day 10–20 min 90 min 4–5 hr

TABLE 
10-21
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for degradation of natriuretic peptides) for the treatment of chronic 
HF led to two large-scale, randomized, controlled trials, OCTAVE and 
Omapatrilat Versus Enalapril Randomized Trial of Utility in Reducing 
Events (OVERTURE), that compared the use of omapatrilat with ACE 
inhibition.427,428 Although there was no statistically significant advan-
tage with omapatrilat regarding total mortality, the secondary end 
point of cardiovascular death or HF hospitalizations was reduced in 
the omapatrilat group (hazard ratio, 0.91; 95% confidence interval, 
0.82 to 0.98; P = 0.012). Concerns regarding the side-effect profile of 
omapatrilat (e.g., angioedema), however, will limit its use in the arma-
mentarium of HF treatment.

 Nonpharmacologic Therapy
In addition to the beneficial effects of the evidenced-based pharma-
cologic therapy for the management of HF, the use of cardiac resyn-
chronization therapy has a Class Ia recommendation in patients with 
stage C HF.322 In the Comparison of Medical Therapy, Pacing, and 
Defibrillation in Heart Failure (COMPANION) trial, cardiac resyn-
chronization therapy with a pacemaker combined with an implantable 
defibrillator significantly decreased the likelihood of death or hospi-
talization for HF when compared with conventional pharmacologic 
therapy429,430 (see Chapters 4, 13, and 25). Included in the guidelines 
for resynchronization therapy is the recommendation for implantable 
cardioverter-defibrillators for primary prevention to reduce mortal-
ity by a reduction in cardiac sudden death in patients with ischemic 
and nonischemic heart disease who are at least 40 days after MI, have 
an LVEF  35% with NYHA functional Class II-III symptoms while 
undergoing optimal medical therapy, and have reasonable expectation 
of survival (>1 year).322

Stem cell therapy is another potential treatment of HF (see Chapter 
27). Stem cell therapy has shown promise in the treatment for ischemic 
heart disease both in the laboratory and in small clinical studies.431,432 
Autologous bone marrow and peripheral blood stem cells transplanted 

in patients with acute MI improved cardiac function.433,434 Although 
fewer randomized trials of transplants of blood- or bone marrow–
derived stem cells have been performed in the setting of chronic CAD 
and chronic HF,435–438 the results show promise, including improve-
ments in regional and global LV function, perfusion, and relief of 
angina pectoris.439,440

Pharmacologic Treatment of Diastolic 
Heart Failure

Abnormal diastolic ventricular function is a common cause of  
clinical HF. The incidence of HF with a normal or near-normal EF 
(HFNEF) ( 40%) includes up to 50% of the general HF popula-
tion.441 The risk for DHF increases with age, approaching 50% in 
patients older than 70 years.442 DHF also is more common in female 
individuals and patients with hypertension or diabetes mellitus. The 
prognosis, in terms of morbidity and mortality, associated with the 
diagnosis of DHF is similar to that of systolic HF.443–446 In the chronic 
state, abnormal increases in systolic BP and afterload may contribute 
to an impaired Frank–Starling response and the resultant symptoms 
of exercise intolerance. Because this syndrome carries substantial 
morbidity (exercise intolerance, hospital admissions) and mortality, 
and results in substantial annual health care expenditures, pharma-
cotherapy of DHF represents one of the current frontiers of clinical 
cardiovascular medicine.

In contrast with the large, randomized trials that have led to the 
treatment guidelines for systolic HF, the randomized, double-blind, 
placebo-controlled, multicenter trials performed in patients with 
DHF or HFNEF to date have not shown a survival benefit (Table 
10-22). Consequently, the guidelines are based on clinical experi-
ence, small clinical studies, and an understanding of the pathophysi-
ologic mechanisms. The general approach to treating DHF has three 
main components. First, treatment should reduce symptoms, primar-
ily by reducing pulmonary venous pressure during rest and exercise 

Completed Clinical End-Point Trials of Heart Failure with Normal Ejection Fraction (HFNEF) or Heart Failure with Mildly  
Reduced Ejection Fraction

Study Drug Primary End Point Inclusion Criteria Results

Calcium Channel Blockers
N = 20 men, FU = 2 × 2 wk crossover, randomized, double blind (Setaro et al 1990)
Verapamil
PE not defined

EF > 45%, clinical heart failure > 3 mo,  
abnormal peak filling rate

Improvement in heart failure score (P < .01) and exercise 
duration (placebo-subtracted net effect +15%, P < .01). 
Increase in peak filling rate relative to baseline value (24%) 
not different from placebo because of suspected carryover 
effect

N = 15, FU = 2 × 3 mo crossover, randomized, double blind (Hung et al 2002)
Verapamil
PE not defined

EF > 50%, NYHA II/III, age  60 yr,  
Doppler echo criteria of abnormal  
relaxation or pseudonormalization

Improvement in heart failure score (P < .05), exercise duration 
(placebo-subtracted net effect +12%, P < .05) and Doppler 
echo criteria of diastolic function

b-Blockers
N = 158, FU = 32 mo, randomized, open label (Aronow et al 1997)
Propranolol
PE not defined

EF  40%, NYHA II-III, age  62 yr, prior myocardial 
infarction, diuretics and  
ACEIs

Reduction of ACM (RRR 26%, P = .007) and ACM or NFMI 
(RRR 28%, P = .002). After 1 y greater increase in LVEF  
(P < .0001) and greater reduction in LV mass (P = .0001) 
with propranolol

SWEDIC (Bergström et al 2004), N = 97, FU = 6 mo, randomized, double blind
Carvedilol
Doppler diastolic function score

EF > 45%, heart failure signs ± symptoms,  
Doppler echo evidence of diastolic  
dysfunction

PE: no effect. SE: carvedilol increased E/A ratio (P = .046) but 
also increased left atrial size (P < .05) and BNP (P < .05). No 
difference in ACM, ACH, CVH, symptoms. Trend toward 
deterioration of NYHA class with carvedilol

SENIORS subset with EF > 35% (Flather et al 2005), N = 752, FU = 21 mo, randomized, double blind
Nebivolol
ACM or CVH

EF > 35%, age  70 yr, congestive heart  
failure hospitalization in prior 12 mo

PE reduction by 18% (95% CI, was 0.63–1.05). In the SENIORS 
echocardiographic substudy (Ghio et al 2006), nebivolol had 
no significant effect on LV volumes, EF, left atrial dimension, 
and function

N = 443, FU = 25 mo, prospective observational (Dobre et al 2007)
-Blockers

ACM
EF  40%, heart failure hospitalization PE reduction by 43% (95% CI, was 0.37–0.88) in multivariate 

analysis if -blocker was given at hospital discharge

TABLE 
10-22

(Continued)



270 SECTION II Cardiovascular Physiology, Pharmacology Biology, and Genetics

by carefully reducing LV volume, and maintaining AV synchrony or 
tachycardia control. Second, treatment should target the underlying 
diseases that cause DHF. Specifically, ventricular remodeling (e.g., 
myocardial hypertrophy and fibrosis) should be reversed by control-
ling hypertension, replacing stenotic aortic valves, treating ischemia, 
controlling glycemia in patients with diabetes, and body weight nor-
malization in obese or overweight patients. Third, treatment should 
target the underlying mechanisms that are altered by the disease pro-
cesses, mainly neurohormonal activation. Drug treatment of DHF 
with respect to these three goals is shown in Table 10-22.

Many of the drugs used to treat systolic HF also are used to treat 
DHF. However, the reason for their use and the doses used may be 
different for DHF. For instance, in DHF, -blockers may be used to 

prevent tachycardia and thereby prolong diastolic filling and reduce 
left atrial pressure,447 whereas in systolic HF, -blockers are used to 
reverse heart remodeling (e.g., carvedilol). In fact, metoprolol-CR/XL 
may be a better -blocker choice than carvedilol for DHF because too 
low a BP (as a consequence of carvedilol) may be detrimental for the 
DHF patient. However, because -blocker therapy for the treatment 
of DHF has been challenged by recent exercise metabolic testing data 
indicating that impaired chronotropic response to exercise contrib-
utes to observed exercise intolerance,448 it is less likely to be chosen as a 
stand-alone treatment for DHF. Similarly, diuretic and NTG doses for 
DHF are usually much smaller than for systolic HF because the DHF 
patient is very sensitive to large reductions in preload. Calcium channel 
blockers are not a part of the armamentarium in systolic HF treatment 

N indicates number of patients enrolled; FU, average follow-up time; PE, primary end point; SE, secondary end point. ACM/HFM/CVM, all-cause/heart failure/cardiovascular 
mortality; ACH/HFH/CVH, all-cause/heart failure/cardiovascular hospitalizations; HFRF, heart failure–related hospitalizations; WHFE, worsening heart failure events; NFMI, 
nonfatal myocardial infarction; RR, relative risk; RRR, relative risk reduction; NYHA, New York Heart Association functional class; E/A, ratio of peak early to peak late mitral valve 
blood flow velocity; QoL, quality of life; SWEDIC, Swedish Doppler-echocardiographic study; CI, confidence interval; SENIORS, Study of the Effects of Nebivolol Intervention on 
Outcomes and Rehospitalisation in Seniors with Heart Failure; DIG-PEF, Digitalis Investigation Group—Preserved Ejection Fraction; HF, heart failure; PEP-CHF, The perindopril 
in elderly people with chronic heart failure study; CHARM, Candesartan in Heart failure: Assessment of Reduction in Morality and morbidity; I-PRESERVE, The irbesartan in heart 
failure with preserved systolic function trial.

Reprinted from Kindermann M, Reil J-C, Pieske B, et al: Heart failure with normal left ventricular ejection fraction: What is the evidence? Trends Cardiovasc Med 18:280–292, 2008; Table 
2A, by permission.

Completed Clinical End-Point Trials of Heart Failure with Normal Ejection Fraction or Heart Failure with Mildly  
Reduced Ejection Fraction—Cont'd

Study Drug Primary End Point Inclusion Criteria Results

Digitalis Glycosides
DIG-PEF (Ahmed et al 2006), N = 988, FU = 37 mo, randomized double blind
Digoxin
HFH or HFM

EF > 45%, sinus rhythm, current or past clinical 
symptoms, signs or radiologic evidence of HF

PE: no effect. SE: no effect on ACM, HFM, CVM, CVM or HFH, 
CVH. Trend toward decreased HFH (P = .094) balanced by 
trend toward increase in hospitalizations for unstable angina 
(P = .061)

ACEIs
N = 21, FU = 3 mo, randomized, open label (Aronow and Kronzon 1993)
Enalapril
PE not defined

EF > 50%, NYHA III, prior myocardial infarction, 
sinus rhythm, diuretics

Significant improvements for (placebo-subtracted net effects) 
NYHA class (−0.5 classes), cardiothoracic ratio (−0.02), 
exercise time (+19%), E/A ratio (+0.1), LV mass (−12%)

N = 416, FU = 2.6 yr, prospective observational (Grigorian Shamagian et al 2006)
ACEIs
PE not defined

EF  50%, hospitalized for heart failure Significant prolongation of survival with the use of ACEIs 
(+1.57 yr, RRR 37%, P = .012 in multivariate analysis)

PEP-CHF (Cleland et al 2006), N = 846, FU = 26.2 mo, randomized, double blind
Perindopril
ACM or HFRH

EF  40%, age  70 yr, diuretics, three of nine clinical 
and two of four echo criteria, cardiovascular 
hospitalization in prior 6 mo

Generally, no effects on PE or SE for the entire duration of the 
study. One-year analysis: trend toward PE reduction (RRR 
31%, P = .055), reduction of HFRH (RRR 37%, P = .033), 
CVM, or HFH (RRR 38%, P = .018), but no reduction in 
WHFE. After 1 yr improvement of NYHA class (P = .03)  
and 6-min walk distance (+14 m, P = .011)

Angiotensin II Receptor Antagonists
CHARM-Preserved (Yusuf et al 2003), N = 3023, FU = 36.6 mo, randomized, double blind
Candesartan
CVM or HFH

EF > 40%, NYHA II-IV, prior cardiac hospitalization PE: trend favoring candesartan (RRR, 11%, P = .118; in 
covariate-adjusted analysis RRR, 14%, P = .051). SE: no effect 
on CVM. HFH: RRR 15% (P = .072; covariate-adjusted RRR, 
16%, P = .047). Pronounced effect in investigator reported 
end points: RRR 15% (P = .028) for the PE, RRR 18%  
(P = .017) for HFH

I-PRESERVE (Massie et al 2008), N = 4128, FU = 49.5 mo, randomized, double blind
Irbesartan
ACM or CVH

EF  45%, age  60 yr, NYHA II-IV, heart failure 
hospitalization in prior 6 mo or ongoing NYHA 
III/IV functional class

PE: no effect (RR for irbesartan, 0.95, with 95% CI, 0.86–1.05). 
SE: no effect on ACM (RR, 1.00; 95% CI, 0.88–1.14), CVH 
(RR, 0.95; 95% CI, 0.85–1.08), HFH (RR, 0.95; 95% CI, 0.81–
1.10), heart failure-related quality of life (P = .85), change in 
NT-proBNP at 6 mo (P = .14)

Statins
N = 137, FU = 21 mo, prospective observational (Fukuta et al 2005)
Statins
PE not defined

EF  50%, heart failure signs ± symptoms Significant survival benefit with statin therapy (RRR 80%;  
P = .005 in multivariate analysis)

Others
Hong Kong DHF Study (Yip et al 2008), N = 150, FU = 1 yr randomized, open label
Diuretics alone plus irbesartan vs. ramipril
QoL, tissue Doppler

EF > 45%, NYHA II-IV requiring diuretics, 
pulmonary venous congestion on chest x-ray

Diuretics significantly improved QoL with no significant 
additional effect of irbesartan or ramipril. Significant 
increase in early diastolic mitral annulus velocity and 
significant fall in NT-proBNP concentrations only with 
diuretics plus irbesartan or ramipril. No significant change in 
6-min walk distance with either therapy.

TABLE 
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but may be beneficial in DHF through effects on rate and BP control, 
specifically the long-acting dihydropyridine class of calcium channel 
blockers. With the exception of rate control in chronic AF, digoxin is 
not recommended for DHF.

Ongoing clinical trials focus on “mechanism-targeted” therapy for 
HF patients with preserved systolic function (Table 10-23). Two of 
the trials (CHARM and I-PRESERVE) examined the effects of treat-
ment with angiotensin-receptor blockade, the PEP-CHF and Hong 
Kong Diastolic Heart Failure trials examined the effects of ACE-I, the 
SENIORS trial examined the role of -blockers, and the MCC-135 
trial examined the influence of modulation of calcium homeostasis at 
the SR and cellular membrane. In the ongoing Treatment of Preserved 
Cardiac Function Heart Failure with an Aldosterone Antagonist trial 
(TOPCAT) and Aldosterone in Diastolic Heart Failure (ALDO-DHF) 
trial, the role of spironolactone is under study, in regard to whether 
any antifibrotic intervention strategies are sufficient to improve the 
outcome in patients with DHF. Smaller studies are investigating the 
effects of physical activity, statins, ivabradine, PDE5 inhibitors, cross-
link breaker,449 pacing, or resynchronization therapeutic options  
in patients with DHF. Indeed, the beneficial effect of stem cells on  
diastolic function in patients after MI (B-naturetic peptide Observation 
Outcome Study [BOOST] trial)450 will require further study to deter-
mine whether its usefulness holds in DHF patients without prior MI.

In 1999, a small trial showed that losartan, an angiotensin-receptor  
antagonist, improved exercise capacity in patients with DHF.451  
The CHARM-Preserved Trial data indicate that treatment with the 
angiotensin-receptor antagonist candesartan reduces hospitalization 
rates but does not alter mortality in patients with DHF.354 Moreover, 
the assessment of the angiotensin-receptor blocker, irbesartan, in 
patients with DHF (I-Preserve trial) did not show a benefit, in part, 
because patients were already optimally treated with conventional 
therapies such as ACE-I, spironolactone, and -adrenergic blockers.452 
In theory, the use of ACE inhibitors should be beneficial for patients 
with diastolic dysfunction by causing regression of hypertrophy, reduc-
tion of systemic BP, and prevention or modification of cardiac remod-

eling. Likewise, aldosterone antagonists have been proposed for use in 
patients with diastolic dysfunction because of their antifibrotic and 
antiremodeling effects.294,298 Preliminary findings from ongoing stud-
ies suggest that aldosterone antagonists may improve exercise tolerance 
and quality of life in patients with DHF.453 However, until validation 
from adequately powered, randomized, controlled trials is available, 
the treatment of chronic DHF remains empiric.

Except in the presence of acute DHF, positive inotropic and chro-
notropic agents should be avoided because they may worsen diastolic 
function by increasing contractile force and HR, or by increasing cal-
cium concentrations in diastole. However, in the short-term manage-
ment of acute diastolic dysfunction or HF (e.g., after cardiopulmonary 
bypass [CPB]), -adrenergic agonists (e.g., epinephrine) and PDE 
inhibitors (e.g., milrinone) enhance calcium sequestration by the SR 
and thereby promote a more rapid and complete myocardial relaxation 
between beats.454,455

 Management of Acute Exacerbations  
of Chronic Heart Failure

Patients with chronic HF, despite good medical management, may expe-
rience episodes of pulmonary edema or other signs of acute volume 
overload.456 These patients may require hospitalization for intensive 
management if diuretics fail to relieve their symptoms. Other patients 
may experience exacerbations of HF associated with acute myocar-
dial ischemia or infarction, worsening valvular dysfunction, infections 
(including myocarditis), or failure to maintain an established drug regi-
men. Fonarow et al457 described a risk-stratification system for in- hospital 
mortality in acutely decompensated HF using data from a national reg-
istry. Low-, intermediate-, and high-risk patients with mortality rates 
ranging from 2.1% to 21.9% were identified using blood urea nitrogen, 
creatinine, and systolic BP on admission. These patients will require all 
the standard medications, as outlined in previous sections, and also may 
require infusions of vasodilators or positive inotropic drugs.

N indicates prospective number of enrolled patients; ACM/CVM, all-cause/cardiovascular mortality; HFH/CVH, heart failure/cardiovascular hospitalizations; HFRF, heart failure–related 
hospitalizations; E/E�, ratio of early diastolic transmitral blood flow velocity and early diastolic mitral annular velocity; RR, blood pressure; ACEI, ACE inhibitor; ARB, angiotensin 
receptor blocker; TOPCAT, Trial of Aldosterone Antagonist Therapy with Adults with Preserved EF Congestive Heart Failure; Aldo-DHF, aldosterone receptor blockade in DHF; PIE-II, 
Pharmacological Intervention in the Elderly II; PREDICT, Parallel Design Study to Determine the Effectiveness of Inspra Reversing Diastolic Dysfunction, Improving Endothelial 
Function, and Suppressing Natriuretic Peptides and Collagen Turnover in Patients with DHF; ELANDD, Effects of the Long-Term Administration of Nebivolol on the Clinical 
Symptoms, Exercise Capacity and LV Function of Patients with Diastolic Dysfunction; J-DHF, Japanese DHF Trial.

Reprinted from Kindermann M, Reil J-C, Pieske B, et al: Heart failure with normal left ventricular ejection fraction:What is the evidence? Trends Cardiovasc Med 18:280–292, 2008, Table 2B, 
by permission.

Upcoming Clinical End-Point Trials of Heart Failure with Normal Ejection Fraction

Trial Inclusion Criteria Primary End Point N

Efficacy and safety of Valsartan on exercise 
tolerance in patients with heart failure

Valsartan (active, not recruiting)

DHF Exercise tolerance 150

TOPCAT
Spironolactone (currently recruiting)

EF  45%, age  50 yr, at least one heart failure  
symptom and sign, heart failure hospitalization in 
prior 12 mo, or elevated natriuretic peptides

CVM
Aborted cardiac arrest
HFRH

4500

Aldo-DHF
Spironolactone (currently recruiting)

EF > 50%, age  50 yr, NYHA  II, echocardiographic 
evidence of diastolic dysfunction, peak oxygen  
uptake  20 mL/kg per minute

Peak oxygen uptake change in E/E  ratio 420

PIE-II
Spironolactone (active, not recruiting)

Age  60 yr, DHF Exercise tolerance
Quality of life

80

Novel treatment for DHF in women
Spironolactone (currently recruiting)

Women, EF  50%, NYHA II/III, BNP  62 pg/mL,  
RR  155/95 mm Hg. Medication with ACEI or  
ARB for at least 4 wk

Not specified ?

Aldosterone antagonism in DHF
Eplerenone (currently recruiting)

EF  50%, NYHA II/III, BNP  62 pg/mL, RR  
155/95 mm Hg. Medication with ACEI or ARB for  
at least 4 wk

6-min walk distance 48

PREDICT
Eplerenone (currently recruiting)

EF  45%, NYHA  II, echocardiographic evidence  
of diastolic dysfunction, RR controlled

Not specified 80

ELANDD
Nebivolol (currently recruiting)

EF > 45%, age  40 yr, NYHA II/III or pulmonary  
venous congestion on chest x-ray,  
echocardiographic evidence of diastolic dysfunction

6-min walk distance 150

J-DHF
-Blockers (currently recruiting)

EF > 40%, heart failure according to modified 
Framingham criteria

CVM or HFH 800

TABLE 
10-23



272 SECTION II Cardiovascular Physiology, Pharmacology Biology, and Genetics

Vasodilators
IV vasodilators have long been used to treat the symptoms of low CO 
in patients with decompensated chronic HF. In general, vasodilators 
reduce ventricular filling pressures and SVR, while increasing SV and 
CO. NTG commonly is used for this purpose and has been studied 
in numerous clinical trials.456 It is often initially effective at relatively 
small dosages (20 to 40 g/min) but frequently requires progressively 
increasing doses to counteract tachyphylaxis. NTG is associated with 
dose-dependent arterial hypotension.458

Nesiritide
Brain natriuretic peptide (BNP) is a 32-amino acid peptide that is 
mainly secreted from the cardiac ventricles.459 In healthy subjects, BNP 
concentrations in blood increase with age and are greater in female 
than male subjects. Physiologically, BNP functions as a natriuretic and 
a diuretic. It also serves as a counter-regulatory hormone to Ang II, 
norepinephrine, and endothelin by decreasing the synthesis of these 
agents and by direct vasodilation.

As the clinical severity of HF increases, the concentrations of BNP in 
blood also increase.459 As a result, measurements of BNP in blood have 
been used to evaluate new onset of dyspnea (to distinguish between 
lung disease and HF). BNP concentrations in blood increase with 
decreasing LVEF; therefore, measurements of this mediator have been 
used to estimate prognosis. BNP concentrations decline in response 
to therapy with ACE inhibitors, Ang II antagonists, and aldosterone 
antagonists.

In addition, recombinant BNP has been released as a drug (nesir-
itide), indicated for patients with acute HF and dyspnea with mini-
mal activity. Nesiritide produces arterial and venous dilatation through 
increasing cGMP. Nesiritide does not increase HR and has no effect on 
cardiac inotropy. It has a rapid onset of action and a short elimination 
half-life (15 minutes). In clinical studies, loading doses have ranged 
from 0.25 to 2 g/kg, and maintenance doses have ranged from 0.005 
to 0.03 g/kg/min. Studies have shown that nesiritide reduces symp-
toms of acute decompensated HF similarly to NTG, without develop-
ment of acute tolerance.460 Patients receiving nesiritide experienced 
fewer adverse events than those receiving NTG.461 However, the mor-
tality rate at 6 months was greater in the patients receiving nesiritide 
than in the NTG group. Compared with dobutamine, nesiritide was 
associated with fewer instances of ventricular tachycardia (VT) or car-
diac arrest.462

In the Acute Decompensated Heart Failure National Registry 
(ADHERE) registry of more than 65,000 episodes of acute decom-
pensated HF, treatment with either nesiritide or a vasodilator was 
associated with a 0.59 odds ratio for mortality compared with either 
milrinone or dobutamine.463 Recent data, however, suggest that nesir-
itide may not offer a compelling safety advantage but may be associ-
ated with an increased incidence of adverse side effects, including renal 
failure and mortality, when administered to patients with acutely dec-
ompensated chronic HF.464,465 These data prompted the U.S. Food and 
Drug Administration to convene an expert panel that made several rec-
ommendations including that nesiritide be used only for hospitalized 
patients with acute decompensated HF, and that the agent not be used to 
enhance diuresis or “protect” the kidneys.466 Indeed, findings from the 
Acute Study of Clinical Effectiveness of Nesiritide in Decompensated 
Heart Failure (ASCEND-HF) trial will establish whether nesiritide 
safely improves acute dyspnea, as well as morbidity and mortality, at  
30 days in patients hospitalized for acute decompensated HF.467

Inotropes
Positive inotropic drugs, principally dobutamine or milrinone, have 
long been used to treat decompensated HF, despite the lack of data show-
ing an outcome benefit to their use.456 In the past, some patients with 
chronic HF would receive intermittent infusions of positive inotropic 
drugs as part of their maintenance therapy. Small studies consistently 
demonstrate improved hemodynamic values and reduced symp-
toms after administration of these agents to patients with HF. Studies 

 comparing dobutamine with milrinone for advanced decompensated 
HF showed large differences in drug costs, favoring dobutamine, and 
only small hemodynamic differences, favoring milrinone.468

Nevertheless, placebo-controlled studies suggest that there may be 
no role whatsoever for discretionary administration of positive ino-
tropes to patients with chronic HF.469 In this study, 951 hospitalized 
patients with decompensated chronic HF who did not require IV ino-
tropic support were assigned to receive a 48-hour infusion of either 
milrinone or saline. Meanwhile, all patients received ACE inhibitors 
and diuretics as deemed necessary. Total hospital days did not differ 
between groups; however, those receiving milrinone were significantly 
more likely to require intervention for hypotension or to have new 
atrial arrhythmias. A subanalysis of these results found that patients 
suffering from ischemic cardiomyopathy were particularly subject to 
adverse events from milrinone (a 42% incidence rate of death or rehos-
pitalization vs. 36% for placebo).470

Currently, positive inotropic drug support can be recommended 
only when there is no alternative. Thus, dobutamine and milrinone 
continue to be used to treat low CO in decompensated HF, but only in 
selected patients.

Alternate Therapies
When drug treatment proves unsuccessful, patients with HF may 
require invasive therapy, including ventricular assist devices, biven-
tricular pacing, CABG with or without surgical remodeling, or even 
cardiac orthotopic transplantation. These treatment options are 
beyond the scope of this chapter471 (see Chapters 4, 13, 18, 19, 23, 25, 
26 and 27).

Low-Output Syndrome
Acute HF is a frequent concern of the cardiac anesthesiologist, particu-
larly at the time of separation from CPB. The new onset of ventricular 
dysfunction and a low CO state after aortic clamping and reperfu-
sion are conditions with more pathophysiologic similarity to cardio-
genic shock than to chronic HF and are typically treated with positive 
inotropic drugs, vasopressors (or vasodilators), if needed, and/or 
mechanical assistance.472,473 The latter more commonly takes the form 
of intra-aortic balloon counterpulsation and less commonly includes  
one of the several available ventricular assist devices (see Chapters 27, 
28, 32, and 34).

Causes
Most patients undergoing cardiac surgery with CPB experience a 
temporary decline in ventricular function, with a recovery to nor-
mal function in a period of roughly 24 hours. Thus, pathophysiologic 
explanations must acknowledge the (usual) temporary nature of the 
low-output syndrome after CPB. Most likely, this results from one of 
three processes, all related to inadequate oxygen delivery to the myo-
cardium: acute ischemia, hibernation, or stunning. All three processes 
would be expected to improve with adequate revascularization and 
moderate doses of positive inotropic drugs, consistent with the typi-
cal progress of the cardiac surgery patient. All three processes would be 
expected to be more troublesome in patients with preexisting chronic 
HF, pulmonary hypertension, or arrhythmias.

Risk Factors for the Low-Output Syndrome after 
Cardiopulmonary Bypass
The need for inotropic drug support after CPB often can be anticipated 
based on data available in the preoperative medical history, physical 
examination, and imaging studies. In a series of consecutive patients 
undergoing elective CABG, it was observed that increasing age, decreas-
ing LVEF, female sex, cardiac enlargement (on the chest radiograph), 
and prolonged duration of CPB were all associated with an increased 
likelihood that the patient would be receiving positive inotropic drugs 
on arrival in the intensive care unit.474 Similarly, in a study of patients 
undergoing cardiac valve surgery, it was found that increasing age, 
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reduced LVEF, and the presence of CAD all increased the likelihood that 
a patient would receive positive inotropic drug support.475 The lack of a 
between-sex difference in the likelihood of inotropic drug support after 
cardiac valve surgery was consistent with there being no between-sex 
difference in pathophysiology of valve disease, unlike the between-sex 
difference in pathophysiology of CAD. This latter study also illustrated 
another important risk factor: practitioner bias. In this study from a 
single cardiac surgical unit, some anesthesiologists were more likely to 
administer positive inotropes than others, even after a statistical adjust-
ment for other risk factors. Such differences are even more pronounced 
when one cardiac surgical unit is compared with another. In a survey 
of 40 cardiac surgical units participating in a University Health System 
Consortium benchmarking project of nonemergent coronary bypass 
surgery, use of positive inotropic drugs ranged almost linearly and  
continuously from 5% to 100% of patients.

Specific Drugs for Treating the Low-Output Syndrome
Although all positive inotropic drugs increase the strength of contrac-
tion in noninfarcted myocardium, mechanisms of action differ. These 
drugs can be divided into those that increase cAMP (directly or indi-
rectly) for their mechanisms of action and those that do not. The agents 
that do not depend on cAMP form a diverse group, including cardiac 
glycosides, calcium salts, calcium sensitizers, and thyroid hormone. In 
contrast with chronic HF, cardiac glycosides are not used for this indi-
cation because of their limited efficacy and narrow margin of safety. 
Calcium salts continue to be administered for ionized hypocalcemia 
and hyperkalemia, common occurrences during and after cardiac sur-
gery. Increased [Ca2+] in buffer solutions bathing cardiac muscle in 
vitro unquestionably increase inotropy. However, despite long-standing  
contrary opinions, available studies suggest that doses of CaCl

2
 from  

5 to 10 mg/kg do not increase cardiac index in patients recovering from 
cardiac surgery.476,477

Calcium sensitizers, specifically levosimendan, function by binding 
troponin C in a calcium-dependent fashion. Levosimendan does not 
increase intracellular Ca concentration and, therefore, does not impair 
diastolic cardiac function. Peripheral and coronary vasodilatation, 
because of its effects on ATP-K channels, provides afterload reduc-
tion and improved coronary perfusion. These combined effects result 
in an improvement of myocardial contractility without an increase in 
myocardial oxygen consumption. Another attractive feature of this 
relatively new inotropic agent is that its effects are not diminished by 

-blockade.478

There are conflicting reports regarding the efficacy of levosimendan 
in patients with acute decompensated chronic HF. There have been four 
major clinical trials evaluating the ability of levosimendan to decrease 
mortality in these patients. Only two of these trials (the LIDO study 
and the RUSSLAN study) have shown a clear decrease in mortality in 
comparison with a placebo or dobutamine.478,479 More recent trials, 
REVIVE II and SURVIVE,480 have revealed concerning adverse effects 
of this drug, including hypotension, atrial arrhythmias, and tachycar-
dia. These more recent trials have been questioned because of the con-
comitant administration of vasodilators and diuretics to its subjects 
without invasive monitoring to assess volume status, suggesting the 
possibility that hypovolemia was a contributing factor to their inability 
to show a clear benefit. Currently, levosimendan is an acceptable choice 
for patients with acute decompensated HF once hypovolemia, if pres-
ent, has been corrected. Suggested dosing includes an infusion with or 
without a loading dose of 12 g/kg for 10 minutes, followed by 0.005 
to 2 g/kg/min, for no more than 24 hours. Loading doses are not rec-
ommended for patients with low normal BP (e.g., systolic BP < 100). 
Without a loading dose, maximum effect of the drug will occur after  
4 hours. Infusions should not continue for longer than 24 hours 
because of levosimendan's active metabolites, which can accumulate 
and produce refractory hypotension and tachycardia.

IV thyroid hormone (triiodothyronine [T
3
], or liothyronine) has been 

studied extensively as a positive inotrope in cardiac surgery. There are 
multiple studies supporting the existence of euthyroid “sick” syndrome 

with persistent reduced concentrations of T
3
 in blood after cardiac sur-

gery in both children and adults.476 There are also data suggesting that 
after ischemia and reperfusion, T

3
 increases inotropy faster than and 

as potently as isoproterenol.481 Nevertheless, randomized, controlled  
clinical trials have failed to show efficacy of T

3
 after CABG.482,483

cAMP-dependent agents are the mainstays of positive inotropic drug 
therapy after cardiac surgery. There are two main classes of agents: the 
PDE inhibitors and the -adrenergic receptor agonists. There are many 
different PDEs in clinical use around the world, including enoximone, 
inamrinone, milrinone, olprinone, and piroximone. Comparisons 
among the agents have failed to demonstrate important hemodynamic 
differences.484 Reported differences relate to pharmacokinetics and rare 
side effects, typically observed with chronic oral administrations dur-
ing clinical trials. All members of the class produce rapid increases in 
contractile function and CO, and decreases in SVR. The effect on BP is 
variable, depending on the pretreatment state of hydration and hemo-
dynamics; nevertheless, the typical response is a small decrease in BP. 
There is either no effect on HR or a small increase. Inamrinone and mil-
rinone have been shown to be effective, first-line agents in patients with 
reduced preoperative LV function.485,486 In one of the few studies in which 
outcome has been assessed after use of positive inotropic agents, it was 
confirmed that “prophylactic” use of milrinone in children undergo-
ing correction of congenital heart disease improved outcomes in terms 
of length of stay and incidence of low-output syndrome.487 Milrinone, 
the most commonly used member of the class, is most often dosed at 
a 50- g/kg loading dose and 0.5- g/kg/min maintenance infusion. It 
often is given in combination with a -adrenergic receptor agonist.

Among the many -adrenergic receptor agonists, the agents most 
often given to patients recovering from cardiac surgery are dopamine, 
dobutamine, and epinephrine. Dopamine has long been assumed to 
have dose-defined receptor specificity. At small doses (0.5 to 3 g/kg/
min), it is assumed to have an effect mostly on dopaminergic receptors. 
At intermediate doses, -adrenergic effects are said to predominate; 
and at doses of 10 g/kg/min or greater, -adrenergic receptor effects 
predominate. Nevertheless, the relation between dose and blood con-
centration is poorly predictable, even in healthy volunteers, as shown 
by MacGregor et al.488 This makes it unlikely that the dose–response 
relation is as consistent as has been described in textbooks. Moreover, 
dopamine is a relatively weak inotrope that has a predominant effect 
on HR rather than on SV.489

Dobutamine is a selective -adrenergic receptor agonist. Most 
studies suggest that it causes less tachycardia and hypotension than 
isoproterenol.490,491 It frequently has been compared with dopamine, 
where dobutamine's greater tendency for pulmonary and systemic 
vasodilation is evident.489 Dobutamine has a predominant effect on HR, 
compared with SV; and as the dose is increased more than 10 g/kg/min, 
there are further increases in HR without changes in SV.492

Epinephrine is a powerful adrenergic agonist and, like dopamine, 
demonstrates differing effects depending on the dose. At small doses 
(10 to 30 ng/kg/min), despite an almost pure -adrenergic recep-
tor stimulus, there is almost no increase in HR.477,493 Clinicians have 
long assumed that epinephrine increases HR more than dobutamine 
administered at comparable doses. Nevertheless, in patients recovering 
from cardiac surgery, the opposite is true: Dobutamine increases HR 
more than epinephrine.493

Other -adrenergic agonists are used in specific circumstances. For 
example, isoproterenol often is used after cardiac transplantation to 
exploit its powerful chronotropy and after correction of congenital heart 
defects to exploit its pulmonary vasodilatory effects.494 Norepinephrine 
is exploited to counteract profound vasodilation.495 Outside of North 
America, dopexamine, a weak dopaminergic and -agonist with a  
pronounced tendency for tachycardia, is sometimes used.496

Left Atrial Drug Administration
Based on an appeal to “common sense,” clinicians faced with severe 
cardiac depression in a severely ill patient undergoing cardiac surgery 
would sometimes administer potentially “vasoconstricting” agents 
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(e.g., epinephrine or norepinephrine) into the left heart circulation 
(via a left atrial catheter) to avoid adverse effects on the pulmonary 
vascular resistance. Fullerton et al497 have confirmed the usefulness of 
this approach in showing that left atrial administration of epinephrine 
produces a greater CO and a more reduced PAP than the same dose of 
epinephrine administered into the right atrium.

Assist Devices
A small fraction of patients undergoing cardiac surgery develop acute 
HF refractory to drug treatment. For these patients, available options 
include intra-aortic balloon counterpulsation, extracorporeal mem-
brane oxygenation (or extracorporeal carbon dioxide elimination), 
and right- or left-heart assist devices either as “destination therapy” 
or as a bridge to transplantation.471 (For a more detailed discussion of 
assist devices, see Chapters 27 and 32.)

Current Clinical Practice
The pharmacotherapy of HF begins with primary prevention of LV 
dysfunction. Because hypertension and CAD are leading causes of LV 
dysfunction, adequate treatment of both hypertension and hypercho-
lesterolemia has been endorsed after encouraging results in preven-
tion trials.260,455,498 Limitation of neurohormonal activation with ACE 
inhibitors, and possibly -blockers, should be initiated in diabetic, 
hypertensive, and hypercholesterolemic patients (AHA/ACC, stage A 
HF) who are at increased risk for cardiovascular events, despite nor-
mal contractile function, to reduce the onset of new HF (HOPE trial). 
In patients with asymptomatic LV dysfunction (EF, 40%; stage B), 
treatment with ACE inhibitors and -blockers can blunt the disease 
progression. In the symptomatic HF patient with reduced LVEF (stage 
C), diuretics are titrated to relieve symptoms of pulmonary conges-
tion and peripheral edema, and achieve a euvolemic state (Class I, 
Level of Evidence C), whereas ACE inhibitors (or angiotensin-receptor  
antagonists) and -blockers are recommended (Class I, Level of 
Evidence A) to blunt disease progression. In African-Americans with 
stage C HF with reduced LVEF and persistent HF symptoms, despite 

optimal treatment with ACE inhibitors and -blockers, the addition 
of combination hydralazine and isosorbide dinitrate is recommended 
(Class I, Level of Evidence A). Although digoxin has no effect on 
patient survival, it may be considered in stage C if the patient remains 
symptomatic despite adequate doses of ACE inhibitors and diuret-
ics. In general, the primary treatment objectives for stages A to C HF 
are (1) improve quality of life, (2) reduce morbidity, and (3) reduce 
mortality. At this time, the most important factor affecting long-term 
outcome in HF with reduced LVEF is blunting of neurohormonal 
 stimulation because this mediates disease progression. Pharmacologic 
therapy in stage D, or patients with severe, decompensated HF, is based 
on hemodynamic status to alleviate symptoms with diuretics, vaso-
dilators, and in palliative circumstances, IV inotropic infusions. ACE 
inhibitors and -blockers also are incorporated in the treatment regi-
men to retard disease progression through reductions in ventricular 
enlargement, vascular hypertrophy, and ventricular arrhythmias499 
(Figure 10-27). Given the lack of evidence-based therapy to guide 
clinicians treating patients with DHF, the ACC/AHA guidelines have 
assigned all therapies (e.g., diuretics, agents controlling ventricu-
lar rate), aside from the treatment of hypertension, a “C” level of  
evidence (Tables 10-24 and 10-25).

PHARMACOTHERAPY FOR CARDIAC 
ARRHYTHMIAS
Perhaps the most widely used electrophysiologic and pharmacologic 
classification of antiarrhythmic drugs is that proposed by Vaughan 
Williams500 (Table 10-26). There is, however, substantial overlap in 
pharmacologic and electrophysiologic effects of specific agents among 
the classes, and the linkage between observed electrophysiologic effects 
and the clinical antiarrhythmic effect is often tenuous. Likewise, espe-
cially in Class I, there may be considerable diversity within a single 
class. Moreover, other antiarrhythmic drugs are not included in this 
classification such as the classic antiarrhythmic for chronic AF, digi-
talis, or adenosine, a drug with potent antiarrhythmic effects mediated 
by a specific class of membrane receptors.501,502

Hospice

VAD, transplantation

Inotropes

Aldosterone antagonist, nesiritide

Consider multidisciplinary team

Revascularization, mitral-valve surgery

Cardiac resynchronization if bundle-branch block present

Dietary sodium restriction, diuretics, and digoxin

ACE inhibitors and b-blockers in all patients

ACE inhibitors or ARBs in all patients; b-blockers in selected patients

Treat hypertension, diabetes, dyslipidemia; ACE inhibitors or ARBs in some patients

Risk-factor reduction, patient and family education

Stage A
High risk
with no

symptoms

Stage B
Structural

heart
disease, no
symptoms

Stage C
Structural
disease,

previous or
current

symptoms

Stage D
Refractory
symptoms
requiring
special

intervention

Figure 10-27 Treatment options for the stages of heart failure.
(Redrawn from Jessup M, Brozena S: Heart failure.  348:2007, 2003, p 2013; Figure 3.)
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The Cardiac Arrhythmia Suppression Trial (CAST) questions the 
appropriateness of treating arrhythmias with antiarrhythmic agents in 
certain groups of patients.503 The CAST study was designed to test the 
hypothesis that suppression of ventricular ectopy seen after MI reduces 
the subsequent incidence of sudden death. Patients were eligible for the 
study if they had ventricular ectopy without sustained VT after MI. The 
study required documented suppression of the ventricular ectopy with 
Class IC drugs encainide and flecainide. The primary study end points 
were death or cardiac arrest caused by arrhythmia. After 22 months of 
enrollment, of a planned 36 months, the Data and Safety Monitoring 
Board recommended discontinuation of the encainide and flecainide 
limbs of the study because of apparent excess mortality in those two 
treatment groups. Of the 1498 patients assigned to the encainide and 
flecainide groups, there were 89 deaths (63 in the active drug subgroups 
and 26 in the placebo subgroups; P < 0.0001). The mechanisms of the 
excess mortality were thought to be the precipitation of proarrhythmia 
secondary to facilitation of reentry, especially during ischemic episodes. 
After this study, the use of sodium-channel–blocking agents was not rec-
ommended, especially in low-risk patients after MI. Encainide is now no 
longer available; however, flecainide still is used for supraventricular tach-
yarrhythmias and documented life-threatening ventricular arrhythmias.

Although the Class I and especially subclass IC agents are most 
commonly known for their proarrhythmic effects, the other classes 
are not devoid of this side effect. Bretylium initially causes the release 
of norepinephrine, and an increased incidence of ventricular arrhyth-
mias often is seen when therapy is initiated. In fact, in one study 
there was a significant arrhythmia frequency when different doses of 
bretylium were used.504 Similarly, for the first week after initiation of 
sotalol, a nonspecific -adrenergic blocker that is considered a Class 
III arrhythmic agent, there is an increased incidence of torsade de 

pointes. The proarrhythmic effects appear to be increased in the pres-
ence of hypokalemia, bradycardia, CHF, and a history of sustained 
ventricular dysfunction (Box 10-8).505

Chronic antiarrhythmic therapy should be initiated only after careful 
evaluation of the risks and benefits of the intervention. The appropri-
ate use of IV antiarrhythmic agents with sudden-onset arrhythmias is 
not clear. Obviously, life-threatening ventricular arrhythmias must be 

From Hunt,322 Table 8.

Recommendations for Treatment of Patients with 
Heart Failure and Normal Ejection Fraction

Recommendation Class Level of Evidence

Control systolic and diastolic hypertension 
according to published guidelines

I A

Control ventricular rate in patients with  
atrial fibrillation

I C

Use diuretics to control pulmonary 
congestion and peripheral edema

I C

Coronary revascularization is reasonable 
in patients with coronary artery disease 
in whom symptoms or demonstrable 
myocardial ischemia is judged to be  
having an adverse effect on cardiac 
function

IIa C

Restoration and maintenance of sinus  
rhythm in patients with atrial fibrillation 
might be useful to improve symptoms

IIb C

The use of -blockers, ACEIs, ARBs, or 
calcium channel antagonists in patients 
with controlled hypertension might be 
effective to minimize symptoms of heart 
failure

IIb C

The use of digitalis to minimize symptoms  
of heart failure might be considered

IIb C

TABLE 
10-24 Diastolic Heart Failure Treatments

Goal Management Strategy Drugs/Recommended Doses

Reduce the 
Congestive State

Salt restriction <2 g sodium/day

Diuretics (avoid 
reductions in CO)

Furosemide, 10–120 mg
Hydrochlorothiazide, 

12.5–25 mg
ACE inhibitors Enalapril, 2.5–40 mg

Lisinopril, 10–40 mg
Angiotensin II-receptor 

blockers
Candesartan, 4–32 mg
Losartan, 25–100 mg

Target Underlying 
Cause
Control 

hypertension
Antihypertensive agents 

(<130/80)
-Blockers, ACE inhibitors, 
all receptor blockers 
according to published 
guidelines

Restore sinus 
rhythm

Cardioversion of atrial 
fibrillation

AV-sequential pacing
Prevent tachycardia -Blockers, calcium 

channel blockers
Atenolol, 12.5–100 mg 

Metoprolol 25–100 mg 
Diltiazem, 120–540 mg

Prevent/treat 
ischemia

Morphine, nitrates, 
oxygen, aspirin

angioplasty or 
revascularization?

Treat aortic stenosis Aortic valve replacement
Target Underlying 
Mechanisms
Promote regression 

of hypertrophy 
and prevent 
myocardial 
fibrosis

(theoretical)
Renin-angiotensin axis 

blockade

Enalapril, 2.5–40 mg
Lisinopril, 10–40 mg
Captopril, 25–150 mg
Candesartan, 4–32 mg
Losartan, 50–100 mg
Spironolactone, 25–75 mg
Eplerenone, 25–50 mg

TABLE 
10-25

APD, action potential duration; ERP, effective refractory period; Vmax, maximal rate of depolarization.

Classification of Antiarrhythmic Drugs

Class

Effect I (Membrane Stabilizers) II (b-Adrenergic Receptor Antagonists) III (Drugs Prolonging 
Repolarization)

IV (Calcium Antagonists)

Pharmacologic Fast channel (Na+) blockade -Adrenergic receptor blockade Uncertain: possible interference 
with Na+ and Ca2+ exchange

Decreased slow-channel calcium 
conductance

Electrophysiologic Decreased rate of Vmax Decreased Vmax, increased APD, 
increased ERP, and increased  
ERP/APD ratio

Increased APD, increased ERP, 
increased ERP/ADP ratio

Decreased slow-channel 
depolarization; decreased ADP

TABLE 
10-26

BOX 10-8. DRUGS THAT CAN PRODUCE 
TORSADES DE POINTES
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treated. Patients at low risk for arrhythmic events may not benefit from 
therapy and, indeed, as learned from CAST, mortality may even increase 
with some of these agents. High-risk patients may be treated more safely 
in some cases by implantation of internal cardioverter-defibrillators.506

Class I Antiarrhythmic Drugs: Sodium 
Channel Blockers

Class I drugs have the common property of inhibiting the fast inward 
depolarizing current carried by sodium ion. Because of the diversity of 
other effects of the Class I drugs, a subgroup of the class has been pro-
posed507 (Table 10-27). Whether the depression of fast inward current 
of the sodium channel produces the primary antiarrhythmic effect of 
all Class I drugs is controversial. Other proposed mechanisms involve 
abolishing reentry by improving conduction in the reentry pathway; 
however, shortening the action potential duration (APD) in ventricular 
pathways and improving conduction of premature impulses by short-
ening the refractory period of the action potential also could decrease 
the likelihood for reentry.508–510

Class IA
Quinidine
In addition to the electrophysiologic effects summarized in Table 
10-25, quinidine decreases the slope of phase 4 diastolic depolariza-
tion at low concentrations and increases threshold potential at high 
concentrations.511 Quinidine depresses cardiac contractility, which in 
combination with an indirect -adrenergic blockade can reduce arte-
rial pressure. This hypotensive effect is the principal limitation to IV 
administration of quinidine.

Electrocardiographic effects of quinidine include an increase in 
sinus rate, which is perhaps a reflex response both to vasodilation 
and to cardiac depression. Conduction through the AV node may be 
enhanced, depressed, or may not change, depending on the interplay 
of the direct slowing effect and the anticholinergic effect of quinidine. 
Infranodal conduction is slowed and, at high concentrations, bundle-
branch block, complete AV block, or asystole may result. The QT inter-
val possibly is prolonged by sympathetic activation.512

Clinically, quinidine is used primarily in oral form to treat both 
atrial and ventricular arrhythmias. However, quinidine may substan-
tially accelerate the ventricular response rate in AF or atrial flutter. Its 
use in these conditions should be preceded by -blockade or digitaliza-
tion. This acceleration of ventricular response rate is a function of the 
direct slowing of the atrial rate produced by quinidine and its indirect 
anticholinergic effects. The decreased frequency of atrial depolariza-
tion allows a greater percentage of impulses to be conducted through 
the AV node to depolarize the His bundle.

Quinidine may be administered orally or intramuscularly. The gas-
trointestinal absorption of quinidine is good, and plasma levels peak 1 
to 2 hours after oral administration. Quinidine has an elimination half-
life of 6 to 7 hours; therefore, a dose every 6 or 8 hours is appropriate, 
although shortening the dosage interval may maintain a stable plasma 
concentration more effectively than increasing the dosage. Typical 

maintenance doses are 300 to 600 mg, and therapeutic plasma con-
centrations range from 2 to 6 g/mL.513 Quinidine gluconate, 200 mg 
intramuscularly, is the preferred dose.

Quinidine is 70% to 80% protein bound in plasma, with much of 
that caused by hemoglobin. Administration of quinidine substantially 
increases the plasma concentrations of digoxin, probably by releasing 
the glycoside from protein-binding sites.514 Elimination of quinidine is 
primarily by hepatic metabolism (hydroxylation), although about 20% 
is excreted unchanged by the kidney. Renal excretion is by both glom-
erular filtration and tubular secretion and depends on urinary pH; 
excretion is decreased up to 50% when urine is alkaline.515

The most serious toxic effect of quinidine is cardiac and is largely a 
function of its conduction effects. Monitoring both the QRS duration and 
QT interval is a useful guide to therapy; a 50% increment in either should 
prompt a reduction in dose. Various degrees of conduction block at both 
the atrial and ventricular levels may occur, including asystole. “Quinidine 
syncope” probably relates to a proarrhythmia produced by QT-interval 
prolongation and may not be dose related.516 Symptoms of tinnitus, visual 
disturbance, and gastrointestinal irritation progressing to severe CNS 
symptoms (headache, diplopia, photophobia, confusion, or psychosis) 
are part of the spectrum of “cinchonism” produced by quinidine, by other 
cinchona alkaloids such as quinine, and by salicylates. Thrombocytopenia 
may occur with quinidine, and hypersensitivity to quinidine may appear 
as fever, anaphylaxis, or bronchospasm, which can be severe.

Procainamide
Electrophysiologic effects of procainamide include decreased V

max
 and 

amplitude during phase 0, decreased rate of phase 4 depolarization, 
and prolonged ERP and APD.517 Clinically, procainamide prolongs 
conduction and increases the ERP in atrial and His-Purkinje portions 
of the conduction system, which may prolong PR interval and QRS 
complex durations; however, the QT interval is lengthened less than 
with quinidine. As with quinidine, AV nodal ERP may be decreased by 
indirect anticholinergic side effects.

Procainamide is used to treat ventricular arrhythmias and to sup-
press atrial premature beats to prevent the occurrence of AF and flutter. 
It has been useful for chronic suppression of premature ventricular con-
tractions (PVCs), but may be supplanted in this use by Class IB drugs 
such as mexiletine. Both quinidine and procainamide are reported to 
reduce the frequency of short-coupling interval (< 400 msec) PVCs 
and thereby to reduce the frequency of VT or VF created by the R-on-T 
phenomenon.518

Administered intravenously, procainamide is an effective emergency 
treatment for ventricular arrhythmias, especially after lidocaine fail-
ure, but recently, amiodarone has become a more popular drug for IV 
suppression of ventricular arrhythmias. Dosage is 100 mg, or approx-
imately 1.5 mg/kg given at 5-minute intervals until the therapeutic 
effect is obtained or a total dose of 1 g or 15 mg/kg is given (Tables 
10-28 and 10-29). Arterial pressure and ECG should be monitored 
continuously during loading and administration stopped if signifi-
cant hypotension occurs or if the QRS complex is prolonged by 50% or 
more. Maintenance infusion rates are 2 to 6 mg/min to maintain thera-
peutic plasma concentrations of 4 to 8 g/ml.517

Subgroup of Class I Antiarrhythmic Drugs

 Subgroup

Electrophysiologic Activity IA IB IC

Phase 0 Decreased Slight effect Marked decrease
Depolarization Prolonged Slight effect Slight effect
Conduction Decreased Slight effect Markedly slowed
Effective refractory period (ERP) Increased Slight effect Slight prolongation
Action potential duration (APD) Increased Decreased Slight effect
ERP/APD ratio Increased Decreased Slight effect
QRS duration Increased No effect during sinus rhythm Marked increase
Prototype drugs Quinidine, procainamide,  

disopyramide, diphenylhydantoin
Lidocaine, mexiletine, tocainide Lorcainide, encainide, flecainide,  

aprindine

TABLE 
10-27
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Oral administration of procainamide has a 75% to 95% absorption 
rate, and plasma levels peak after 1 to 2 hours.519 The elimination half-
life of procainamide is 3 to 4 hours, and the oral dosage interval is sim-
ilar; however, sustained-release preparations are available. Oral dose 
requirements are on the order of 50 mg/kg/24 hr or 400 to 600 mg every 
3 to 4 hours.520 Decreasing the dosage interval rather than increas-
ing the dose may be a better method of producing a stable increase 
in plasma concentrations without creating peak levels that are toxic. 
Sustained-release forms of procainamide are available.

Procainamide has both hepatic and renal routes of elimination, with 
each route approximately equal in magnitude. Hepatic metabolism 

is by acetylation and, therefore, will be either fast or slow in individ-
ual patients as a result of genetic variation.521 The primary metabo-
lite, N-acetylprocainamide, has antiarrhythmic effects, as well as toxic 
side effects, and is excreted almost entirely by the kidney.522 The clinical 
importance is that patients with impaired hepatic or renal function, or 
with diminished perfusion of either organ, as in CHF, will have mark-
edly impaired elimination of procainamide. Recommended dosages 
with renal impairment or CHF are a loading dose of 12 mg/kg given 
over 1 hour, with a maintenance dose of 1.4 mg/kg/hr.523

Toxic side effects of procainamide are dose related and primarily are 
related to plasma concentration, a function of both total dose and rate 
of administration during the loading technique. Serious cardiac tox-
icity generally requires plasma concentrations greater than 12 g/ml. 
N-acetylprocainamide levels should be monitored as well. The likeli-
hood of producing proarrhythmia as a result of QT

c
 prolongation is 

less with procainamide than with quinidine.524 Procainamide also may 
produce gastrointestinal disturbances, CNS symptoms (headache and 
sleep disturbance), rash, and agranulocytosis. Among patients receiv-
ing procainamide chronically, antinuclear antibodies develop in 50% to 
70%, and approximately half will suffer fever, myalgia, rash, pleuritis, 
or pericarditis similar to that seen with lupus erythematosus, although 
renal and CNS effects are rare.525 They also are more common among 
patients who are slow acetylators. After discontinuation of the drug, 
lupus-like symptoms resolve slowly.

Intramyocardial distribution of procainamide, especially during 
ischemia or infarction, is an important component of its therapeutic 
effect. In a canine infarction model, procainamide increased ERP more 
in ischemic than in nonischemic myocardium.526 The pharmacokinet-
ics of procainamide has been shown to differ between ischemic and 
nonischemic regions of myocardium; tissue concentrations of procain-
amide decline more rapidly in the latter.527

Disopyramide
Although disopyramide is chemically different from quinidine and 
procainamide, electrophysiologic effects of the three drugs are similar. 
Conduction through the AV node may be facilitated slightly by disopy-
ramide because of its indirect vagolytic effect.528 Accessory pathway 
conduction may be slowed in patients with Wolff–Parkinson–White 
syndrome.529 Disopyramide is a potent negative inotropic drug, and 
after IV use, SVR reflexively increases.530

Disopyramide is therapeutically effective against supraventricular 
and ventricular tachyarrhythmias. However, as with quinidine and 
procainamide, disopyramide should not be used for ventricular tach-
yarrhythmias caused by prolonged QT syndrome. The marked negative 
inotropic and anticholinergic effects limit the usefulness of the drug.

When given orally, 80% of disopyramide is absorbed, and steady-
state therapeutic plasma concentrations of 2 to 4 g/ml can be achieved 
with 100 to 200 mg orally every 6 hours.531 The elimination half-life 
is approximately 7 hours, and elimination occurs equally by hepatic 
and renal mechanisms; hepatic or renal insufficiency may necessitate 
smaller doses.532 Disopyramide is approximately 30% to 50% protein 
bound at plasma concentrations of 3 g/ml.533

Toxicity of disopyramide is most frequently anticholinergic in ori-
gin, with symptoms of gastrointestinal upset, visual disturbance, and 
urinary tract obstruction, which may be marked in elderly men with 
prostatic hypertrophy. Unless there is LV failure, cardiovascular com-
plications are infrequent; however, recurrent CHF is seen in up to 50% 
of patients with a history of CHF.530 Conduction system toxicity resem-
bles that with quinidine.

Class IB
Lidocaine
First introduced as an antiarrhythmic drug in the 1950s, lidocaine has 
become the clinical standard for the acute IV treatment of ventricular 
arrhythmias except those precipitated by an abnormally prolonged QT 
interval.534–537 Lidocaine may, in fact, be one of the most useful drugs 
in clinical anesthesia because it has both local and general anesthetic 
properties, in addition to an antiarrhythmic effect.538

IV, intravenous; PAC, premature artrial contraction; SVT, supraventricular tachyarrhythmia.

Intravenous Supraventricular Antiarrhythmic Therapy

Class I Procainamide (IA)—converts acute atrial fibrillation, suppresses 
PACs and precipitation of atrial fibrillation/flutter, converts 
accessory pathway SVT; 100 mg IV loading dose every 5 minutes 
until arrhythmia subsides or total dose of 15 mg/kg (rarely 
needed) with continuous infusion of 2 to 6 mg/min

Class II Esmolol—converts or maintains slow ventricular response in acute 
atrial fibrillation; 0.5–1 mg/kg loading dose with each 50- g/kg/
min increase in infusion, with infusions of 50 to 300 g/kg/min; 
hypotension and bradycardia are limiting factors

Class III Amiodarone—converts acute atrial fibrillation to sinus rhythm; 
5 mg/kg over 15 min IV

Ibutilide (Convert)—converts acute atrial fibrillation and flutter
Adults (>60 kg): 1 mg given over 10 minutes intravenously, may 

repeat once
Adults (<60 kg) and Children: 0.01 mg/kg given over 10 minutes 

intravenously, may be repeated once
Class IV Verapamil—slow ventricular response to acute atrial fibrillation, 

converts AV node reentry SVT; 75–150 g/kg IV bolus
Diltiazem—slow ventricular response in acute atrial fibrillation, 

converts AV node reentry SVT; 0.25 g/kg bolus, then 100–300 
g/kg/hr infusion

Others Adenosine—converts AV node reentry SVT and accessory pathway 
SVT; aids in diagnosis of atrial fibrillation and flutter

Adults: 3–6 mg IV bolus, repeat with 6–12 mg bolus
Children: 100 g/kg bolus, repeat with 200 g/kg bolus
Increased dosage required with methylxanthines, decreased use 

required with dipyridamole.
Digoxin—maintenance IV therapy for atrial fibrillation and flutter, 

slows ventricular response
Adults: 0.25 mg IV bolus followed by 0.125 mg each 1–2 hours until 

rate controlled, not to exceed 10 g/kg in 24 hours
Children (age < 10 yr): 10–30 g/kg load given in divided doses 

over 24 hr
Maintenance: 25% of loading dose

TABLE 
10-28

IV, intravenous.
From Royster RL: Diagnosis and management of cardiac disorders. ASA Refresher Course 

Lectures. Park Ridge, IL: American Society of Anesthesiologists, 1996, by permission.

Intravenous Ventricular Antiarrhythmic Therapy

Class I Procainamide (IA)—100 mg IV loading dose every 5 min until 
arrhythmia subsides or total dose of 15 mg/kg (rarely needed) 
with continuous infusion of 2–6 mg/min

Lidocaine (IB)—1.5 mg in divided doses given twice over  
20 minutes with continuous infusion of 1–4 mg/min

Class II Propranolol—0.5–1 mg given slowly up to a total -blocking dose 
of 0.1 mg/kg; repeat bolus as needed

Metoprolol—2.5 mg given slowly up to a total -blocking dose of 
0.2 mg/kg; repeat bolus as needed

Esmolol—0.5–1.0 mg/kg loading dose with each 50 g/kg/min 
increase in infusion, with infusions of 50–300 g/kg/min; 
hypotension and bradycardia are limiting factors

Class III Bretylium—5 mg/kg loading dose given slowly with a continuous 
infusion of 1–5 mg/min; hypotension may be a limiting factor 
with infusion

Amiodarone—150 mg over 10 min intravenously, then 1 mg/min 
for 6 hours, then 0.5 mg/min for the next 18 hours; repeat bolus 
as needed

Others Magnesium—2 g MgSO
4
 over 5 min, then continuous infusion of 

1 g/hr for 6–10 hours to restore intracellular magnesium levels

TABLE 
10-29
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The direct electrophysiologic effects of lidocaine produce virtu-
ally all of its antiarrhythmic action. Lidocaine depresses the slope 
of phase 4 diastolic depolarization in Purkinje fibers and increases 
the VF threshold.539 In Purkinje fibers, lidocaine increases trans-
membrane potassium conductance but does not affect resting mem-
brane potential or threshold potential.540 At less negative (partially 
depolarized) initial membrane potentials, lidocaine decreases fast-
channel (Na) responses through an increase in background outward 
potassium flux, an effect directly related to extracellular potassium 
concentration.541,542 Lidocaine may be ineffective in patients with 
hypokalemia.543

Conduction velocity is not affected by lidocaine in normal tissue, but 
it is significantly decreased in ischemic tissue.544 The effects of lidocaine 
on APD vary by conduction system location. In atrial tissues, there 
is little or no effect. In contrast, in Purkinje fibers, APD is markedly 
decreased, and the magnitude of the decrease is directly proportional 
to normal APD.509 Because lidocaine decreases APD, its antiarrhyth-
mic effect has been attributed to improved conduction in ectopic foci, 
which would decrease the likelihood of reentry; however, it has been 
shown that lidocaine slows conduction in these areas and decreases 
reentrant ventricular ectopy after experimental infarction.514,545

The clinical pharmacokinetics of lidocaine is well described. Both 
distribution and elimination half-lives of lidocaine are short, approxi-
mately 60 seconds and 100 minutes, respectively.546 Hepatic extraction 
of lidocaine is about 60% to 70%, and essentially all lidocaine is metab-
olized because the urine contains negligible amounts of unchanged 
lidocaine.513 Hepatic metabolism produces monoethylglycine-xylidide 
and glycine-xylidide, both of which possess antiarrhythmic effects. 
Metabolic products are eliminated by the kidney, and accumulation of 
the monoethyl metabolite is related to the toxicity of IV lidocaine.547–549 
In patients with impaired hepatic function or blood flow (e.g., those 
with CHF), the dose requirement is approximately 50% of that in the 
healthy person (Figure 10-28; Tables 10-29 and 10-30).

Therapeutic plasma levels of lidocaine range from 1.5 to 5 g/mL; 
signs of toxicity are frequent with concentrations greater than 9 g/
mL.548 Various IV dosages can be used, but the important factor is to 
rapidly achieve steady-state therapeutic plasma concentrations. Thus, 
an initial bolus dose of 1 to 1.5 mg/kg should be followed immedi-
ately by a continuous infusion of 20 to 50 g/kg/min to prevent the 
“therapeutic hiatus” produced by the rapid redistribution half-life of 
lidocaine. Likewise, infusion increments should be accompanied by 
additional bolus doses to immediately increase plasma level.

The major toxic effect of lidocaine is associated with the CNS and 
is manifested by drowsiness and disorientation, which progress to agi-
tation, muscle twitching, and hearing abnormalities and culminate 
in seizures. With regard to CNS toxicity, it is important to note that 
lidocaine can be an effective general anesthetic agent; cases of coma 
with electroencephalographic silence similar to brain death patterns 
have been produced by overdose of lidocaine and have resolved com-
pletely on discontinuation of the drug. Interestingly, the direct CNS 
effect of lidocaine and other local anesthetics is anticonvulsant.550–552 
Local anesthetic-induced seizures do not produce permanent damage 
to the CNS, as long as cardiovascular and respiratory complications 
of the seizure are prevented. Pharmacologically, benzodiazepines are 
superior to barbiturates (e.g., thiopental) for stopping local anesthetic-
induced seizure activity. Drug therapy alone is insufficient; however, 
airway control, ventilation, and especially oxygenation are paramount 
to prevent CNS morbidity.

Mexiletine and Tocainide
Mexiletine and tocainide have electrophysiologic effects similar to 
those of lidocaine (decreases in APD and ERP, but little effect on con-
duction). Mexiletine has little effect on the QT interval. Hemodynamic 
effects are minor and consist primarily of small decreases of LV dP/dt 
and increases of LVEDP.553 Small decreases of CO, SVR, and BP have 
been reported; however, even in patients with CAD, acute MI, or valvu-
lar heart disease, hemodynamic effects are clinically insignificant.554–557

The antiarrhythmic effects decrease the frequency of acute and 
chronic ventricular ectopy but not supraventricular arrhythmias. 
Mexiletine may decrease symptomatic ventricular arrhythmias in 
patients not responding to other therapy and may be more effective 
than lidocaine when used IV to suppress PVCs and VT in acute MI.558–561 
Mexiletine, administered orally, also may be effective prophylaxis 
for PVCs and VT, but it may less effectively suppress closely coupled 
PVCs.562–564 Mexiletine may be used in children and in patients with a 
long QT syndrome.

Pharmacokinetics of orally administered mexiletine reveals a bio-
availability of 85%, with 70% of the drug protein bound. The volume 
of distribution of mexiletine is 2.5 times that for other antiarrhyth-
mics.565 Elimination half-life is 10 hours and is suitable for two or three 
times per day dosage regimens.566 Mexiletine is eliminated by hepatic 
metabolism, with less than 10% renally excreted unchanged in the 
urine. The hepatic metabolism is accelerated with microsomal enzyme 
induction and predictably decreased with hepatic disease, but overall 
metabolism is unaffected by renal failure.567,568

The usual dosage of mexiletine is 200 mg every 8 hours, which 
can be increased to 400 mg, but not to exceed 1200 mg/day. Effective 
plasma levels of mexiletine range from 0.5 to 2 g/mL, but there is 
wide individual variation of the dosage required to achieve that con-
centration. Adverse effects of mexiletine include nausea, dysarthria, 
dizziness, paresthesia, tremor, vomiting, and sweating. Adverse reac-
tions to mexiletine are dose related and may occur at serum con-
centrations at the high end of the therapeutic range, which requires 
careful titration of the drug in patients. The incidence rate of minor 
reactions is 30%, and the incidence rate of severe reactions (vomiting, 
confusion, and hypotension) is 19% when the plasma concentration 
is greater than 2 g/mL.569
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(From Textbook of Cardiac Life Support, 1987. 
Copyright American Heart Association.)

Potential Effects of Pathophysiologic Changes in 
Congestive Heart Failure on Drug Disposition

Pathology Pharmacokinetic Sequelae

 Cardiac output and organ perfusion  Hepatic and renal clearance
 Sympathetic activity  Drug distribution
 Plasma norepinephrine

Altered regional perfusion
 Intramuscular absorption

 Peripheral perfusion
Changes in extracellular fluid volume  

and protein binding
 Volume of distribution

Visceral congestion  Drug metabolism

TABLE 
10-30
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Diphenylhydantoin
Diphenylhydantoin (DPH) or phenytoin is unique among Class IA 
drugs in that it has a potent central sympatholytic effect that decreases 
cardiac sympathetic efferent nerve activity.570,571 Its electrophysiologic 
effect in many ways bridges the IA and IB classification. In normal con-
duction system cells, DPH decreases V

max
 and the amplitude of phase 

0, but this effect is weaker than with other Class IA drugs.572 DPH does 
not decrease intraventricular conduction or prolong the QT interval, 
but shortens APD.573 DPH effectively can abolish the delayed after-
potentials associated with digitalis intoxication.574,575 In cells partially 
depolarized from cold, hypoxia, or cardiac glycoside administration, 
DPH increases maximal diastolic potential, V

max
 of phase 0, and the 

conduction velocity.576 Thus, DPH exerts its antiarrhythmic effect by 
increasing the ERP/APD ratio and by decreasing automaticity, both of 
these effects being enhanced in partially depolarized cells.

The drug is useful to treat the atrial and ventricular arrhythmias pro-
duced by cardiac glycoside toxicity and in some patients with arrhyth-
mias secondary to prolonged QT syndrome. It is less effective for other 
supraventricular arrhythmias and for suppressing chronic ventricular 
ectopy. The drug also is useful in children to prevent late postoperative 
arrhythmias after surgical correction of congenital heart disease such 
as junction ectopic tachycardia.577

IV loading of DPH is accomplished in much the same way as with 
procainamide. Doses of 50 to 100 mg (0.5 to 1.5 mg/kg) are given at 
5-minute intervals until therapeutic effects are obtained, up to a total 
dose of 1 g (15 mg/kg); the usual therapeutic plasma concentration is 8 
to 10 g/mL.578 The drug undergoes primary hepatic metabolism, with 
urinary excretion of unchanged DPH accounting for only 5% of the 
total dose.579 Patients with impaired hepatic or renal function should 
be expected to have greater plasma concentrations of DPH for a given 
dose; therefore, the dose should be reduced to prevent toxicity.

With IV administration a depressor effect is seen with depressed con-
tractile function and a moderate increase of LVEDP.580,581 These effects 
may be, in part, because of the solvents used for the injectable preparation, 
propylene glycol and ethyl alcohol.582 Infusion rates greater than 50 mg/
min in adults have produced cardiovascular collapse, VF, and death.583 
Other side effects include visual disturbances (nystagmus and blurring), 
 nausea, dysarthria, and cerebellar ataxia. Chronic DPH use produces 
 gingival hyperplasia, macrocytic anemia, and dermatologic disorders.

Class IC
Flecainide
Flecainide depresses phase 0, delays repolarization in canine ventric-
ular myocardium, and increases intracardiac monophasic APD in 
humans. The sodium channel depressant effects are slow onset and off-
set, and use dependent. It also can inhibit the slow calcium channel, so 
the drug has properties of multiple classes.584 Minimal changes occur 
in ventricular or atrial refractoriness; however, the drug can markedly 
change accessory pathway refractoriness. The QT interval changes are 
also minimal.

This drug is indicated for life-threatening ventricular arrhythmias, 
supraventricular arrhythmias, and AF. It also is effective in patients 
with the Wolff–Parkinson–White syndrome. Chronic clinical studies 
have shown that PVCs and VT are effectively suppressed.585 Flecainide 
is probably the most effective antiarrhythmic at eliminating premature 
depolarizations, but as CAST showed in certain patient populations, 
PVC suppression may not always be in the best interest of the patient. 
IV flecainide was effective in treating junctional ectopic tachycardia, 
converting all seven patients to sinus rhythm within 16 hours.586

Flecainide decreases LV dP/dt and CO experimentally.587 Clinical 
studies have shown no effects of oral flecainide on BP, echocardio-
graphic parameters, or exercise tolerance.585,588,589 However, patients 
with depressed ventricular function may be more susceptible to the 
negative inotropic effects of flecainide.

Flecainide is well absorbed after oral administration, with a plasma 
half-life of 20 hours. The drug is 85% excreted renally either unchanged 
or as an inactive metabolite. Effective plasma concentrations range 

from 0.2 to 1.0 g/mL. Dosages range from 100 to 200 mg twice a day. 
The dose should be reduced in renal failure or HF. Flecainide increases 
serum digoxin and propranolol levels, whereas propranolol, quinidine, 
and amiodarone can increase flecainide levels.

Adverse effects are usually minor at doses that have a significant 
therapeutic effect, but the QT interval has been prolonged with induc-
tion of polymorphic VT, and the CAST study showed definite increases 
in mortality after MI.590 Confusion and irritability rarely occur.

Propafenone
Propafenone blocks the fast sodium current in a use-dependent man-
ner. It also has a slow offset like flecainide. Propafenone also blocks  
receptors and is a weak potassium channel blocker.591 This drug gen-
erally slows conduction and prolongs refractoriness of most cardiac 
conduction system tissue. Propafenone is indicated for life-threaten-
ing ventricular arrhythmias, various supraventricular arrhythmias, and 
AF. In one study, a single 600-mg oral dose of propafenone converted 
76% of patients in AF.592 Propafenone was more effective than placebo 
in preventing atrial tachyarrhythmias after cardiac surgery with com-
bined IV and oral therapy.593

Propafenone is well absorbed orally and is highly protein bound 
with an elimination half-life of 6 to 8 hours. Therapeutic serum levels 
are from 0.2 to 1.5 g/mL. The metabolites of propafenone are active 
and demonstrate significant action potential and -blocking effects. 
A small percentage of patients poorly metabolize the drug, and the 
metabolites of these patients exhibit greater -blocking properties.

The drug has fewer proarrhythmic problems than flecainide likely 
because of the -blocking effects, which tend to decrease arrhythmic 
traits of antiarrhythmic drugs. Worsening of bronchospastic lung dis-
ease has occurred, and in a small percentage of patients, dizziness, 
blurred vision, and taste issues, together with some gastrointestinal 
complaints, may develop.

Moricizine
Moricizine is a potent sodium channel blocker with mild potassium-
blocking effects. It prolongs AV node, HV and QRS duration. It has little 
effect on atrial tissue. The drug is indicated for life-threatening ventric-
ular arrhythmias and is as effective as some of the other Class I agents.

Moricizine is highly protein bound and its bioavailability is only 
35%. Serum levels do not correlate with therapeutic activity. The 
elimination half-life is 1 to 3 hours, with the drug eliminated by both 
hepatic and renal routes. Dosage is 300 mg every 8 hours. Dosage may 
be changed to every 12 hours in patients with hepatic or renal disease 
or in patients with CHF.

Adverse effects include tremor, headache, vertigo, dizziness, 
and gastrointestinal side effects of nausea, vomiting, and diarrhea. 
Proarrhythmic episodes can occur in up to 15% of patients. In the 
CAST study, the moricizine limb was continued after the encainide and 
flecainide limbs were stopped, and analysis of the moricizine-treated 
patients showed an increase in mortality as well.594

Class II: b-Adrenergic Receptor 
Antagonists

-Adrenergic receptor blockers are very effective antiarrhythmics in 
patients during the perioperative period or patients who are criti-
cally ill because many arrhythmias in these patients are adrenergically 
mediated.

Propranolol
Propranolol was the first major -receptor-blocking drug to be used 
clinically. Propranolol is very potent but is nonselective for 

1/2
-receptor 

subtypes. It possesses essentially no ISA. Because it interferes with the 
bronchodilating actions of epinephrine and the sympathetic stimulat-
ing effects of hypoglycemia, propranolol is less useful in patients with 
diabetes or bronchospasm. These difficulties with propranolol stimu-
lated the search for -receptor–blocking drugs with receptor subtype 
specificity, such as metoprolol, esmolol, and atenolol.
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The electrophysiologic effects of -receptor antagonism are 
decreased automaticity, increased APD, primarily in ventricular mus-
cle, and a substantially increased ERP in the AV node. -Blockade 
decreases the rate of spontaneous (phase 4) depolarization in the SA 
node; the magnitude of this effect depends on the background sympa-
thetic tone. Although resting HR is decreased by -blockade, the inhi-
bition of the increase of HR in response to exercise or emotional stress 
is much more marked. Automaticity in the AV node and more distal 
portions of the conduction system is also depressed. -Blockade affects 
the VF threshold variably, but it consistently reverses the fibrillation 
threshold-lowering effect of catecholamines.

In addition to -blockade, propranolol decreases the background out-
ward current of potassium and, at greater concentrations, also inhibits 
inward sodium current. Because of similarity to Class I activity, these effects 
have been termed membrane-stabilizing activity or quinidine-like effects. In 
very high concentrations (1000 to 3000 ng/mL), this effect increases depo-
larization threshold in Purkinje fibers.126 Although effective -blockade is 
achieved at propranolol concentrations of 100 to 300 ng/mL, concentra-
tions of 1000 ng/mL may be required to control ventricular arrhythmias.595 
Propranolol decreases intramyocardial impulse conduction in acutely 
ischemic myocardium but does not do so in normal myocardium.596

Pharmacokinetics shows that absorption after oral administration 
is virtually 100%, but bioavailability is impaired by first-pass 
hepatic metabolism, which accounts for approximately two thirds 
of the administered dose. The degree of hepatic extraction is highly 
variable, which probably accounts for the great variability of the 
plasma concentration produced by a given oral dose of propranolol. 
The hepatic extraction of propranolol is a saturable process, and 
bioavailability improves with increased oral dose or with chronic 
therapy.597 Propranolol is 90% to 95% protein bound in plasma, which 
further confounds the use of plasma concentration as a guide to 
therapy.598 Propranolol is metabolized before excretion; one product, 
4-hydroxypropranolol, has a -blocking potency similar to that of 
propranolol, but a short half-life prevents this metabolic product from 
contributing significantly to the therapeutic effect of propranolol.599 The 
elimination half-life of orally administered propranolol is 3 to 4 hours, 
but it is increased during chronic therapy as a result of saturation of 
hepatic metabolic processes.600 CPB alters the kinetics of propranolol. 
Heparinization doubles the free fraction of propranolol, an effect that 
is reversed after protamine administration. This effect is thought to be 
due to an increase of free fatty acid concentration produced by heparin, 
which decreases the protein binding of propranolol.601

Major toxic side effects of propranolol relate to -blockade per se. 
Cardiac toxicity includes CHF (uncommon without other causes of 
ventricular dysfunction) and depressed AV conduction. Both complete 
heart block and asystole have occurred in patients with preexisting AV 
nodal or intraventricular conduction abnormalities. In contrast, sud-
den discontinuation of -blockade therapy may precipitate a with-
drawal syndrome of excessive -adrenergic activity, as a result of the 
altered sensitivity associated with chronic blockade; responses to nor-
mal levels of sympathetic activity are exaggerated as the -blockade 
declines, likely because of an increased receptor density or upregula-
tion of the  receptor.602,603 Increased airway resistance results from 

2
-receptor blockade by propranolol, and this can precipitate severe 

pulmonary compromise in the asthmatic patient. The hypoglycemic 
action of insulin is accentuated by propranolol because the sympath-
omimetic effect of hypoglycemia is blocked. Adverse effects perhaps 
not related to -receptor blockade include CNS disturbances such as 
insomnia, hallucinations, depression, and dizziness, and minor allergic 
manifestations such as rash, fever, and purpura.

An appropriate IV dose for acute control of arrhythmias is 0.5 to 
1.0 mg titrated to therapeutic effect up to a total of 0.1 to 0.15 mg/
kg. Stable therapeutic plasma concentrations of propranolol can be 
obtained with a continuous IV infusion. An effective level of -blockade 
may be obtained with a continuous infusion approximating 3 mg/hr in 
adult postoperative patients previously receiving chronic treatment; 
however, with the availability of esmolol, the need for a propranolol 
infusion is no longer necessary.

Metoprolol
Metoprolol is a relatively selective -receptor antagonist. The potency 
of metoprolol for 

1
-receptor blockade is equal to that of propranolol, 

but metoprolol exhibits only 1% to 2% of the effect of propranolol at 

2
 receptors.604

Like propranolol, metoprolol is rapidly and efficiently absorbed 
after oral administration; however, its first-pass extraction by the liver 
is lower, and 40% of the administered dose reaches the systemic cir-
culation. Plasma half-life after oral administration is approximately 
3 hours. Metoprolol is 90% metabolized, with hydroxylation and 
O-demethylation being the primary pathways. The metabolites lack 

-receptor effects. As with acetylation of procainamide, the rate of 
hydroxylation of metoprolol is genetically determined. “Slow hydroxy-
lators” show a markedly prolonged elimination of the parent drug and 
greater plasma concentrations.605

Toxicity of metoprolol is related primarily to its limited 
2
-antagonist 

activity. Metoprolol increases airway resistance and decreases the forced 
expiratory volume (FEV), in patients with asthma, although to a lesser 
extent than does propranolol at equipotent 

1
-antagonist doses. In con-

trast with propranolol, metoprolol does not inhibit the bronchodilation 
of isoproterenol. Metoprolol impairs -receptor–mediated insulin release, 
and the signs of hypoglycemia will be masked as with propranolol. 
Other side effects of metoprolol are similar to those of propranolol.

Metoprolol is useful for treating supraventricular and ventricular 
arrhythmias that are adrenergically driven. The primary advantage of 
metoprolol is its relative lack of most of the bronchoconstrictive effects 
in patients with chronic obstructive pulmonary disease. Acute IV dos-
age is 1.0 mg titrated to therapeutic effect up to 0.1 to 0.2 mg/kg.

IV therapy may be more effective than oral therapy in preventing AF 
after cardiac surgery.606 Another study compared oral carvedilol and 
oral metoprolol and found carvedilol more effective in preventing AF 
after on-pump CABG surgery.607

Esmolol
Esmolol is a cardioselective (

1
) receptor antagonist with an extremely 

brief duration of action.608 In anesthetized dogs, esmolol infused at 
50 g/kg/min produced a steady-state -blockade that was completely 
reversed 20 minutes after stopping the infusion.609 Esmolol has only 
minimal ISA and membrane-stabilizing activity and, in conscious 
dogs, has no effect on LVEDP, BP, HR, CO, or SVR; however, at 5 to 
60 g/kg/min, it does decrease LV dP/dt. The decreased contractility, 
however, fully resolves by 20 minutes after the infusion.

Electrophysiologic effects of esmolol are those of -adrenergic recep-
tor antagonism. In open-chest dogs, esmolol infused at 300 g/kg/min 
increased SA node recovery time and AH conduction interval, but not 
HV interval. ERP was increased in the AV node, but this effect does not 
occur in vitro at -blocking concentrations.

Esmolol is rapidly metabolized in blood by hydrolysis of its methyl 
ester linkage. Its half-life in whole blood is 12.5 to 27.1 minutes in 
dogs and humans, respectively. The acid metabolite possesses a slight 
degree (1500 times less than esmolol) of -antagonism. Esmolol is not 
affected by plasma cholinesterase; the esterase responsible is located in 
erythrocytes and is not inhibited by cholinesterase inhibitors, but it is 
deactivated by sodium fluoride. Of importance to clinical anesthesia, 
no metabolic interactions between esmolol and other ester molecules 
are known. Specifically, esmolol dosages up to 500 g/kg/min have not 
modified neuromuscular effects of succinylcholine.157

Clinically, in patients with asthma, esmolol (300 g/kg/min) only 
slightly increases airway resistance. Also, in patients with chronic 
obstructive pulmonary disease who received esmolol, no adverse pul-
monary effects occurred.610 In a multicenter trial, in a comparison with 
propranolol for the treatment of paroxysmal supraventricular tachyar-
rhythmia (PSVT), esmolol was equally efficacious and had the advan-
tage of a much faster termination of the -blockade.611 Esmolol has 
become a useful agent in controlling sinus tachycardia in the periop-
erative period, a time when a titratable and brief -blockade is highly 
desirable.
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Dosing begins at 25 g/kg/min and is titrated to effect up to 250 g/
kg/min. Doses greater than this may cause significant hypotension 
because of reduced CO in patients. Esmolol is especially effective in 
treating acute-onset AF or flutter perioperatively, and results in both 
acute control of the ventricular response and conversion of the arrhyth-
mia back to sinus rhythm.

Landiolol, an ultrashort-acting -blocker, similar to esmolol but 
with greater cardioselectivity and a shorter half-life (4 minutes), is cur-
rently undergoing investigation.612 The drug is efficacious in convert-
ing 89% of patients who developed AF or flutter to sinus rhythm.613 In 
addition, landiolol reduced the incidence of AF when given prophylac-
tically after cardiac surgery.614

  Class III: Agents That Block Potassium 
Channels and Prolong Repolarization

Amiodarone
Amiodarone is a benzofuran derivative initially introduced as an antiangi-
nal drug and was subsequently found to have antiarrhythmic effects. The 
drug has a wide spectrum of effectiveness including supraventricular,615 
ventricular,616,617 and pre-excitation arrhythmias615–618 (see Tables 10-28 
and 10-29). It also may be effective against VT and VF refractory to other 
treatment.619 Amiodarone has been approved by the AHA as the first-line 
antiarrhythmic in cardiopulmonary resuscitation.620 Amiodarone may 
be effective prophylactically in preventing AF after surgery.615 It also can 
decrease the number of shocks in patients who have internal cardioverter-
defibrillators compared with other antiarrhythmic drugs.621

Amiodarone used in an isolated rabbit SA node preparation increased 
APD and decreased the slope of diastolic (phase 4) depolarization, which 
depressed SA node automaticity.622 Amiodarone prolongs repolarization 
and refractoriness in the SA node, in atrial and ventricular myocardium, 
in the AV node, and in the His-Purkinje system.623 Resting potential and 
myocardial automaticity are minimally affected, but both ERP and 
absolute refractory period are prolonged.624 Amiodarone blocks inactive 
sodium channels in Purkinje fibers, which significantly depresses phase 
0.623 In anesthetized dogs, amiodarone decreases AV junctional and SA 
nodal automaticity and prolongs intranodal conduction.625

There are substantial differences in the electrophysiologic effects 
of acute and chronic amiodarone administration. Acutely, the drug 
slightly increases ERP of the His-Purkinje system and ventricular 
myocardium. The QTc is not prolonged by acute IV administration 
despite myocardial concentrations similar to those with chronic oral 
therapy.626 However, chronic oral administration significantly increases 
QTc.627 Although AV nodal ERP increases with acute IV amiodarone 
therapy, the increase is greater after chronic use. In other cardiac tissue, 
there is little or no change in ERP after IV administration; however, 
after chronic oral use, ERP is increased globally and both AH and HV 
conduction times are increased.628

The electrophysiologic effects of chronic amiodarone treatment 
mimic those of thyroid ablation.629 Moreover, the repolarization effects 
of the drug are reversed by T

3
 administration. This suggests that among 

the basic effects of amiodarone is the blockade of the cardiac effect of 
T

3
; this mechanism has been proposed as an alternative to the active 

metabolite accumulation theory to account for the slow onset of the 
antiarrhythmic effect of amiodarone.628

Amiodarone increases the amount of electric current required to elicit 
VF (an increase in VF threshold). In most patients, refractory VT is sup-
pressed by acute IV use of amiodarone. This effect has been attributed to a 
selectively increased activity in diseased tissue, as has been seen with lido-
caine.630 Amiodarone also has an adrenergic- receptor (  and ) antago-
nistic effect produced by a noncompetitive mechanism; the contribution 
of this effect to the antiarrhythmic action of the drug is not known.631

Hemodynamic effects of IV amiodarone (10 mg/kg) include 
decreased LV dP/dt, maximal negative dP/dt, mean aortic pressure, 
HR, and peak LV pressure after coronary artery occlusion in dogs. CO 
was increased despite the negative inotropic effect as a result of the 
more marked decrease of LV afterload.632 Clinical effects are similar; a 

5-mg/kg IV dose during cardiac catheterization decreased BP, LVEDP, 
and SVR and increased CO, but it did not affect HR. Chronic amio-
darone therapy is not associated with clinically significant depression 
of ventricular function in patients without LV failure. Hemodynamic 
deterioration may occur in some patients with compensated CHF,  
perhaps because of the antiadrenergic effects of the drug.633

Pharmacokinetics of amiodarone is notable for the low bioavailabil-
ity, very long elimination half-life, relatively low clearance, and large vol-
ume of distribution. Oral absorption of amiodarone is slow, with peak 
plasma levels occurring 3 to 7 hours after ingestion.634 Bioavailability 
is variable and low, ranging from 22% to 50%. The hepatic extraction 
ratio, however, is only 0.13, so that the major limit to bioavailability 
may be incomplete absorption. Amiodarone has a large volume of dis-
tribution, variably estimated as 1.3 to 65.8 L/kg; plasma clearance rates 
range from 0.14 to 0.60 L/min.635 Plasma half-life after chronic oral 
therapy is variably reported as from 14 to 107 days; therapeutic and 
steady-state plasma concentrations are slowly achieved with mainte-
nance oral administration at 9.5 to 30 days, respectively.636

Because steady-state plasma levels are achieved slowly, loading tech-
niques have been developed. Patient-specific pharmacokinetic data 
have been used to prescribe loading infusion rates from 0.5 to 3.9 mg/
min and maintenance rates of 0.5 to 1.0 mg/min to produce plasma 
levels of 0.5 to 2.5 g/mL during maintenance infusion. This dos-
age reduced VT by 85%, paired PVCs by 74%, and isolated PVCs by 
60%.637 A comparison of onset of antiarrhythmic effect of oral loading 
(800 mg/day for 7 days, then 600 mg/day for 3 days) and IV (5 mg/kg 
for 30 minutes) plus oral (as for oral alone) administration demon-
strated that the combined IV and oral loading technique had a more 
rapid therapeutic effect with a lower total amiodarone dose.638 In acute 
situations with stable patients, a 150-mg IV bolus is followed by a 1.0-
mg/min infusion for 6 hours and then 0.5 mg/min thereafter. In CPR, a 
300-mg IV bolus is given and repeated with multiple boluses as needed 
if defibrillation is unsuccessful.

Adverse reactions to amiodarone are numerous. Photosensitivity of 
the skin occurs in 57% of patients without apparent relation to dose or 
plasma level.639 Other skin manifestations include abnormal pigmenta-
tion (slate gray) and an erythematous, pruritic rash. Corneal microde-
posits occur in most patients taking amiodarone chronically, although 
visual symptoms are uncommon.

Pulmonary side effects are more severe.640–643 Clinical features 
include exertional dyspnea, cough, and weight loss. Hypoxia may occur; 
pulmonary function studies show decreased total lung capacity and  
diffusion rate. Chest radiographic findings are diffuse bilateral interstitial 
infiltrates, which histologically may be fibrosing alveolitis. Pulmonary 
effects may resolve with discontinuation of treatment or with dose 
reduction. The pathophysiologic mechanism of these pulmonary effects 
is not known but may relate to abnormal production of phospholipid. 
The overall incidence rate of pulmonary toxicity is up to 6%, with a 
mortality rate in those affected of 20% to 25%. There are case reports 
of an increased risk for acute respiratory distress syndrome when amio-
darone is used before CPB, but this association has not been proved.

Thyroid abnormalities are associated with amiodarone; the frequen-
cies of hyperthyroidism and hypothyroidism range from 1% to 5% 
and 1% to 2%, respectively.631 Amiodarone contains two iodine atoms 
per molecule, or 75 mg organic iodide/200 mg drug, and 10% of that 
amount may become free iodine. The iodine alone does not account 
for the thyroid abnormalities because intake of an amount of inorganic 
iodine equivalent to that ingested with chronic amiodarone intake does 
not have the same effect. HR is not increased during hyperthyroidism 
associated with amiodarone, probably because of its antiadrenergic 
effects. Amiodarone therapy increases both thyroxine (T

4
) and reverse 

T
3
 but only slightly decreases T

3
.644,645

Despite relatively widespread use of amiodarone, anesthetic compli-
cations infrequently have been reported. In two case reports, bradycar-
dia and hypotension were prominent.646,647 One of the reports described 
profound resistance to the vasoconstrictive effects of -adrenergic ago-
nists.647 The slow decay of amiodarone in plasma and tissue makes such 
adverse reactions possible long after discontinuing its administration. 
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Because T
3
 is reported to reverse electrophysiologic effects of amio-

darone, T
3
 possibly could be used to reverse hemodynamic abnormali-

ties, such as those described in these two case reports, although this 
theory has not been tested. Epinephrine has been shown to be more 
effective than dobutamine or isoproterenol in reversing amiodarone-
induced cardiac depression.648

A randomized, controlled study of amiodarone administered 6 days 
before and 6 days after cardiac surgery demonstrated significant reduc-
tions in atrial tachyarrhythmias and ventricular arrhythmias in differ-
ent age patients and in different types of cardiac surgical procedures.649 
There were no differences in hospital mortality between groups. 
A study in CABG surgery patients showed amiodarone was more effec-
tive in converting AF than placebo.650 All patients in this study received 

-blockers. In children with postoperative junctional ectopic tachycar-
dia, amiodarone was effective in either converting or slowing the HR in 
all 18 study patients.651 Prophylactic amiodarone has also reduced the 
incidence of AF in lung resection652 but did not reduce the incidence of 
AF in cardiac valvular surgery.653

Bretylium
Bretylium is a quaternary ammonium compound that produces a 
biphasic cardiac response after acute IV administration. Initially, nor-
epinephrine is displaced from adrenergic nerve endings, and there are 
attendant increases in BP, SVR, and cardiac automaticity. After 20 to 
30 minutes, this response wanes and the adrenergic-blocking effects of 
bretylium predominate.654–656 These latter effects depend on uptake of 
bretylium by adrenergic neurons; however, inhibition of its adrenergic-
blocking effects does not impair the antiarrhythmic effect.

The direct electrophysiologic effect of bretylium is prolongation of 
the ventricular ERP. In this regard, the electrophysiologic effect cor-
relates with the myocardial rather than the plasma concentrations of 
bretylium.657 Bretylium delays conduction of premature impulses from 
normal myocardium to the border of ischemic zones and decreases the 
disparity between the excitation thresholds of adjoining zones of isch-
emic and normal myocardium. Bretylium increases the electric cur-
rent required to induce VF and may spontaneously convert VF to sinus 
rhythm.658 The antiarrhythmic effect of bretylium is undiminished by 
cardiac denervation or chronic reserpine treatment, which indicates 
that the antiarrhythmic effects are dissociated from the antiadrenergic 
effects.659,660 Bretylium also decreases the amount of electrical current 
required to produce defibrillation.661

Results of clinical trials of bretylium in acute cardiac arrest are 
inconsistent. In one study in which it was compared with lidocaine, 
bretylium did not have a better antiarrhythmic effect, improve resuscita-
tion, or lower mortality.662 In contrast, in another study, bretylium  
(10 mg/kg) was used as a first-line treatment for out-of-hospital VF and 
significantly improved the outcome from resuscitation; lidocaine ad -
ministered after bretylium also decreased the incidence of recurrent VF.663 
In the acute setting, bretylium is effective prophylaxis against VF.624,664–667

Clinical indications for bretylium include refractory VT or VF. For VF, 
bretylium is administered as a 5- to 10-mg/kg IV bolus, which can be 
repeated to a total dose of 30 mg/kg if VF persists. The antifibrillatory effect 
may require some time to develop, so full resuscitative efforts should con-
tinue for at least 20 to 30 minutes after bretylium has been administered. 
Administration for recurrent VT is similar to that for VF. Continuous infu-
sion of 2 mg/min may be used to maintain plasma levels. As with VF, the 
effect of bretylium in VT may take 20 to 30 minutes to manifest.

Adverse reactions to bretylium include nausea and vomiting in con-
scious patients. During chronic therapy, postural hypotension may 
develop, but it is reduced by tricyclic drugs, which block uptake of 
bretylium by adrenergic neurons.

Sotalol
Sotalol is classified as a Class III agent, but also has Class II -adrenergic–
blocking properties. Sotalol was first synthesized as a -blocker and 
was initially used to treat angina and hypertension. The antiarrhythmic 
effect quickly was recognized and the antiarrhythmic actions then were 

evaluated. Sotalol prolongs refractoriness in both atrial and ventricular 
tissues because of blockade of the delayed rectifier potassium current. 
The -blocking effects result in decreased HR and increased refractory 
periods at both the atrial and ventricular levels.668 It is indicated for 
life-threatening ventricular arrhythmias and AF.

Sotalol exists as a mixture of the d- and l-isomers. These two iso-
mers have different mechanisms of action. Sotalol can be administered 
orally or intravenously. Oral bioavailability is greater than 90%. The 
drug is poorly bound to plasma protein and undergoes renal excretion 
with an elimination half-life of 12 hours when renal function is nor-
mal. The usual starting oral dose is 80 to 160 mg every 12 hours. Peak 
plasma concentration is seen within 4 hours.669

Sotalol has been used to treat both supraventricular and ventricular 
tachyarrhythmias. Sotalol was found to be superior to Class I agents in 
preventing the recurrence of ventricular arrhythmias.670 To investigate 
the contribution of the -blocking property to the efficacy of sotalol, 
Class I agents with or without -blocker were compared with sotalol.671 
Sotalol was more effective in preventing the recurrence of arrhythmias 
than Class I agents with or without -blockers. However, the mortality 
rates were similar when sotalol was compared with the combined Class 
I and -blocker regimen. Sotalol also is effective in the prevention of 
PSVTs.672

Sotalol administration is not without side effects. In fact, a large 
prospective study of d-sotalol (not the mixture of d- and l-isomers) 
in patients with reduced LV function was terminated early because of 
increased mortality in the treatment group.673

d-Sotalol lacks a significant -adrenergic-receptor—blocking prop-
erty, which may explain these findings. In addition, sotalol adminis-
tration is associated with increased risk for torsades de pointes and 
QT-interval prolongation. Female patients and patients with renal  
failure are at increased risk for the proarrhythmic side effects.

Ibutilide
Ibutilide fumarate is a methanesulfonanilide antiarrhythmic agent that 
is approved for the conversion of atrial flutter and AF to sinus rhythm. 
Ibutilide prolongs the cardiac refractory period at both the atrial and 
ventricular levels by activating a slow inward sodium current.674 In addi-
tion, ibutilide may cause the blockade of the rapid outward delayed rec-
tifier potassium current, which also leads to prolongation of the cardiac 
refractory period.675 In vitro and at high dose, ibutilide may shorten 
action potential, although this effect has not been observed clinically. 
Ibutilide may also predispose to the formation of afterdepolarizations, 
which may be involved in the development of torsades de pointes.

Ibutilide is administered intravenously, is 40% protein bound, and 
undergoes hepatic metabolism. There are eight metabolites, only one 
with slight antiarrhythmic activity. The pharmacokinetics of ibutilide 
is linear. There is rapid extravascular distribution and systemic clear-
ance is high, with the elimination half-life ranging from 2 to 6 hours.676 
The usual dose is 1 mg administered over 10 minutes. This may be  
followed by a second dose of 0.5 to 1 mg.

In one study, ibutilide, 0.015 mg/kg, administered intravenously 
over 10 minutes, resulted in conversion to sinus rhythm of about 45% 
of patients with atrial flutter longer than 3 hours in duration or AF 
3 hours to 90 days in duration.677 The arrhythmia was terminated in 
3% of patients receiving placebo. The mean time to termination of 
arrhythmia was 19 minutes from the start of the infusion. In this study, 
termination of arrhythmias was unaffected by an enlarged left atrium, 
decreased EF, presence of valvular heart disease, or the use of concomi-
tant medications such as -blocking agents and digoxin.

In another study, the safety and efficacy of repeated IV doses were 
evaluated.678 The investigators found a similar conversion rate to the 
previously mentioned study. In addition, they found that efficacy was 
greater in atrial flutter than fibrillation (63% vs. 31%). In AF, conver-
sion rates were greater in patients with shorter arrhythmia duration or 
a normal left atrial size. However, the duration of arrhythmias in all 
patients in this study was less than 45 days. Conversion rates of AF or 
flutter are enhanced with the concurrent use of magnesium.679
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Cardiovascular side effects occur in about 25% of patients treated 
with ibutilide, compared with 7% for the placebo-treated group.680 
Torsades de pointes occurred in 4.3% of these patients. Most of the 
proarrhythmic activity was seen within 1 hour of termination of the 
infusion, reflecting the short half-life and lack of metabolites with 
significant antiarrhythmic properties. Bradycardia, low body weight, 
and a history of CHF were predictive of the occurrence of torsades de 
pointes. Electrolyte abnormalities and acquired prolonged QT interval 
should be corrected before ibutilide therapy.

Dofetilide
Dofetilide blocks the rapid component of the delayed rectifier potas-
sium current of repolarization without slowing conduction. Similar 
to ibutilide, dofetilide has a profound effect on prolonging the QT 
interval. Atrial tissue is more affected by dofetilide's electrophysiologic 
effects than ventricular tissue. Thus, dofetilide is indicated for acute 
conversion and chronic suppression of AF.681

Dofetilide is only available orally and results in 90% bioavailability. 
About 50% of the drug is excreted in the urine with an elimination 
half-life of 8 to 12 hours. Several drugs have been shown to increase 
dofetilide serum concentrations including verapamil, cimetidine, and 
ketoconazole. These drugs should be avoided or used with caution in 
combination with dofetilide.

Dosing is from 0.125 to 0.5 mg twice a day and should be  performed 
during electrocardiographic monitoring and measuring of the QT 
interval. QT prolongation with polymorphic VT may occur in up to 
4% of patients. Any electrolyte abnormalities should be corrected 
before administering this drug. Patients with prolonged QT intervals 
or history of torsades de pointes should not receive chronic therapy. 
The concurrent use of magnesium enhanced the conversion of AF or 
atrial flutter with dofetilide and theoretically might reduce the inci-
dence of QT prolongation.682 No patients who received magnesium in 
this study developed torsades de pointes.

Class IV: Calcium Channel Antagonists
Although the principal direct electrophysiologic effects of the three 
main chemical groups of calcium antagonists (verapamil, a benzo-
acetonitrite; nifedipine, a dihydropyridine; and diltiazem, a ben-
zothiazepine) are similar, verapamil and diltiazem are the primary 
antiarrhythmics.

As with other transmembrane ionic channels, the calcium channel is 
conceptualized as macromolecular protein that spans the ion-imperme-
able lipid bilayer of the membrane (Figure 10-29). Such channels exhibit 
selectivity both for a particular ionic species and for specific trans-
membrane electrical potential ranges to control the permeability of the 
pore.198 The decreased membrane potential produced by depolarization 
increases the permeability of the Ca2+ channel for Ca2+, which permits 
Ca2+ to pass down its concentration gradient into the cell. Conversely, 
the “gate” closes on repolarization. This mechanism has been termed the 
voltage-dependent or voltage-gated channel. In cardiac tissue, the Ca2+ 
channel is also controlled by membrane -adrenergic receptors; acti-
vation of 

1
 receptors recruits additional Ca2+ channels to the open or 

active state, and such channels are termed receptor-operated channels.683

Based on studies with the sodium channels in the giant axons of 
squid, three different activity states of the Ca2+ channel have been  
distinguished: resting, open, and inactive. The resting state of the Ca2+ 
channel is characterized by a closed activation (d) gate on the exter-
nal surface of the membrane and an opened inactivation (f) gate on 
the internal surface684 (Figure 10-30). Depolarization triggers the open 
state when the d gate relaxes to permit Ca2+ influx, and also triggers the 
slower closure of the f gate, which, when complete, blocks further Ca2+ 
influx; the resulting “inactive” state persists until complete repolariza-
tion resets both gates. For the Ca2+ channel, the time constant for the 
transition from the resting to the open state is 520 milliseconds, that 
from the open to the inactive state is 30 to 300 milliseconds, and that 
from the inactive to the resting state is also 30 to 300 milliseconds.685

The “use dependence” noted with Ca2+ antagonists is the direct 
relation between the antagonist effect and the frequency of tissue 
activation. Thus, in cardiac tissue, the negative inotropic and Ca2+ 
channel-blocking properties of verapamil depend on both transmem-
brane potential and stimulation frequency; the inhibitory activity 
increases with increased frequency and with partial depolarization.686 
Such findings may indicate that verapamil interacts primarily with the 
inactive (depolarized) state of the Ca2+ channel. In contrast, the activa-
tion state of the membrane is less important for the inhibitory action 
of nifedipine.

The lipophilic nature of Ca2+ channel antagonists is important to their 
effect. In skinned cardiac cells, D600, a congener of verapamil, is inef-
fective, which would appear to indicate a primary effect of the drug at 
the plasma membrane.687 Likewise, quaternary ammonium derivatives 
of D600 and nifedipine, which are highly ionized and therefore less lipo-
philic, are also less effective Ca2+ channel antagonists.686 Such data indi-
cate that perhaps the locus of activity of these Ca2+ channel antagonists is 
the internal surface of the channel or within the membrane itself.

In general, the drugs commonly classified as Ca2+ channel antago-
nists, typified by verapamil, diltiazem, nifedipine, and nicardipine, 
exhibit specificity for vascular smooth muscle and cardiac tissues; how-
ever, within the group, specificity for these tissues varies. Nifedipine 
and nicardipine (and other dihydropyridines) are more potent in 
smooth muscle than cardiac tissue, whereas verapamil and diltiazem 
are more potent in cardiac tissue.688,689 Although Ca2+ channel antago-
nism is the dominant effect of these agents, at sufficiently high (>106 
M) concentrations, other effects become notable. For example, vera-
pamil and D600 at concentrations greater than 106 M inhibit sodium 
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channel activity and receptor binding at muscarinic, adrenergic, and 
opiate receptors.690 These latter effects do not exhibit stereoselectivity 
as does Ca2+-channel–specific action.691

Verapamil and Diltiazem
Verapamil and diltiazem have been used extensively in the treatment of 
supraventricular arrhythmias, AF, and atrial flutter. They are especially 
effective at preventing or terminating PSVT by blocking impulse trans-
mission through the AV node by prolonging AV nodal conduction and 
refractoriness.692 They are also useful in the treatment of AF and atrial 
flutter by slowing AV nodal conduction and decreasing the ventricular 
response. The effect on ventricular response is similar to that of the 
cardiac glycosides, although the onset is more rapid and acutely effec-
tive for control of tachycardia in patients.693,694

In the perioperative period, verapamil is a useful antiarrhythmic 
agent. In one study of anesthetized patients, it successfully controlled 
a variety of supraventricular and ventricular arrhythmias.694 However, 
verapamil should be used with caution intraoperatively because, in 
conjunction with inhalation anesthetics, significant cardiac depression 
may occur.695,696

A significant precaution in the use of verapamil and diltiazem to 
treat PSVT involves pre-excitation of the AV node in Wolff–Parkinson–
White syndrome. If PSVT is orthodromic (anterograde conduction 
through the AV node and retrograde over the accessory pathway) with 
a narrow or normal QRS complex, verapamil has a high success rate by 
blocking anterograde AV nodal conduction. If the PSVT is antidromic 
(anterograde conduction through accessory pathway and retrograde 
over the AV node) with a widened QRS complex, successful blockade 
with verapamil is unlikely because it has little effect on refractoriness 
or conduction in accessory pathways. Atrial flutter and AF also may 
occur in Wolff–Parkinson–White syndrome. In this setting, agents that 

shorten the ERP of the accessory pathway or increase the ERP in the AV 
node (e.g., digitalis, verapamil) often will increase ventricular response 
and may precipitate VF.697 Type I and III drugs, such as procainamide 
or amiodarone, are more effective in slowing the ventricular response 
in AF with an accessory pathway (see Chapter 4).

Electrophysiologic effects of verapamil and diltiazem are seen pre-
dominantly in tissues in which phase 0 or 4 depolarization is largely 
calcium dependent, namely, SA and AV nodes. Discharge rate and 
recovery time in the SA, AV conduction time, and AV node ERP are 
prolonged. Clinically, the QRS complex and QT

c
 interval are not sig-

nificantly affected, but AH (but not HV) conduction time is prolonged. 
Electrophysiologic effects of verapamil have been shown experimen-
tally (in anesthetized dogs) to relate to plasma concentration; the AH 
interval was prolonged at lower concentrations than were necessary to 
slow the SA node or to produce AV block.698

As with several other antiarrhythmic drugs, the pharmacokinetics 
of intravenously and orally administered verapamil differ. The hepatic 
extraction of orally administered verapamil is extensive; as a result, 
its bioavailability, which is normally low, is increased significantly by 
liver disease.242 After IV administration of verapamil, plasma clearance 
approximates splanchnic blood flow rate and, because of its lipophilic 
nature, the apparent volume of distribution is large. Elimination half-life 
of verapamil is approximately 5 hours, but it may be longer with chronic 
administration, perhaps because of saturation of hepatic metabolic 
pathways. Also, a principal metabolite, norverapamil, is biologically 
active, accumulates to concentrations equal to those of verapamil during 
chronic therapy, and has a longer half-life (8 to 13 hours).699 Excretion of 
verapamil after metabolism is renal (65% to 70%), but 3% to 4% is excreted 
unchanged.697 Metabolism involves n-dealkylation and O-demethylation 
with norverapamil (one eighth of the Ca2+-channel–blocking potency 
of verapamil) as the major metabolite.688 Verapamil and metabolites are 
highly protein bound (90%).
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Verapamil dosage for acute IV treatment of PSVT is 0.07 to 0.15 mg/
kg over 1 minute, with the same dose repeated after 30 minutes if the 
initial response is inadequate (10 mg maximum). Because the cardio-
vascular depressant effects of the inhalation anesthetics involve inhi-
bition of calcium-related intracellular processes, the interaction of 
verapamil and these anesthetics is synergistic. In one large clinical 
series, verapamil given during steady-state halothane anesthesia tran-
siently decreased BP and produced a 4% incidence of PR-interval pro-
longation.700 In laboratory studies, verapamil interacts similarly with 
halothane, enflurane, and isoflurane to mildly depress ventricular func-
tion and to slow AV conduction (PR interval).695 AV block can occur, 
however, and may be refractory. In addition, AV block can occur when 
verapamil is combined with -blockers.

Diltiazem in doses of 0.25 to 0.30 mg/kg administered intravenously 
followed by a titratable IV infusion of 10 to 20 mg/hr has been shown 
to be rapid acting and efficacious in controlling ventricular response 
rate in new-onset AF and atrial flutter.701,702 In addition, the prophy-
lactic use of IV diltiazem has been shown to reduce the incidence of 
postoperative supraventricular arrhythmias after pneumonectomy and 
cardiac surgery.703 Diltiazem also may have a role in treating ventricular 
arrhythmias. In an experimental model, diltiazem has been shown to 
be protective against VF with acute cocaine toxicity.704

Another adverse effect of verapamil is the potentiation of neuromus-
cular blockade. In two laboratory studies, verapamil depressed twitch 
height response to indirect stimulation.705,706 Although the exact pre-
synaptic versus postsynaptic site of the block was not determined, the 
qualitative similarity of the effect to that of pancuronium suggested 
an effect at the neuromuscular junction. At clinically relevant doses of 
verapamil, the effect is slight, but the clinical potential for synergistic 
interaction with residual muscle relaxants seems substantial. Cautious 
clinical attention to neuromuscular function is necessary to safely use 
verapamil in patients who are receiving or have recently received muscle 
relaxants.

Diltiazem proved equally as effective as amiodarone in managing 
postoperative AF occurring after lung resection surgery.707 Another study 
in coronary artery surgery demonstrated diltiazem prophylaxis reduced 
the incidence of AF administered either intravenously or orally.708

 Other Antiarrhythmic Agents
Digoxin
The primary therapeutic use of digitalis drugs is to slow the ventric-
ular response during AF or atrial flutter, which occurs because of a 
complex combination of direct and indirect actions on the AV node. 
The primary direct pharmacologic effect of digitalis is inhibition of 
the membrane-bound Na-K–dependent ATPase. This enzyme pro-
vides the chemical energy necessary for the transport of sodium (out) 
and potassium (in) during repolarization. The glycosides bind to the 
enzyme in a specific saturable way that inhibits enzyme activity and 
impairs the active transport of sodium and potassium. The net result is 
a slight increase in intracellular sodium and a corresponding decrease 
in intracellular potassium concentration. The sodium exchanges for 
calcium, resulting in a relatively weak inotropic effect.

In Purkinje fibers, digoxin increases the slope of phase 4 depolar-
ization and decreases resting potential or maximal diastolic potential 
so that the initiation of depolarization (phase 0) begins at a less nega-
tive potential; therefore, both the V

max
 and the conduction velocity of 

the action potential are lower. The phase 4 effect is inversely related to 
extracellular potassium concentration. At low concentrations of potas-
sium, the increased rate of phase 4 depolarization is augmented and 
automaticity increases, which may partially explain the increased risk 
for digoxin-related toxicity during hypokalemia or pronounced potas-
sium fluxes, such as during cardioversion or in the period immediately 
surrounding CPB. At concentrations approaching toxicity, digoxin pro-
duces delayed afterpotentials, which may be sufficient to reach thresh-
old and trigger depolarization.709–711 The direct action of therapeutic 
concentrations of digoxin in Purkinje fibers, therefore, decreases con-
duction velocity and increases ERP.

In specialized conduction fibers in the SA and AV nodes, similar 
electrophysiologic effects occur; in both of these regions, however, the 
dominant effects are indirect and mediated by the ANS. In atrial and 
ventricular muscle, direct effects resemble those in Purkinje fibers. The 
indirect effects of digitalis, notably a decreased APD, account for the 
decreased QT interval in the ECG; effects of this drug during phases 2 
and 3 of the action potential account for the characteristic downward 
convexity of the ST segment.712

Digoxin increases vagal efferent activity, the origin of which may 
relate to increased sensitivity of arterial baroreceptors and an increased 
carotid sinus nerve activity, or to an effect on the central vagal 
nuclei.713–715 In addition, SA node sensitivity to acetylcholine may be 
enhanced by digoxin. In high concentrations, digoxin may decrease SA 
and AV nodal sensitivities to catecholamines and sympathetic stimula-
tion, although this may be because of increased sympathetic efferent 
activity produced by both the CNS (medulla) effects of digoxin and the 
inhibition of norepinephrine uptake at peripheral sympathetic nerve 
terminals.714,715 The decreased sinus rate seen with digoxin is, therefore, 
due, in part, to both increased vagal efferent activity and decreased 
sympathetic tone.

The AV node is the portion of the conduction system most strongly 
influenced by both the direct and indirect effects of digoxin. Conduction 
through the AV node is slowed, and the ERP of the AV node is length-
ened by digoxin. In toxic concentrations, digoxin can effectively block 
AV nodal transmission.

In atrial tissue, the direct and indirect (vagal) effects of digoxin are 
opposed. The direct effect is an increase in APD, but the indirect effect 
(mediated by acetylcholine release) is marked decreases in APD and 
ERP. At therapeutic concentrations, the indirect effect predominates, 
which makes the atria responsive to higher stimulation frequencies.712 
The frequency of atrial impulses arriving at the AV node generally is 
increased, which leads to frequent partial depolarization of the AV node 
(concealed conduction). This effect, plus the increased AV nodal ERP 
(produced by direct effects, vagal effects, and sympatholytic effects), 
result in a net decrease in the frequency of impulses that successfully 
traverse the AV node to depolarize the His-Purkinje system.

The main preparation of cardiac glycosides available is digoxin. 
Digoxin reaches peak effects in 1.5 to 2 hours but has a significant effect 
within 5 to 30 minutes. For undigitalized patients, the initial dose is 
0.5 to 0.75 mg digoxin, with subsequent doses of 0.125 to 0.25 mg. The 
usual total digitalizing dose ranges from 0.75 to 1.0 mg by the IV route. 
Digoxin is approximately 25% protein bound, and the therapeutic 
range of plasma concentrations is 0.5 to 2.0 ng/mL.

Adenosine
Adenosine is a virtually ubiquitous endogenous nucleoside that has potent 
electrophysiologic effects in addition to having a major physiologic role 
in regulation of vasomotor tone.716 Adenosine is unique in that it is pro-
duced as an intermediate metabolite of adenosine monophosphate. It has 
an extremely short half-life in plasma (on the order of 1.5 to 2 seconds) 
because of metabolism by adenosine deaminase to inosine, or by adenosine 
kinase to adenosine monophosphate. Both enzymes are contained within 
the intracellular compartment (cytosolic), indicating a rapid transmem-
brane transport system for adenosine. Inhibition of this transport system 
by dipyridamole markedly enhances the cardiac effects of adenosine.

The important cardiac electrophysiologic effects of adenosine are 
mediated by the A

1
 receptor and consist of negative chronotropic, dro-

motropic, and inotropic actions. Adenosine decreases SA node activ-
ity, AV node conductivity, and ventricular automaticity. In many ways, 
these effects mimic those of acetylcholine. The A

1
 receptor is linked to 

the ionic channel for K+ and Ca2+ and to adenylyl cyclase through gua-
nine nucleotide–binding inhibitory protein (G

i
). Activation of the A

1
 

receptor in the SA and AV nodes activates the outward acetylcholine-
adenosine–regulated potassium current. In ventricular myocardium, 
adenosine antagonizes the stimulation of the inward Ca2+ current 
produced by catecholamines. The primary antiarrhythmic effect of 
adenosine is to interrupt reentrant AV nodal tachycardia, and this 
effect most likely relates to the potassium current effects.
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For clinical use, adenosine must be administered by a rapid IV bolus 
in a dose of 100 to 200 g/kg, although continuous IV infusions of 150 to 
300 g/kg/min have been used to produce controlled hypotension. For 
practical purposes, in adults, a dose of 3 to 6 mg is given by IV bolus fol-
lowed by a second dose of 6 to 12 mg after 1 minute if the first dose was 
not effective. This therapy rapidly interrupts narrow-complex tachy-
cardia caused by AV nodal reentry.717 Comparison with verapamil has 
shown adenosine to be equally effective as an antiarrhythmic, but with 
the advantages of fewer adverse hemodynamic effects, a faster onset of 
action, and a more rapid elimination so that undesired effects are short-
lived.718 The median effective close range (MD

50
) of adenosine for reen-

trant supraventricular arrhythmias in children is 100 to 150 g/kg.719

Potassium
Because of the close relation between extracellular pH and potassium, 
the primary mechanism of pH-induced arrhythmias may be alteration 
of potassium concentration. Both hypokalemia and hyperkalemia are 
associated with cardiac arrhythmias; however, hypokalemia is more 
common perioperatively in cardiac surgical patients and is more com-
monly associated with arrhythmias.720 Decreasing extracellular potas-
sium concentration increases the peak negative diastolic potential, 
which would theoretically appear to decrease the likelihood of spon-
taneous depolarization. However, because the permeability of the myo-
cardial cell membrane to potassium is directly related to extracellular 
potassium concentration, hypokalemia decreases cellular permeability to 
potassium. This prolongs the action potential by slowing repolarization, 
which, in turn, slows conduction and increases the dispersion of recovery 
of excitability, and thus predisposes to the development of arrhythmias. 
Electrocardiographic correlates of hypokalemia include appearance of a 
U wave and increased P-wave amplitude.721 The arrhythmias most com-
monly associated with hypokalemia are premature atrial contractions, 
atrial tachycardia, and supraventricular tachycardia. Hypokalemia also 
accentuates the toxicity of cardiac glycosides.

Moderate hyperkalemia, in contrast, increases membrane perme-
ability to potassium, which increases the speed of repolarization and 
decreases APD, thereby decreasing the tendency to arrhythmias. An 
increased potassium concentration also affects pacemaker activity. The 
increased potassium permeability caused by hyperkalemia decreases the 
rate of spontaneous diastolic depolarization, which slows HR and, in 
the extreme case, can produce asystole. The repolarization abnormali-
ties of hyperkalemia lead to the characteristic ECG findings of T-wave 
peaking, prolonged PR interval, decreased QRS amplitude, and a wid-
ened QRS complex.722 Both AV and intraventricular conduction abnor-
malities result from the slowed conduction and uneven repolarization.

Treatment of hyperkalemia is based on its magnitude and on the 
clinical presentation. For life-threatening, hyperkalemia-induced 
arrhythmias, the principle is rapid reduction of extracellular potas-
sium concentration, a treatment that does not acutely decrease total 
body potassium content. Calcium chloride, 10 to 20 mg/kg, given by IV 
infusion, will directly antagonize the effects of potassium on the car-
diac cell membranes. Sodium bicarbonate, 1 to 2 mEq/kg, or a dose cal-
culated from acid-base measurements to produce moderate alkalinity  
(pH 7.45 to 7.50), will shift potassium intracellularly. A change in pH 
of 0.1 unit produces a 0.5- to 1.5-mEq/L change of potassium concen-
tration in the opposite direction. An IV infusion of glucose and insulin 
has a similar effect; glucose at a dose of 0.5 to 2.0 g/kg with insulin in 
the ratio of 1 unit to 4 g glucose is appropriate. Sequential measurement 
of serum potassium is important with this treatment because marked 
hypokalemia can result. Loop diuretics and potassium-binding resins 
promote excretion of potassium, although the effects are less rapid than 
with the previously mentioned modalities (see Chapter 37).

With chronic potassium deficiency, the plasma level poorly reflects 
the total body deficit. Because only 2% of total body potassium is in 
plasma, and total body potassium stores may be 2000 to 3000 mEq, a 
25% decline in serum potassium from 4 to 3 mEq/L indicates an equi-
librium total body deficiency of 500 to 800 mEq, replacement of which 
should be undertaken slowly.

Acute hypokalemia frequently occurs after CPB as a result of 
hemodilution, urinary losses, and intracellular shifts,723 the latter per-
haps relating to abnormalities of the glucose-insulin system seen with 
nonpulsatile hypothermic CPB.724 With frequent assessment of serum 
potassium concentrations and continuous ECG monitoring, potas-
sium infusion at rates of up to 10 to 15 mEq/hr may be administered to 
treat serious hypokalemia.

Magnesium
Magnesium deficiency also is a relatively common electrolyte 
abnormality in critically ill patients, especially in chronic situations. 
Hypomagnesemia is associated with a variety of cardiovascular 
disturbances, including arrhythmias.725,726 Sudden death from 
CAD, alcoholic cardiomyopathy, and CHF may involve magnesium 
deficiency.725–727 Functionally, magnesium is required for the membrane-
bound Na+/K+-ATPase, which is the principal enzyme that maintains 
normal intracellular potassium concentration. Not surprisingly, 
the ECG findings seen with magnesium deficiency mimic those 
seen with hypokalemia: prolonged PR and QT intervals, increased 
QRS duration, and ST-segment abnormalities. In addition, as with 
hypokalemia, magnesium deficiency predisposes to the development 
of the arrhythmias produced by cardiac glycosides.728,729 Magnesium is 
effective as an adjuvant in therapy of patients with a prolonged QT 
syndrome and torsades de pointes.730

Arrhythmias induced by magnesium deficiency may be refractory to 
treatment with antiarrhythmic drugs and either electrical cardiover-
sion or defibrillation. For this reason, adjunctive treatment of refrac-
tory arrhythmias with magnesium has been advocated even when 
magnesium deficiency has not been documented.731 Magnesium defi-
ciency is common in cardiac surgery patients because of the diuretic 
agents these patients are often receiving and because magnesium levels 
decrease with CPB because of hemodilution of the pump. Magnesium 
lacks a counter-regulatory hormone to increase magnesium levels dur-
ing CPB in contrast with the hypocalcemia that is corrected by PTH. 
The results of magnesium administration trials involving CABG have 
been conflicting. Some studies have shown a benefit and others have 
not in regard to reducing the incidence of postoperative arrhythmias.

Magnesium has been studied alone and in combination with other drugs 
in the prophylaxis and treatment of perioperative arrhythmias. In younger 
patients with good LV function, magnesium reduced the incidence of AF 
after CABG surgery.732 Magnesium supplementation after CPB in which 
the serum magnesium level returned to normal reduced the incidence of 
AF.733 A protocol using magnesium as first-line therapy and amiodarone 
as backup therapy appears effective in management of arrhythmias after 
surgery, as well as in critically ill patients.734,735 Combination therapy with 
magnesium and sotalol after coronary artery bypass reduced the inci-
dence of AF.736 A meta-analysis of 15 randomized, controlled trials showed 
magnesium to be effective at preventing AF in coronary artery surgery.737 
However, magnesium, when added to oral -blocker prophylaxis, did not 
reduce the incidence of atrial arrhythmias.738
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Evolution of Perioperative 
Echocardiography

Many characteristics define a cardiac anesthesiologist, and these have 
evolved over time.1 Some of these include intimate knowledge of car-
diac diseases and the interaction of anesthesia with them, knowledge of 
the special techniques used by cardiac surgeons including, initially, pure 
moderate hypothermia and, subsequently, cardiopulmonary bypass 
(CPB), deep hypothermic circulatory arrest, cardioplegia, off-pump cor-
onary artery bypass grafting, and minimally invasive and robotic surgery. 
But one of the cardinal characteristics of cardiac anesthesiologists has 
been their adoption and application of special monitoring techniques. 
Early on this involved electrocardiographic (ECG), electroencephalo-
graphic, arterial, central venous, and left atrial pressure monitoring, and 
use of arterial blood gases and tests of coagulation. In the 1970s, use of 
the pulmonary artery catheter (PAC) was introduced. Since about 1990, 
expertise with use of echocardiography has become one of the defining 
characteristics of the accomplished cardiac anesthesiologist. Today, few 
anesthesia or cardiac surgical groups would accept an anesthesiologist 
who wishes to provide anesthesia for cardiac cases if they have not been 
trained in perioperative echocardiography. Residents seeking fellowship 
training in cardiothoracic anesthesia view the quality of experience and 
teaching of echocardiography as critical criteria in selecting a fellowship. 
The authors believe that the introduction of echocardiography into car-
diac surgery and anesthesia has contributed to the improved success and 
safety of cardiac surgery since the early 1990s.

Echocardiography, like the other special monitoring skills, has been 
transferred from the practice of cardiac anesthesia to the general prac-
tice of anesthesiology, including for noncardiac surgery in patients with 
cardiac disease, management of hemodynamic problems during non-
cardiac surgery, critical care, vascular access, and now into the practice 
of regional anesthesia and pain medicine. Subsequent chapters provide 
details on the basis and clinical application of various modalities of 
echocardiography. This chapter outlines how cardiac anesthesiologists 
arrived at the current state of practice.

As Feigenbaum2 notes, the word evolution usually is reserved for 
changes of natural phenomena, but it is appropriate to use it in ref-
erence to the development of diagnostic ultrasound (e.g., echocar-
diography) because this represents an attempt to mimic a natural 
phenomenon. Some mammals (e.g., bats and aquatic mammals) use 
“diagnostic ultrasound” to visualize their environments, a phenom-
enon that was first recognized by Lazzaro Spallanzani (1729–1799).  
A number of previous articles and sections of other texts have reviewed 
the history of medical diagnostic ultrasound and echocardiography.2–15 
The authors have relied heavily on these prior works and frequently 
quote from them. What becomes immediately apparent in reviewing 
this history is that it has been an international effort with contributions 
from engineers, scientists, and clinicians from many different nations. 
The knowledge and experience of the authors of this chapter result in 
a particular emphasis on developments in North America, and they 
acknowledge that they may have unintentionally overlooked important 
contributions and events that have occurred elsewhere.

EARLY DEVELOPMENTS LEADING  
TO THE MEDICAL USE OF ULTRASOUND
The Roman architect Vitruvius coined the word echo (Table 11-1). 
The French friar Marin Mersenne (1588–1648) frequently is referred 

to as the “father of acoustics” because he first measured the velocity 
of sound, whereas the English physicist Robert Boyle (1627–1691) 
recognized that a medium was necessary for the propagation of 
sound.13 The Italian Lazzaro Spallanzani (1729–1799) is sometimes 
referred to as the “father of ultrasound” because he deduced that bats 
must emit ultrasound waves (inaudible to humans) and listen to the 
echoes to navigate, based on his observations in the 1790s that bats 
navigate well when blindfolded but not when he plugged their ears. 
The Austrian mathematician and physicist Christian Johann Doppler 
(1803–1853) noted that the pitch of sound varied if the source of 
sound was moving and derived the mathematical relationship 
between change in pitch (frequency) and the relative motion (veloc-
ity) between the source and the observer. As an indication of the inge-
nuity of early scientific investigators, Buys Ballot at Utrecht in 1845 
confirmed Doppler's theory and formula experimentally by hav-
ing trumpeters play notes on railroad cars pulled at different speeds 
and employed musicians with perfect pitch to identify the frequen-
cies they heard.9 Doppler also predicted (which was later confirmed) 
that the frequency of light would decrease from a receding object 
(e.g., stars [“red shift”]) and increase (toward blue) if approaching. 
Interestingly, manufacturers of color-flow Doppler systems chose 
to use the opposite convention, using red to color-code flow mov-
ing toward the transducer and blue for flow moving away from the 
 transducer (“Red returning, Blue away”).

The creation and recording of ultrasound were made possible by the 
discovery of the piezoelectric effect by the French brothers Jacques and 
Pierre Curie. In 1880, they discovered that when certain quartz  crystals 
were subjected to mechanical stress (compression), they developed 
an electrical charge. A year later, in 1881, they observed the converse: 
When crystals were placed in an alternating electrical field, they would 
rapidly change shape (vibrate).9

After the Titanic disaster in 1912, the British engineer Lewis F. 
Richardson suggested that an echo technique could be used to detect 
underwater objects. In 1917, the Frenchman Paul Langevin (1872–1946) 
conceived of the idea to use piezoelectric quartz crystal as both trans-
mitter and receiver of ultrasound, which culminated in the develop-
ment of SONAR (sound navigation and ranging) used to detect enemy 
submarines. In 1937, the Soviet scientist Sergei Sokolov and, in 1942, 
the American engineer Floyd Firestone described the use of reflected 
ultrasound to detect flaws in metals that, as explained later, ultimately 
led to the medical use of ultrasound in cardiac medicine.11,13,14

EARLY MEDICAL USE OF ULTRASOUND
The Austrian neurologist Karl T. Dussik (Figure 11-1), sometimes 
referred to as the “father of diagnostic ultrasound,”11 is credited with 
being the first to apply ultrasound for medical diagnosis16 (Table 
11-2). In 1941, he reported on his use of transmission ultrasound to 
outline the ventricles of the brain.17 He considered use of echo reflec-
tion but abandoned this approach when his idea was ridiculed.11 In the 
1940s, the German physicist W. D. Keidel used transmitted ultrasound 
through the chest (like X-rays) in an attempt to measure cardiac vol-
umes.11,18 Subsequently, both investigators appear to have abandoned 
their efforts.
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EARLY HISTORY OF CLINICAL 
ECHOCARDIOGRAPHY

 Edler and Hertz and the Beginning of 
Clinical Echocardiography (Ultrasound 
Cardiography) and M-Mode Imaging
It was the collaboration between cardiologist Inge Edler (1911–2001) 
and physicist Carl Hellmuth Hertz (1920–1990) (Figure 11-2) at Lund 
University in Sweden in the early 1950s that is commonly accepted as 
the beginning of clinical echocardiography.13*

In a search of a better way to evaluate the mitral valve function before 
closed mitral commissurotomy, Edler considered the use of something 
like RADAR (see Table 11-2). He was referred to a young physicist at Lund 
University, C. Hellmuth Hertz. Hertz was the son of a Nobel Prize winner, 
and, remarkably, his uncle, Heinrich Hertz, had lent his name to the unit 
of frequency. Hertz thought that ultrasound (frequencies higher than that 
audible to the human ear) might be the solution to Edler's needs.14 Hertz 
borrowed an ultrasonic reflectoscope used in nondestructive testing of 
metals at the ship-building yard in Malmo for a weekend, and Elder tested 
it on Hertz's chest and detected movement in the heart. The Siemens 
Corporation provided them with a reflectoscope in October 1953. They 
first studied isolated hearts in the laboratory with A-mode (static ampli-
tude), but then devised a recording technique to display motion versus 
time (M-mode) by photographing the image off the oscilloscope (Figures 
11-3 and 11-4). Their machine could produce ultrasound frequencies of 
0.5, 1.0, 2.5, and 5.0 MHz, and Hertz opted to use 2.5 in humans as the 
optimal compromise between penetration and resolution. They first used 
this machine in a patient on October 29, 1953; they termed it “ultrasound 
cardiography” (UCG).19 At first they attributed the reflectors to the pos-
terior wall of the left ventricle and the anterior wall of the left atrium, 
but, subsequently, Edler demonstrated that the latter came from the ante-
rior leaflet of the mitral valve. He determined this by passing an ice pick 
in the comparable direction through the chest at the time of an autopsy 
on a patient he had echoed shortly before death.2 He subsequently used 
UCG to evaluate pericardial effusions and, in 1956, detected a left atrial 
myxoma (but this was not published until 1960).12 However, his principal 
use of UCG was to evaluate mitral stenosis, and he described the value of 
the E-F slope in quantifying the severity of the stenosis. In the mid-1950s, 
Edler and Hertz actually experimented with introducing a transducer into 
the esophagus to overcome the attenuation in lung tissue, but they aban-
doned this effort because of difficulties in obtaining acoustic coupling 
between the transducer and the esophageal wall.12 They published the first 
review article on UCG in Acta Medica Scandinavia in 1961.20 Hertz left the 
field of cardiac ultrasound fairly early after he developed ink-jet technol-
ogy, and Edler made few  innovations after 1960.2 In 1977, Edler and Hertz 
were awarded the Lasker Clinical Medicine Research Prize (often referred 
to as the American Nobel prize in Medicine).

 Others Enter the Field
In the late 1950s, Schmidt and Braun, and Sven Effert in Germany sepa-
rately began duplicating Elder and Hertz's work, and in 1959, Effert pub-
lished the first report identifying an intra-atrial tumor by echocardiography. 
Between 1961 and 1965, workers in Shanghai and Wuhan, China began to 
report their use of echocardiography including fetal echocardiography.13

 The American Experience
In 1957, engineers John Wild and John Reid at the University of 
Minnesota described ultrasonic echocardiographic imaging of excised 
hearts.21 When Reid went to the University of Pennsylvania, he joined 
forces with cardiologist Claude Joyner, building an ultrasonoscope that 
they used to study mitral stenosis. Their report, which appeared in the Figure 11-1 K. T. Dussik, the “father of diagnostic ultrasound,” who 

first used transmission ultrasound to visualize the ventricles of the brain 
and suggested use of reflected ultrasound. (From Roelandt JR: Seeing 
the invisible: A short history of cardiac ultrasound. Eur J Echocardiogr 
1:8–11, 2000.)

*The interested reader is referred to the tribute written by Singh and 
Goyal14 and the historic review written by Edler himself and published 
posthumously.12

Early Developments Leading to Medical Use of 
Ultrasound

Name Date* Development

Marcus Vitruvius 
(Roman)

80–15 BC Coined word echo

Marin Mersenne 
(French)

1588–1648 “Father of acoustics” 
Measured speed of sound

Robert Boyle 
(English)

1627–1691 Recognized a medium was necessary 
for propagation of sound

Lazzaro Spallanzani 
(Italian)

1727–1799 “Father of ultrasound” 
Demonstrated that bats navigated by 

echo reflection
Christian Doppler 

(Austrian)
1803–1853 In 1842, he described Doppler effect 

and mathematical relations between 
change in frequency (of sound and 
light) and relative motion

Jacque and Pierre 
Curie (French)

1880–1881 Discovered piezoelectric effect

Lewis F. Richardson 
(British)

1912 British engineer after the Titanic 
disaster suggested that an echo 
technique could be used to detect 
underwater objects

Paul Langevin 
(French)

WWI Developed SONAR; used the 
piezoelectric effect to develop 
transmitters and receivers

Sergei Sokolov 
(Russian)

1929–1937 Used reflection of ultrasound to detect 
flaws in metal

Floyd Firestone 
(American)

1942 Flaw detection in metals

TABLE 
11-1

* Lifespan of first five; date of development for last five.
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journal Circulation in 1963, was the first American publication on clin-
ical echocardiography.22 Harvey Feigenbaum in Indianapolis, author of 
one of the first (first published in 1972) and still published textbooks 
of echocardiography, first became interested in echocardiography in 
1963 (Figure 11-5). He published his first article on use of ultrasound 
to diagnose pericardial effusions in 1965,23 and as mentioned later, 
he collaborated with Reggie Eggleton to develop a mechanical two-
dimensional (2D) scanner. Dr. Feigenbaum also may have been the first 
to train nonphysicians to do echocardiograms, leading to the devel-
opment of cardiac sonographers.13 Feigenbaum believes that Bernie 
Segal of Philadelphia was the first to use the term echocardiography in 

print in an article published in 1966.24,25 The senior author (E.A.H.) 
recalls cardiologists presenting their primitive, indistinct, and difficult 
to interpret M-mode images of the mitral valve at preoperative case 
conferences in the late 1960s and thinking that echocardiography did 
not have much future. How wrong he was!

Between the 1950s and the 1970s, M-mode was the only clin-
ically useful format for echocardiography, and many advances 
and applications were described as the equipment and the skill 
of the echocardiographers improved, peaking in the late 1970s. 
But then its role rapidly declined with the development of 2D 
instrumentation.9

Figure 11-3 The ultrasonoscope initially used by Edler and Hertz for 
recording their early echocardiograms. (From Feigenbaum H, Armstrong 
WF, Ryan T: Feigenbaum's echocardiography, 6th ed. Philadelphia: 
Lippincott Williams & Wilkins, 2005.)

Early History of Medical Use of Ultrasound and Clinical Echocardiography

Investigator Year Country Contribution

Karl Dussik 1941 Austria Used ultrasound to outline ventricles of brain “Father of diagnostic ultrasound”17

W. D. Keidel 1950 Germany Used transmission ultrasound to examine the heart18

Inge Edler and C. Hellmuth Hertz 1953 Sweden Collaborated to use ultrasonoscope to examine the heart, commonly accepted as 
the beginning of clinical echocardiography19

Sven Effert, et al; W. Schmidt and H. 
Braun

Late 1950s Germany Separately duplicated Edler and Hertz's work

I. Edler et al. 1961 Sweden First comprehensive review on cardiac ultrasound use in mitral and aortic 
stenosis, left atrial tumors, and pericardial effusions in Acta Medica 
Scandinavia20

C. C. Hsu; Y. Gao; X. F. Wang 1961–1964 China Cardiac, fetal and contrast echo
J. Wild, H. D. Crawford, and J. Reid 1957 USA First American article (American Heart Journal); described echocardiography  

of hearts21

J. Reid and Claude Joyner USA First American clinical effort (Circulation)22

H. Feigenbaum 1963 USA Initiated clinical study of “cardiac ultrasound”
H. Feigenbaum 1965 USA Published report on use of echo to diagnose pericardial effusion (JAMA)23

B. Segal 1966 USA First to use term echocardiography in print (JAMA)24

S. Satomura et al.; T. Yoshida and 
Nimura

1950s Japan Used Doppler technology to examine heart

D. L. Franklin 1961 USA Doppler shift to measure velocity of blood flow in vessels38

P. N. T. Wells; P. A. Peronneau, E. W. 
Baker

1969–1972 England, France, USA Pulse Doppler

J. Holen; L. Hatle 1979 Norway Applied modified Bernoulli equation to measure gradients across mitral40  
and aortic valve41

Nicholas Bom 1971 Netherlands Linear two-dimensional (2D) scanner31

Griffith and Henry 1974 USA Mechanical 2D scanner33

Eggleton and Feigenbaum 1974 USA Commercially successful mechanical 2D scanner34

von Ramm and Thurstone 1976 USA Phase-array 2D scanner11,32

Brandenstini 1979 Switzerland M-mode multigated color-flow Doppler (CFD)
Namekawa, Kasai, et al. 1982 Japan Used autocorrelation to produce 2D CFD42

Bommer and Miller 1982 USA Clinical application of CFD43

Omoto 1984 Japan Used CFD to study valvular regurgitation44

TABLE 
11-2

Figure 11-2 I. Edler (right) and C. H. Hertz (left) in 1979. They 
recorded the first M-mode echocardiogram of the heart in 1953 and are 
considered the “fathers of clinical echocardiography.” (From Roelandt 
JR: Seeing the invisible: A short history of cardiac ultrasound. Eur J 
Echocardiogr 1:8–11, 2000.)
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 Two-Dimensional Scanners
Work to develop real-time 2D scanners began in the 1960s, made pos-
sible by advances in sonar and radar technology and circuitry. Early 
pioneering work was done by the previously mentioned Americans 
Wild and Reid,26 and Howry and Bliss27 in the 1950s. In the later 
1960s, Ebina28 in Japan and Asberg29 reported producing ultrasound-
generated tomographic images of thoracic structures in humans. 
Their clinical application was limited because of transducer size.

In 1968, Somer30 constructed the first electronic phased-array scan-
ner based on the wavefront theory formulated in the 17th century by 
Huygens.11 In 1971, this was followed by the description by Nicholas Bom31 
of Rotterdam of an electronic linear scanner (Figure 11-6) that generated 
a rectangular image and, in 1974, of an electronic phased-array scanner 
by F. L. Thurstone and O.T. von Ramm at Duke University.11,32 At the same 
time, J. Griffith and W. Henry, at the National Institutes of Health, intro-
duced a mechanical sector scanner.11,33 This was said to be cumbersome to 
manipulate, and hence shortly thereafter Reggie Eggleton, working with 
Feigenbaum in Indianapolis, developed a handheld real-time mechani-
cal 2D scanner34 that was more “user friendly” and commercially success-
ful13 (Figure 11-7). In 1976 and 1977, Kisslo and colleagues35,36 at Duke 
University reported on the clinical use of the von Ramm and Thurston 
phased-array scanner for 2D echocardiography (2DE).

 Development of Vascular and  
Cardiac Doppler
In 1956, Satomura reported the application of the Doppler principle 
in the use of ultrasound to measure blood flow velocity.11,37 However, 
in 1961, Franklin, at the University of Washington, was the first to 

measure Doppler shift of frequency, and hence velocity of flow of 
blood in vessels using a continuous-wave ultrasonic device.38 Pulse-
wave Doppler (in which flow at a defined depth could be analyzed) 
was nearly simultaneously introduced in 1969 and 1970 by P. N. T. 
Wells of England, P. A. Peronneau of France, and D. W. Baker in the 
United States.11 In 1974, F. E. Barber, D. W. Baker, and colleagues at the 
University of Washington introduced the combination of pulse-wave 
Doppler with 2D scanning to produce the subsequently widely used 
“Duplex Scanner.”11,39 Subsequently, in Norway, but at different insti-
tutions, J. Holen40 and L. Hatle41 applied the Bernoulli principle to 
estimate the pressure decline across stenotic mitral and aortic valves, 
respectively.

 Color-Flow (Doppler) Echocardiography
In 1978, the Swiss-born M. A. Brandestini, working at the University 
of Washington, described a method (based on pulse-wave Doppler) of 
color encoding flow velocity data and superimposing it on M-mode 
images.13 His initial observations were extended by Namekawa et al42 in 
Japan who described, in 1982, color Doppler flow imaging (CFI) utiliz-
ing autocorrelation to produce real-time images of flow in 2D sector 
scans. Bommer and Miller in the United States43 and Omoto working 
with the Namekawa group44 described clinical use of 2D color Doppler 
flow imaging.9,11

Figure 11-4 One of the earliest M-mode echocardiograms of the 
mitral valve recorded by Edler and Hertz in December 1953. (From 
Roelandt JR: Seeing the invisible: A short history of cardiac ultrasound. 
Eur J Echocardiogr 1:8–11, 2000.)

Figure 11-5 Feigenbaum using his early M-mode echocardiography, 
which used a Polaroid camera to record the echocardiogram. (From 
Feigenbaum H, Armstrong WF, Ryan T: Feigenbaum's echocardiogra-
phy, 6th ed. Philadelphia: Lippincott Williams & Wilkins, 2005.)

Figure 11-6 Twenty-element electronic linear two-dimensional 
 transducer developed by N. Bom in Rotterdam circa 1972. (From 
Feigenbaum H, Armstrong WF, Ryan T: Feigenbaum's echocardiogra-
phy, 6th ed. Philadelphia: Lippincott Williams & Wilkins, 2005.)

Figure 11-7 First practical handheld mechanical real-time sector scan-
ner developed by Eggleton and Feigenbaum in the mid-1970s using a 
modified Sunbeam electric toothbrush. (From Feigenbaum H: Evolution 
of echocardiography. Circulation 93:1321–1327, 1996.)
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 Prelude to Perioperative Transesophageal 
Echocardiography
The first reported use of intraoperative echocardiography (IOE) was in 
1972 when Johnson and his colleagues45 at the University of Colorado 
reported on the use of intraoperative epicardial M-mode echocar-
diography to evaluate the results after open mitral commissurotomy.  
In 1976, Wexler and Pohost, of Massachusetts General Hospital, 
wrote a review article in the journal Anesthesiology on noninvasive 
techniques for hemodynamic monitoring, in which they described 
the basic principles and the potential application to anesthesia of 
the relatively new technique of “echocardiography.”46 At that time, 
this was limited to M-mode technology, but they anticipated that in 
the future 2D sector scanning would overcome some of the limita-
tions of M-mode scanning. In that same year, at the annual meet-
ing of the American Society of Anesthesiologists (ASA) in October 
in San Francisco, Rathod and colleagues,47 at Cook County Hospital 
and Loyola University in Chicago, and Paul Barash and colleagues,48 at 
Yale University, described use of transthoracic M-mode echocardiogra-
phy to monitor the effects of anesthetics on cardiac function during 
anesthesia in 20 adults and 13 children, respectively. They concluded 
that this technique was a useful method to assess cardiac function, and 
Barash et al48 predicted that it “has the potential to be a useful tool for 
clinical anesthesiology that may supplant the invasive monitors cur-
rently available.”

In 1978, Strom and colleagues at Albert Einstein College of Medicine 
in Bronx, New York, published their experience with use of intraop-
erative epicardial M-Mode scanning during cardiac surgery,49 which led 
to their investigations of transesophageal echocardiography (TEE; see 
later).

When superior handheld 2D transducers became available, they 
began to be used epicardially during cardiac surgery after gas steriliza-
tion or wrapping them in sterile sheaths. In the early 1980s, Spotnitz 
and colleagues,51 at Columbia University College of Medicine in New 
York City (NYC), reported use of intraoperative epicardial 2D scan-
ning after CPB to detect intracardiac air50 and to assess left ventricular 
ejection fraction before and after cardiac surgery. In 1984, Goldman 
and colleagues, at Mount Sinai Medical Center in NYC, reported the 
use of intraoperative epicardial contrast 2DE to evaluate regurgitation 
after mitral valve surgery52 and to assess myocardial perfusion during 
cardiac surgery.53

TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY
TEE has had a profound effect on the practice of cardiac anesthesiol-
ogy starting in the mid 1980s, and conversely, at least in North America, 
anesthesiologists played a key role in the introduction of this modality 
into the practice of cardiac anesthesia and cardiology8 (Table 11-3).

 Intravascular Ultrasound
The development of TEE had its roots in the search for alternative 
ultrasound windows because of difficulties encountered in obtaining 
good ultrasound signals through the chest using the early insensitive 
transthoracic transducers.7 In the early 1960s, this led to the investi-
gation of intravascular probes. In 1960, Cieszynski54 inserted a sin-
gle-element transducer on a catheter into the jugular vein of dogs. In 
1963, Omoto et al55 reported obtaining static cross-sectional images in 
patients by slowly rotating a single-element transducer inserted into 
the right atrium,7 and a year later, Kimoto et al56 reported obtaining 
C-scans of the atrial septum in humans from an intravascular catheter.9 
In 1968, Carleton and Clark57 reported similar studies. 1970, Reggie 
Eggleton58 mounted four elements on a catheter and created the first 
cross-sectional images of intracardiac structures by computer recon-
struction of images obtained by slow rotation and ECG triggering,5 and 
in 1972, Nicholas Bom,59 in Rotterdam, described a real-time intra- 
cardiac scanner using a 32-element circular electronically phased-array 

transducer placed at the tip of a 9 F-catheter. Thereafter, interest faded 
as sophisticated TEE probes became available, only to re-emerge in the 
late 1980s (see later).

 Transesophageal Ultrasound (Doppler  
and M-Mode)
Side and Gosling60 were the first to use transesophageal (continuous-
wave) Doppler (transducer mounted on a steerable gastroscope) to 
assess flow in the heart and aorta in 1971. This was followed by sim-
ilar reports by Olson and Shelton in 1972. In 1974 and 1975, Duck  
et al61 and Daigle et al62 used transesophageal pulsed Doppler to mea-
sure flow in the thoracic aorta.7 However, true TEE is said to have its 
embryonic beginnings in 1976 when Lee Frazin (a Chicago cardiologist)  
et al63 reported recordings of M-mode echocardiograms of the aortic root 
and valve, mitral valve, and left atrium from the esophagus by attaching 
a nonfocused 3.5-mHz transducer attached to a 3-mm coaxial cable 
(Figure 11-8). They reported superior recordings compared with the 

2D, two-dimensional; TEE, transesophageal echocardiography.

Notable Developments in Transesophageal 
Echocardiography

Investigator (Reference) Year Contribution

Side and Gosling60 1971 Continuous-wave Doppler of the 
thoracic aorta mounted on a 
standard gastroscope

Duck61 1974 Pulse-wave Doppler of thoracic aortic 
blood flow with an esophageal 
probe

Daigle62 1975 Pulse-wave Doppler of thoracic aortic 
blood flow with an esophageal 
probe

Frazin63 1976 M-mode of heart via a cable-
mounted transducer

Matsumoto, Oka,  
et al64,65

1979–1980 Transesophageal M-mode monitoring 
during cardiac surgery

Hisanaga66 1977–1980 Mechanical 2D scanner mounted on 
gastroscope

DiMagna67 1980 Electronic linear phased-array 2D 
scanner mounted on an endoscope 
mainly used to examine the 
gastrointestinal tract

Souquet68 1980–1982 Electronic phased-array 2D scanner 
mounted on gastroscope

Schulter, Hanrath, 
Sorquet69

1980–1982 Clinical evaluation of Sorquet's TEE 
probe

Goldman et al93 1976 TEE with color-flow Doppler
Takamoto et al94 1987 TEE with color-flow Doppler
deBruijn et al95 1987 TEE with color-flow Doppler
Omoto98; and others ~1989 Biplane probe
Roelandt100; and 

others
~1992 Multiplane probe

TABLE 
11-3

Figure 11-8 First clinically used transesophageal ultrasound probe 
used by Frazin and colleagues in the mid-1970s. Consisted of a non-
focused, 3.5-MHz M-mode transducer mounted on the end of a 3-mm 
coaxial cable. (From Frazin L, Talano  , Stephanides L, et al: Esophageal 
echocardiography. Circulation 54:102–108, 1976, Figure 1.)
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transthoracic approach in 38 patients.63 Following this lead, Matsumoto 
and Oka,64 at Albert Einstein College of Medicine, fabricated a stiff 
transesoph  ageal probe supporting an M-mode transducer (Figure 11-9).  
They first used this in 1979 to measure ventricular dimensions and vol-
ume during mitral valve surgery in a 65-year-old woman.64 They subse-
quently reported intraoperative transesophageal M-mode monitoring 
in 21 patients undergoing cardiac surgery.65 At that time, M-mode TEE 
was difficult to interpret except by the extremely sophisticated clinician 
and hence was not widely adopted. However, the development of a new 
generation of gastroscopes with steerable tips in the late 1960s, onto 
which echo transducers could be mounted, had a significant positive 
impact on the development of TEE by facilitating direct contact with 
the wall of the esophagus,7 overcoming the problem encountered by 
Edler and Hertz a decade earlier.

 Transesophageal Two-Dimensional 
Imaging
Although some primitive 2D TEE mechanical scanners and linear were 
described between 1977 and 1980 (e.g., Hisanaga et al66 and DiMagno 
et al67), it was not until Jacques Souquet68 (Figure 11-10), working in 
conjunction with the Varian Corporation, developed their phased-
array transducer (Figure 11-11) mounted on the end of a gastroscope 
for their 2D sector scanner system (Figures 11-12 and 11-13) that TEE 
became a practical reality. These new TEE probes were evaluated clini-
cally by cardiologists Michael Schluter and Peter Hanrath in Hamburg, 
Germany,69 and their preliminary results were highlighted at an inter-
national conference held in Hamburg in 1981.8 The early subsequent 
use of TEE took different directions in the United States and Europe. 
Cardiologists in Germany and the Netherlands rapidly began using TEE 
in awake patients to aid in the diagnosis of a variety of cardiac patholo-
gies. In the United States, cardiologists seemed reluctant to adopt this 
new technology.6 In the early 1980s, Peter Hanrath sent prototypes (first 
M-mode transducers and then with the 2D transducers mounted on 
gastroscopes) to cardiologists James Seward at Mayo Clinic and Nelson 
Schiller (Figure 11-14) at the University of California in San Francisco 
(UCSF), who passed them on to anesthesiologists. Schiller70 spoke with 
William Hamilton, Chair of the Department of Anesthesiology at UCSF, 
who put him in contact with two young faculty members, Michael 
Cahalan and Michael Roizen. At that time (1981–1983), a cardiology 
fellow from Hanrath's group in Germany, Peter Kremer (Figure 11-15), 
came to UCSF and collaborated with Cahalan (Figure 11-16) and 
Roizen to investigate these new TEE instruments. At the 1982 annual 
meeting of the ASA, they started the American TEE “revolution” when 
they presented their results in monitoring cardiac and vascular surgery 
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Figure 11-9 First “homemade” transesophageal M-mode probe used 
to monitor patients during cardiac surgery by Matsumoto and Oka in 
the Bronx, NY. The shaft consisted of a No. 4 sternal wire covered with 
a vinyl esophageal stethoscope catheter (A) KB-aerotech 3.5 MHz trans-
ducer; (B) Handmade cable. (From Oka Y, Goldiner PL: Transesophageal 
echocardiography. Philadelphia: Lippincott, 1992, Figure 1. Originally 
from Matsumoto M, Oka Y, Lin YT, et al: Transesophageal echocardiog-
raphy for assessing ventricular performance. N Y State J Med 79:19–21, 
1979, Figure 1.)

Figure 11-10 Jacques Souquet, PhD, a contemporary portrait. French 
ultrasound engineer working in both the United States and Europe, 
largely responsible for the design of the miniaturized phased-array two-
dimensional transducer used in the early transesophageal echocardiog-
raphy probes. (From Image: A Conversation with…Jacques Souquet, 
PhD. Available at: http://www.rt-image.com/A_Conversation_with_
Jacques_Souquet_PhD_The_diagnostic_capabilities_of_ShearWave/co
ntent=8504J05E48BE588440B6967644A0B0441.)

Figure 11-11 First 32-element 3.5-MHz phased-array transducer devel-
oped by Jacquet Souquet that was fitted on an Olympus gastroscope by 
Souquet. (From Stumper O, Sutherland GR: Transesophageal echocardiog-
raphy in congenital heart disease. London: Edward Arnold, 1994, Figure 1.2.)

Figure 11-12 An early Souquet transesophageal echocardiography 
probe (Souquet phased-array transducer mounted on gastroscope) 
as used by Hanrath, Schluter, and Kremer in the early 1980s. (From 
Schluter M, Langenstein BA, Polster J, et al: Transesophageal cross-
sectional echocardiography with a phased array transducer system.  
Technique and initial clinical results. Br Heart J 48:67–72, 1982, Figure 1A.)

http://www.rt-image.com/A_Conversation_with_Jacques_Souquet_PhD_The_diagnostic_capabilities_of_ShearWave/content=8504J05E48BE588440B6967644A0B0441
http://www.rt-image.com/A_Conversation_with_Jacques_Souquet_PhD_The_diagnostic_capabilities_of_ShearWave/content=8504J05E48BE588440B6967644A0B0441
http://www.rt-image.com/A_Conversation_with_Jacques_Souquet_PhD_The_diagnostic_capabilities_of_ShearWave/content=8504J05E48BE588440B6967644A0B0441
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patients with this new TEE probe, displaying the high-quality record-
ings and images obtained (Figures 11-17 and 11-18), and describing its 
usefulness in assessing filling and function of the left ventricle, and in 
detecting myocardial ischemia and intracardiac air.71,72 Subsequently, 
they reported its superiority to PAC in assessing filling in the operating 
room73 and usefulness in evaluating the hemodynamic changes during 
anaphylaxis74 and during surgery for pheochromocytoma.75 Topol and 
colleagues at Johns Hopkins University demonstrated its usefulness in 
determining the cause of hypotension immediately after CPB76 and 
documented improvement in myocardial dysfunction immediately 
after coronary revascularization.77 Cucchiara et al,78 at the Mayo Clinic, 
described its usefulness in detecting air embolism during neurosur-
gery, whereas the UCSF group described its value in monitoring during 
vascular surgery79,80 and its superiority over ECG in detecting myocar-
dial ischemia.81 In 1984, the Hamburg group and Cahalan published 

an anatomic analysis of six standard TEE views,82 which was expanded 
on a few years later by the Mayo Clinic group.83 Meanwhile, the group 
at Mount Sinai Medical Center in NYC (Martin Goldman, Joel Kaplan, 
Daniel Thys, Zaharia Hillel, and Steven Konstadt) was quick to adopt 
and evaluate perioperative TEE, following the experience of Kaplan 
working with the early Diasonic TEE probes in the early 1980s.84–88 In 
1987, Cahalan et al89 and Clements and deBruijn90 at Duke University 
wrote review articles on the use of TEE in anesthesiology, whereas the 
group at Mayo Clinic reported on the reproducibility of measure-
ments obtained during intraoperative TEE.91 In that same year (1987), 
the second edition of this text edited by Kaplan on Cardiac Anesthesia  

Figure 11-13 The ability to adjust the orientation of the transducer by 
the external controls on the gastroscope is a key innovative feature of the 
gastroscope mounted transesophageal echocardiography probe. (From 
Schluter M, Langenstein BA, Polster J, et al: Transesophageal cross-sec-
tional echocardiography with a phased array transducer system. Technique 
and initial clinical results. Br Heart J 48:67–72, 1982, Figure 1B.)

Figure 11-14 Nelson Schiller, MD, in 1983. He was the head of echo 
cardiology at the University of California San Francisco (UCSF) and was 
instrumental in promoting the work of Cahalan, Roizen, and Kremer 
and supporting their efforts to win acceptance of their publications. 
(Photograph courtesy M. K. Cahalan.)

Figure 11-15 Peter Kremer, the cardiology fellow from Hanrath's group 
in Germany, who brought the probes to the University of California San 
Francisco (UCSF) and worked with them there for 2 years. Shown stand-
ing before a poster presentation of their work at a cardiology meeting 
circa 1982. (Photograph courtesy M. K. Cahalan)

Figure 11-16 Michael K. Cahalan, Professor Anesthesiology, 
University of Utah. Pioneered use of transesophageal echocardiogra-
phy (TEE) perioperatively (together with P. Kremer and M. Roizen) at the 
University of California in San Francisco in 1982 and helped introduce this 
modality to cardiologists, surgeons, and anesthesiologists in the United 
States. He facilitated the collaboration of anesthesiologists with echocar-
diologists (American Society of Echocardiography) and assisted with the 
development of postgraduate courses, guidelines, and certifying exami-
nations in perioperative TEE. (Photograph courtesy M. K. Cahalan.)
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contained for the first time a 63-page thoroughly referenced chapter on 
Intraoperative Echocardiography.92

In 1986, Goldman and colleagues,93 at Mount Sinai Medical Center in 
NYC, reported their experience with a new 2D TEE probe that also provided 
Doppler color-flow imaging (Aloka and Irex), as did a Japanese group.94 
That same year, the Hewlett-Packard Corporation also introduced a color-
flow Doppler TEE probe; and in 1987, deBruijn and Clements, together 
with pioneering echocardiographer, Joseph Kisslo at Duke University, 
reviewed their early experience with this new technology.95 In that same 
year, pulse-wave Doppler was added to 2D TEE probes,96 although sev-
eral years earlier the Hamburg group had described results of use of a 
TEE probe that combined pulse-wave Doppler with M-mode TEE.97  

In 1989, biplane probes (Figure 11-19) first became available,98 although 
prototypes had been described earlier,99 and soon thereafter, multiplane 
single-transducer TEE probes100 and smaller diameter probes suitable for 
pediatric use101 appeared. In 1992, Pandian and colleagues, at Tufts-New 
England Medical Center, reviewed their early clinical experience with a 
5-MHz phased-array multiplane TEE probe (“OmniPlane”).102

A survey conducted of Society of Cardiovascular Anesthesiologists 
(SCA) members in early 1988 provides a “snap-shot” of the state of 
practice of IOE at that time103; 20% of the responders reported that 
IOE studies were being performed at their institutions. The majority of 
responders were practicing in large teaching hospitals. Anesthesiologists 
were involved 41% of the time and cardiologists in 33%, although in 
one third of the former group, cardiologists always assisted. TEE tech-
nique was used in 51%, epicardial in 37%, and transthoracic in 22% of 
cases. At the time of the survey, six manufactures made 2D TEE trans-
ducers—Hewlett-Packard, Aloka Toshiba, Diasonics, General Electric, 
Acusonics, and Hoffrel, but only the first three provide color-flow TEE. 
Most responders reported using either Diasonics (46%) or Hewlett-
Packard (42%); 90% used the 2D mode, 75% M-mode, 60% pulsed-
Doppler, 58% color-flow Doppler, and only 23% continuous-wave 
Doppler, whereas 97% believed that IOE had been or could have been 
helpful. The authors of the survey noted that few academic medical 
centers offered formal instruction and certification in IOE, and that a 
definite need for training had been identified.

Along this same line, in an editorial published in 1989, Kaplan104 
urged caution and restraint in the adoption of this new and com-
plex technology that had the potential to cause numerous complica-
tions, and emphasized the need for anesthesiologists who aspire to be 
echocardiographers to obtain a high level of training.

In the late 1980s, the group at Duke University demonstrated the util-
ity of routine epicardial echocardiography during surgery for congenital 
heart disease.105–107 As soon as smaller probes that could be used in infants 
and children became available, these began to be used. In 1989, Kyo et al,101 
in Japan, were among the first to describe the use of TEE in pediatric car-
diac surgery, a practice strongly supported by the work of the Seattle group 
about which they started publishing in 1993.107–110 By the end of that decade, 
98% of pediatric cardiac surgery centers used intraoperative TEE.111

 Into the Mainstream
The 1990s witnessed the expansion of intraoperative TEE into the 
mainstream of clinical practice of cardiac surgery and anesthesia,112 
as well as into critical care and noncardiac surgery. From the begin-
ning of perioperative TEE, its value to detect myocardial ischemia 
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Figure 11-17 High-fidelity transesophageal M-mode echocardiogram 
from the first Hanrath-Souquet probe used in surgery at the University 
of California San Francisco (UCSF) circa 1981. AW, anterior wall; DD, 
diastolic distance; et, ejection time; PW, posterior wall; SD, systolic dis-
tance. (Courtesy M. K. Cahalan.)
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Figure 11-18 Two-dimensional (2D) image (transgastric midpapillary 
short-axis view) recording from the first 2D Hanrath-Souquet transesoph-
ageal echocardiographic probe used in surgery at the University of 
California San Francisco (UCSF) circa 1982. alp, anterior lateral papillary 
muscle; LV, left ventricle; pmp, posterior medial papillary muscle; RV, 
right ventricle. (Courtesy M. K. Cahalan.)

Figure 11-19 Photograph of single-plane (horizontal or transverse) 
and biplane (transverse and vertical) probes. The advent of biplane 
probes greatly increased the views available but were eventually super-
seded by multiplane probes. (From Matsuzaki M, Toma Y, Kusukawa R: 
Clinical applications of transesophageal echocardiography. Circulation 
82:709–722, 1990, Figure 1.)
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based on the appearance or regional wall motion abnormalities was 
recognized.81 When only single-plane TEE transducers were available, 
the midpapillary transgastric short-axis view often was advocated for 
this purpose. With the appearance of biplane and multiplane probes 
in 1996, Cahalan's group113 documented the limitations of the trans-
gastric short-axis view and the need to use multiple views. In that same 
year, the group at UCSF also documented the value of TEE in assess-
ing ischemia during CABG surgery114; whereas in 1997, the group at 
Cleveland Clinic documented the benefit of intraoperative TEE in 
high-risk CABG.115 In 2000, Aronson and colleagues116 reported on 
the use of intraoperative low-dose dobutamine echocardiography. 
Evidence of the increased importance of echocardiography to the prac-
tice of cardiac anesthesia is that with its first issue in 2001 (volume 15, 
number 1, February), Journal of Cardiothoracic and Vascular Anesthesia 
changed the logo on its cover from a PAC to echocardiographic images, 
and three TEE images graced the cover of Daniel Thys' Textbook of 
Cardiothoracic Anesthesiology published in 2001.117

OTHER DEVELOPMENTS

 Contrast Echocardiography and 
Myocardial Contrast Echocardiography
Contrast enhancement of blood represents an important adjunct 
to echocardiography. It has been used to identify cardiac structures, 
enhance identification of the endocardial boarder, detect shunts and 
valvular regurgitation, and assess myocardial perfusion. Feinstein,118 
of Rush University in Chicago, and his international colleagues have 
reviewed the development of what they refer to as “contrast enhanced 
ultrasound” imaging and have identified important contributors over 
the years. Both the radiologist R. Gramiak, of University of Rochester,13* 
and the cardiologist C. R. Joyner, Jr., of the University of Pennsylvania,9 
have been credited as being the first to incidentally note dense echoes 
associated with the injection of normal saline or indocyanine green 
during M-mode echocardiography. Both of them subsequently 
described using saline contrast to help identify cardiac structures 
during M-mode echocardiography.119 In 1975, Seward et al,120 at the 
Mayo Clinic, described their initial experience with use of indocyanine 
green as an echocardiographic contrast agent in more than 300 cases, 
emphasizing its role in analyzing shunts. Bommer et al showed that 
when echocontrast agents were injected into coronary arteries dur-
ing echocardiography, they produced myocardial opacification,9 which 
led to the development of myocardial contrast echocardiography. The 
echo contrast of these agents was attributed to microbubbles. In these 
early media, the microbubbles were too large to pass through the capil-
laries including the lung, and hence direct injection into the left heart 
was necessary to image the structures in the left heart including the 
myocardium. In 1984, Feinstein et al described the use of ultrasonic 
energy (“sonication”) to produce contrast agents consisting of rela-
tively uniform, stable, and small gaseous microbubbles that could pass 
through capillary beds and allow imaging of the left heart chambers 
and myocardium via right-sided injection.121 Over time, superior com-
mercial contrast agents have been developed (e.g., Levovist, Albunex), 
and newer, more sophisticated agents are under development.118

In 1984, Goldman and colleagues52 described the use of intraoperative 
contrast echocardiography to evaluate mitral regurgitation after mitral 
valve surgery by injecting saline into the left ventricle and monitoring for 
any regurgitation of contrast into the left atrium with epicardial 2D imag-
ing. In that same year, this group also was the first to describe intraopera-
tive myocardial contrast epicardial echocardiography (myocardial contrast 
produced by administration of cardioplegia into the aortic root) to predict 
the presence of coronary artery disease (CAD).53 In the late 1980s and early 
1990s, Aronson and colleagues at the University of Chicago, Kabas and  
Kisslo at Duke, and Spotnitz and Kaul at University of Virginia used 
intraoperative  contrast  echocardiography to assess coronary artery  

surgery.122–125  In 2000, Aronson126 summarized the progress in measure-
ment of myocardial perfusion by contrast echocardiography in the operating 
room, and in 2006, Dijkmans and his international colleagues127 summarized 
the state of the development of myocardial contrast echocardiography. In 
2007, the U.S. Food and Drug Administration called attention to concern 
about the safety of some of these agents, and in 2008, the American Society 
of Echocardiography (ASE) issued a consensus statement on “the clinical 
applications of ultrasonic contrast agents in echocardiography.”128

 Epicardial and Epiaortic Imaging
As noted earlier, Edler and Hertz first made epicardial ultrasound record-
ings of cadaver hearts in 1953, as did Wild and Reid in 1957.21 Also, as 
mentioned earlier, in 1972, Johnson et al45 reported on the use of intra-
operative epicardial M-mode imaging to evaluate the results after mitral 
commissurotomy. In the early 1980s, the groups at Columbia University 
College of Medicine and the Mount Sinai Medical Center in NYC used 
intraoperative epicardial 2DE to detect intracardiac air,50 assess left 
ventricular ejection fraction,51 evaluate regurgitation after mitral valve 
surgery (after injection of contrast into the left ventricle),52 and assess 
myocardial perfusion during cardiac surgery.53 Because suitable small 
transesophageal probes were not available in the late 1980s and early 
1990s, epicardial 2D scanning became the standard for echocardio-
graphic surveillance during pediatric cardiac surgery in that era.106

With the introduction of TEE, epicardial imaging largely was dis-
carded, but recently, both epicardial and epiaortic imaging have 
regained attention and are being utilized more frequently in situations 
in which TEE is not possible or adequate, and to assess the thoracic 
aorta, especially in the “blind spots” of the TEE.129 The ASE/SCA have 
developed guidelines for epicardial130 and epiaortic131 applications.

 Intracardiac Echocardiography
As reviewed earlier, intracardiac ultrasound was explored as an alter-
nate method for examination of the heart during the era of limited 
transthoracic transducers. This approach largely was discarded with 
improved transthoracic instruments and, especially, the arrival of TEE. 
Recently, with improved miniaturization and technology of intravas-
cular probes, and the increase in percutaneous intracardiac procedures 
(e.g., closure devices, percutaneous mitral valve surgery, electrophys-
iologic procedures), use of intracardiac ultrasound to monitor and 
aid in the safer performance of these procedures has become more 
popular.132

 Intravascular Ultrasound
The circular-array catheter-mounted transducers ultimately were 
miniaturized (1 to 3 mm in diameter) and provided with sophisti-
cated electronics so they could be placed into coronary arteries over 
a guidewire. Utilizing ultra-high frequencies (40 MHz), they permit a 
resolution of 150 m to a depth of 2 to 3 cm. In the late 1980s, Nissen 
and colleagues,133 at the University of Kentucky, were among the first 
to exploit these new intravascular ultrasound catheters to study CAD. 
Such technology is now used routinely to study CAD, and larger intra-
vascular ultrasound probes are used to assist with placement of intrac-
ardiac devices, as well as to assess larger vessels.13

 Echocardiography in Critical Care 
Medicine: In the Noncardiac Operating 
Room and Intensive Care Units
In Intensive Care Units and the Care of Critically  
Ill Patients
The value of transthoracic echocardiography (TTE) in the evaluation 
and management of critically ill patients was recognized as soon as 
2D scanning became available. However, its common use was limited 
because of difficulty in obtaining adequate views by the transthoracic 
route in this patient population. As soon as TEE 2D probes arrived, their 

*Goldberg, Gramiak, and Freimanis4 have written a history of the contribution 
of American radiologists to the early development of diagnostic ultrasound.
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usefulness and advantages over TTE in critical care situations became 
obvious. In 1986, groups at Erasmus University in the Netherlands and 
at the University of California in San Francisco collaborated in illus-
trating the role of 2D TEE in solving clinical problems.134 In 1987, Erbel 
et al136 in Mainz, Germany reported the superiority of TEE over TTE in 
detection of aortic dissection in 21 patients (100% vs. 29%),135 which 
was followed by a report of a multicenter study comparing echocar-
diography (TTE and TEE) with CT scanning and angiography in 164 
cases of aortic dissection (82 proved). Echocardiography was found to 
have a sensitivity and specificity, and positive and negative predictive 
values of 98% or greater, and was at least as good as the other diagnos-
tic modalities. In 1988, Chan,137 at the Ottawa Heart Institute, reported 
its usefulness in assessing the cause of hypotension after cardiac sur-
gery in seven patients in whom TTE had failed to explain the problem 
(tamponade in three, ventricular septal rupture in one, and global LV 
failure in three). Reichert et al138 of the Netherlands followed this with 
a report of use of TEE in 60 hypotensive patients after cardiac surgery 
and found it changed the clinical diagnosis in 60% of cases.

Between 1990 and 1994, the groups at St Louis University,139 Mayo 
Clinic,140 Cleveland Clinic,141 UCSF,142 National Taiwan University,143 
and Baylor College of Medicine144 reported their initial results with use 
of TEE in more than 450 critically ill patients. In most of these series, 
TEE was performed because of unsatisfactory or suboptimal TTE, and 
the authors reported TEE to be invariably informative. Two groups 
directly compared use of TEE with TTE in intensive care units or the 
emergency department and found TEE to be vastly superior.141,143 Many 
of these studies were done by cardiologists on patients with cardio-
logic issues. In 1998, the group at Mount Sinai Medical Center in NYC 
demonstrated the superiority of a goal-directed limited-scope TEE 
examination performed by surgical intensivists who had received lim-
ited goal-directed training in TEE, compared with conventional hemo-
dynamic monitoring including use of the PAC.145 Recent articles have 
reviewed the progress made in the use of TEE in the general intensive 
care unit.146–148

Intraoperative Transesophageal Echocardiography for 
Noncardiac Surgery
Although intraoperative TEE initially was adopted by cardiac anesthe-
siologists for use during cardiac surgery, early use during noncardiac 
surgery (vascular surgery, pheochromocytoma, and anaphylaxis) was 
reported by the group in UCSF,72,74,75,79–81 The group at Duke emphasized 
the potential role of the anesthesiologist as a cardiac diagnostician.149 
Beginning in 1988, in a series of annual refresher course lectures given 
at the ASA annual meeting, Cahalan reviewed the benefits of intraop-
erative TEE for hemodynamic monitoring and advocated its adoption 
by all anesthesiologists caring for patients at risk for hemodynamic 
problems. The adoption of such practice had been limited by lack of 
educational opportunities (which is now being addressed; see later 
and Chapter 41) and maintenance of skills. A comprehensive review 
of the experience with use of TEE outside of the cardiac surgical oper-
ating room recently has been published by Mahmood et al,148 whereas 
Goldstein150 and Green et al151 have debated whether the  general anes-
thesiologist should be trained and certified in basic TEE.

RECENT DEVELOPMENTS
Since the early 2000s, many advances in digital technology and min-
iaturization, probe technology (including fully sampled matrix-
array probes that have replaced the mechanically rotating multiplane 
probes), image-compression algorithms, high-density digital storage, 
and broadband communication networks have revolutionized storage 
and processing of TEE images (see Chapter 12). Secure digital servers 
have replaced videotape libraries of clinical studies, resulting in vastly 
faster and more convenient access to high-fidelity stored images even 
from remote locations.152–155 Other areas that have seen considerable 
advancement include 3D and 4D, tissue Doppler, speckle tracking, 
regional wall motion detection, and handheld/hand-carried echocar-
diography (the “Echo-Stethoscope”).

 Three- and Four-Dimensional 
Echocardiography
Just as the limitations of 1DE (i.e., M-mode) led to the development 
of 2DE, the obvious limitations of the latter have led to the search and 
development of 3D imaging systems.

Transthoracic Three-Dimensional Echocardiography
History of 3D imaging in medicine starts in 1961 when Baum and 
Greenwood156 used 3D ultrasonography for localization of orbital 
lesions. All early work in cardiac 3DE focused on methods of acquir-
ing multiple 2D images by moving a standard 2D transducer in 
space and reconstructing the multiple 2D images into a 3D image. 
The first such publication came in 1974 from Stanford scientists 
Dekker, Piziali, and Dong157 on a system for ultrasound imaging of 
the human heart in three dimensions. Dekker's group accomplished 
this by mounting the transducer onto a movable mechanical arm, 
which allowed alignment of multiple 2D images and creation of a 3D 
image (Figure 11-20).

In 1976, the spark-gap technique of 3D reconstruction of the heart 
was developed by Moritz and Shreve.158 This technique involved mea-
suring the transit times of spark-generated shock waves to obtain the 
spatial coordinates of the echocardiographic planes. The microproces-
sor controlled the operation of the system and performed all the com-
putations required to determine the location and orientation of the 
ultrasound beam with respect to a known coordinate system. About 
this same time, Japanese engineers and clinicians with Matsumoto  
et al,159 from Osaka University, described technology they used to pro-
cess 3D images of left ventricle, atrium, and aorta: “We applied our newly 
developed computerized image processing system for 3-D echocardio-
graphic display with binocular parallax shift and for constructing 2-D 
echocardiographic images in desired planes from sequential record-
ings of 2-D echocardiograms recorded with anteroposterior emission 
of ultrasound beams. This system mainly consisted of a flying spot 
scanner, a minicomputer and a display cathode ray tube.…The  frontal 
plane 2-D echocardiograms provided useful data.”159 In 1979, Raab  
et al160 developed a magnetic locator that they attached to the trans-
ducer and to a central computer that located the transducer in space 
and  subsequently followed its position.

Improvements on these methods led to the freehand imaging, allow-
ing free movement of the transducer at a single or multiple acoustic 

Figure 11-20 Dekker et al's mechanical arm described in 1974. The 
transducer (arrow) is held on the mechanical arm, and hence the loca-
tion of the transducer is known. (From Houck RC, Cooke JE, Gill EA: Live 
3D echocardiography: A replacement for traditional 2D echocardiogra-
phy? AJR Am J Roentgenol 187:1092–1106, 2006, Figure 2.)
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windows and resulting in a 3D wire-frame image. Images were acquired 
over short periods during held end-expiration with combination of 
angulated or rotated scans from parasternal or apical windows. Image 
quality depended on the patient's respiration. A magnetic field system 
was used to track the ultrasound scanhead. Images were digitized and 
registered with position data and image depth, as well as coordinated 
with independently acquired ECG. The borders of the left ventricle and 
associated anatomic structures were manually traced in the selected 
images.160

The 3D reconstruction of real-time transthoracic 2D images of the 
left ventricle, using an apical rotation method, was first described in 
1982 by Ghosh and colleagues.161 In their method, the transducer was 
placed on the patient's chest wall in the region of the apex to obtain the 
standard four-chamber view to record 2D left ventricular end-diastolic 
and end-systolic images. The transducer was then rotated in 30-degree 
increments from 0 to 180 degrees to obtain various planes passing 
through the apex. Using spatial coordinate data, 3D perspective images 
were plotted by the computer in any desired view. Three-dimensional 
reconstructed volumes closely correlated with those obtained by left 
ventricular angiography. In that same year, Geiser et al162 described 
their technique of dynamic 3D echocardiographic reconstruction of 
the intact human left ventricle in patients.

The major limitation of these techniques was the inadequate delin-
eation of the endocardium because of the nonperpendicular relation 
of the ultrasound beam to the left ventricular walls. Reconstruction 
from TTE images was restricted by the presence of chest wall artifacts, 
the limited number of acoustic windows, and inadequate image qual-
ity in some patients. Despite growing interest in 3DE, the clinical use 
of this technique was limited by time-consuming, complicated image 
acquisition and postprocessing, and hence was not available in real 
time.

Olaf von Ramm, professor of biomedical engineering at Duke 
University, with his colleague, Stephen Smith, pioneered the develop-
ment of clinical 3D ultrasound scanners in the late 1980s. In 1987, they 
patented the first real-time high-speed 3D ultrasound system, capable 
of acquiring pyramidal volumetric data at frame rates (about 8 per sec-
ond) sufficient to depict cardiac movement. Their transthoracic trans-
ducer, transmitting at frequency 2.5 to 3.5 MHz, included 256 elements 
configured in a “sparse array” pattern (not all the transducer head was used 
and connected to individual elements).163 Later, this technique was 
developed commercially by Volumetrics Medical Imaging (Chapel Hill, 
NC) and existed for several years; however, it never made an impact on 
clinical practice because of poor image quality.

With real-time 3DE, an entire volume of the heart was obtained 
using one cardiac cycle, which was a major step up from the thin-slice 
sector of the 2D imaging. The limitations of the technique were poor 
image quality, motion artifact, low spatial resolution, low frame rates, 
limited dimensions of the 3D data set volume, and requirement of ECG 
and respiratory gating. Basically, images were computer-generated 2D 
slices derived from the 3D dataset. An off-line workstation had to be 
used to produce true 3D images.

Despite limitations, reconstructive techniques were used in numer-
ous studies for determination of left ventricular volume, chamber size, 
mass, ejection fraction, and systolic function, particularly in patients 
with distorted ventricular shape or aneurysm. Comparison with 
angiography, thermodilution cardiac output measurements, radionu-
clide angiography, magnetic resonance imaging, conventional 2DTTE/
TEE, and cine-ventriculography showed 3DE to be an accurate, if not 
superior, noninvasive technique.

In 1996, Hewlett-Packard Company began development of real-
time 3DE. A rotational device was developed to be contained within 
the transducer. By 1998, Hewlett-Packard had a working prototype 
for transthoracic real-time 3DE and began showing it to customers 
by 1999. Moving beyond the “sparse array” transducer of van Ramm, 
in November 2002, Philips Medical Systems introduced the “Live 3D” 
imaging system, an advanced form of real-time 3D transthoracic imag-
ing. The major advance of that system was improved image quality 
because of a fully sampled (matrix) or dense array configuration of 

the transducer. The face of the transducer was completely sampled. 
This dense-array transducer, called a matrix array, consists of approxi-
mately 3000 elements compared with previous transducers with 256 
elements. Increased computer processing power and hard drive capac-
ity permitted the system to process, store, and analyze data. Even with 
this markedly improved ultrasound system, the size of the image vol-
ume is not enough to contain the whole left ventricle. Series of the four 
gated cycles had to be combined to create full-volume images, resulting 
in maximum frame rates of 25 Hz. 3D left atrial volume measurement 
could not be obtained from the patient with atrial fibrillation or those 
who could not hold their breath long enough to acquire a full-volume 
real-time 3D image. At the 2008 ASE meeting in Toronto, Siemens 
presented the Acuson SC2000 Volume Imaging Ultrasound System, 
which acquires full-volume 3D data pyramids—20 images/sec—in a 
single heartbeat. Acquiring a full pyramid in one heartbeat instead of 
four consecutive beats could be advantageous, because data would not 
require any restitching, reanimation, and regating.

Transesophageal Three-Dimensional 
Echocardiography
In the 1980s, when rapid development of TEE began, first attempts at 
3D reconstruction from TEE were begun. The improved image resolu-
tion afforded by TEE was important for quality 3D image reconstruc-
tion. In 1986, Martin et al,164 of the Department of Anesthesiology and 
Center for Bioengineering at the University of Washington, in Seattle, 
used a precision micromanipulator of a TEE-mounted transversely 
oriented 32-element 3.5-MHz ultrasonic array transducer to generate 
a 3D echocardiogram. This allowed them to obtain multiple multipla-
nar short-axis 2D images of the heart with known angular relations 
between them over a series of cardiac cycles. An off-line computer 
analysis of the images was used to form 3D reconstruction of the left 
ventricular cavity at end-diastole and end-systole from which stroke 
volume was determined.164 In a canine study in 1989, Martin and 
Bashein165 were able to demonstrate that the stroke volumes generated 
from their 3D reconstructed volumes were comparable with radionu-
clide and thermodilution measurements (Figure 11-21).

The next step in development of 3D TEE was when Wollschläger166 
et al reported on their system for TEE computer tomography. Their 
development was commercialized by TomTec Technology Company 
(Munich, Germany) and has found application in research and clinical 
practice. This technology was partially based on the rotational device 
used by Hewlett-Packard Corporation for their multiplane TEE probe 
that they introduced in 1992.

In 1992, Pandian et al,167 at Tufts-New England Medical Center, were 
among the first to report clinical results with 3D TEE. They used a 
5-MHz, 64-element, and phased-array TEE probe connected to a com-
puter that directed transducer movement at 1-mm increments. A com-
plete cardiac cycle was recorded at each tomographic level with ECG 
and respiration gating. These were then processed using dedicated 
4D software and displayed as a dynamic 3D tissue image of the heart.  
In 1997, Chen et al,168 at the Thorax Center in Rotterdam, Netherlands, 
published a study on the measurements of mitral valve orifice area with 
3DE in patients with mitral stenosis. They had developed their own 
system for TEE acquisition, using TomTec software for off-line recon-
struction. Transesophageal acquisition was performed in six patients 
with a custom-built transducer assembly; the transducer was rotated 
by a step motor that was commanded by computer algorithm that con-
trolled the acquisition of cross sections within preset ranges of heart 
cycle length by ECG gating and respiratory phase.

From the mid-1990s to 2000, for most multiplane TEE probes, exter-
nal acquisition and computer analysis from TomTec were used, but 
only Hewlett-Packard Corporation integrated the acquisition software 
into the ultrasound system itself. Hewlett-Packard had been working 
on the development of 3D TEE using the 2D reconstruction approach 
and had released such a system in 1995.

In 2007, Philips introduced its new “Live 3D TEE” probe with a 
matrix-array transducer (x7-2t, 2500 elements). This probe featured 
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the combination of two new novel technologies: xMATRIX (3D 
power) technology and “Pure Wave” crystal technology that resulted 
in improved image clarity. “Live 3DTEE” offers not only conventional 
imaging modes such as 2D multiplane imaging, M-mode, continuous- 
and pulse-wave Doppler, and color Doppler, but also real-time 3D 
imaging: Live 2D, 3D Zoom, Full Volume, and 3D Color Full Volume 
(Figure 11-22). Live 3D displays a fixed pyramidal data set determined 
by the depth of the initial 2D images and can be used to visualize any 
cardiac structures located in the near field. Movement of the probe 
results in real-time change of the 3D image. 3D Zoom displays a trun-
cated but magnified pyramidal data set of variable size. Placement 
of the probe over the region of interest with minimized sector width 
improved temporal resolution and optimized image quality. 3D zoom 
is used to view the left atrial appendage, interatrial septum, and mitral 
and tricuspid valves. Full volume provides a pyramidal data set that 
allows the inclusion of the larger cardiac volume at frame rate greater 
than 30 Hz. It combines a series of subvolumes acquired with ECG 
gating to create a final, larger, reconstructed full-volume image. This is 
the only one of these 3D modes that requires ECG-gated reconstruc-
tion. 3D color full volume combines grayscale of full-volume data with 
color Doppler.

3DE has found particular application in measuring ventricular vol-
umes (together with stroke volume, cardiac output, and ejection frac-
tion), especially of the right ventricle (which is a particular problem 

with 2DE because of its complex geometric shape), to evaluate mitral 
valve, aortic valve, and aortic root pathoanatomy, to evaluate complex 
congenital heart disease, and as a guide for percutaneous interventional 
procedures including placement of closure devices, transeptal punc-
ture, ablation procedures, and placement of left atrial closure devices. 
In 2007, the ASE published a position article on the current status and 
future directions of 3DE169 and, in 2008, published a practical guide 
for its use.170

Four-Dimensional Echocardiography
4DE or real-time 3DE, that is, 3DE plus time, is a recent addition to the 
volumetric cardiac imaging field, which is receiving significant clini-
cal interest because it may replace the need for more expensive tech-
niques (such as magnetic resonance imaging) and also suggests new 
areas of application for volumetric cardiac imaging (e.g., in interven-
tions). The current approaches to 4D medical ultrasonic imaging can 
be separated into two categories: non–real-time and real-time imag-
ing. Real-time imaging refers to the class of imaging that shows the 
rendering of the ultrasonic volume in a time frame that can be asso-
ciated with other clinical monitoring technologies (such as the ECG). 
This property allows clinicians a more intuitive interface for capturing 
4D images because movement of the probe is directly reflected in the 
imaging volume acquired.

Three-dimensional datasets often can be quite difficult to interpret 
and require considerable effort and time orienting the observer in rela-
tion to anatomic landmarks. When multiple measurements are neces-
sary, as is the case with time-varying volumes, it often is helpful to have 
semiautomated or fully automated means of quantification, tools that 
are offered by 4D systems.

Real-time acquisition via 4D (3D plus time) ultrasound obviates the 
need for slice registration and reconstruction, leaving segmentation as 
the only barrier to an automated, rapid, and clinically applicable calcu-
lation of accurate left ventricular cavity volumes and ejection fraction. 
Tracking of mitral valve leaflets can determine whether they close fully 
or whether there is an opening for mitral regurgitation.

In the early 1990s, several studies investigated use of 4DE to study 
the dynamics of the heart over time utilizing myocardial motion phan-
toms that were constructed to simulate the motion of myocardial 
 segments using various programmed waveforms and an ECG simu-
lator that provided the necessary R-wave signal in synchrony with the 
phantom motion. This work was essential for evaluation of new acqui-
sition techniques to provide an accurate method to quantify heart vol-
umes from this type of data.

The next decade brought improvement in technology and new 
clinical studies. In 2005, Corsi et al171 developed a volumetric analysis 
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Figure 11-21 Martin and Bashein's method of measuring stroke vol-
ume in dogs with three-dimensional (3-D) transesophageal echocar-
diographic scanning. ECG, electrocardiogram; LV, left ventricle. (From 
Martin RW, Bashein G: Measurement of stroke volume with three-dimen-
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(From Hung J, et al: ASE Position Paper. 3D echocardiography:  
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20:213–233, 2007, Figure 3.)
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technique for quantification of global and regional LV function and 
studied patients with CAD, cardiomyopathy, and valvular disease. They 
concluded that volumetric analysis of real-time 3DE data was clini-
cally feasible and allows fast, semiautomated, dynamic measurement of 
left ventricle volume and automated precise detection of regional wall 
motion abnormalities. More recent studies have used speckle tracking 
combined with 4DE to more accurately quantify regional LV strain for 
strain analysis.172

Because the left ventricle is a 3D structure with a complex pattern 
of wall motion, 4D imaging offers great potential for identification of 
dyssynchrony. It also could help to identify the optimum pacing site 
for resynchronization therapy. A recently published study described a 
novel approach for morphologic and functional quantification of the 
mitral valve based on a 4D model estimated from ultrasound data.173 
The 4D model's parameters are estimated for each patient using the 
latest discriminative learning and incremental searching techniques 
(Figure 11-23).

 Tissue Doppler and Speckle Tracking
In 1989, Isaaz et al174 described the application of Doppler echocardiog-
raphy to evaluate myocardial motion, and tissue Doppler imaging was 
born.175 By appropriate filtering, they examined the  high-amplitude 
low-velocity signals reflected back from the myocardium instead of the 
blood with pulsed-wave Doppler. This information has been used to 
evaluate ventricular function (rate and pattern of filling, and emptying 
of the ventricle, strain, and strain rate) and to estimate filling pressures. 
In 1997, Nagueh et al176 at Baylor University suggested that the ratio of 
early transmitral blood flow (E) to early movement of the basal myo-
cardium as determined by tissue Doppler (Ea or E ), E/E , could give 
a clue to left atrial filling pressure. Color coding (mapping) of tissue 
Doppler velocities in various parts of the myocardium was introduced 
by the group at the Royal Infirmary of Edinburgh in 1994177 and has 
been used to detect dyssynchrony.

Tissue Doppler recording has the same requirement of close align-
ment of the ultrasound beam with the movement being interrogated. 
This limitation has been overcome by the identification of small bright 
spots in the myocardium on the grayscale image because of backscat-
tering from small structures within the myocardium (less than one 
wavelength) termed Speckles. This was first described by the innova-
tive engineering group at Duke University in the late 1980s and early 
1990s.178 These speckles can be identified and tracked (i.e., Speckle 
Tracking) to generate similar information provided by tissue Doppler 
but without the alignment constraint. These techniques initially were 
introduced for TTE and are technically demanding but are being used 
for investigational purposes with clinical TEE, the clinical importance 
of which are being investigated.154

 Regional Wall Motion and Endocardial 
Border Detection
The value of echocardiography in detecting regional wall motion 
abnormalities and especially for early detection of myocardial ischemia 
has been recognized for many years. This usually was accomplished 
by leisurely off-line analysis. With the development of perioperative 
applications (as well as echocardiographic monitoring of stress tests), 
more accurate online assessment was needed. One of the keys to accu-
rate assessment of wall motion is accurate delineation of the endo-
cardial border. Various techniques have been introduced to facilitate 
this. Initially, this included bloodstream and myocardial contrast (see 
earlier). In the early 1990s, Hewlett-Packard Corporation introduced 
a method of transesophageal real-time automatic (endocardial) bor-
der detection using backscatter imaging with lateral gain compensa-
tion, which they termed “acoustic quantification.”179 This subsequently 
was improved by adding color coding, termed “Color Kinesis” (CK) 
by the manufacturer.180 Its use in perioperative TEE was assessed by 
the group at the University Hospital in Vienna.181 More recently, tissue 
Doppler imaging enhanced by color coding,182,183 and Speckle Tracking 
has been introduced to facilitate detection of abnormal regional myo-
cardial function. Recently, dos Reis et al,184 from University of Brasilia, 
briefly reviewed the history of attempts at semiautomatic border detec-
tion and proposed a new algorithm combining classic mathematical 
morphology for binary images, high-boost filtering, image segmenta-
tion, and motion estimation.

 Handheld or Hand-Carried 
Echocardiography: The “Ultrasound-
Stethoscope”
The concept and reality of a portable lightweight battery-oper-
ated echocardiograph machine was introduced by Roelandt et al in 
1978,185 who referred to this as the “Ultrasound-Stethoscope.” Since 
then, industry has introduced more miniaturized but also more 
capable portable high-resolution devices that are now even the sub-
ject of television advertising. Their use is advocated to complement 
and expand the history and physical examination, especially in the 
age of decreased skills in the latter.186 Mondillo et al187 have classi-
fied these devices, based on their size, capabilities, and cost, into four 
categories. The top-level devices are now capable of providing 2D, 
M-mode, color-flow, pulse-wave, and continuous-wave and tissue 
Doppler. Mondillo et al187 and Kobal et al188 have reviewed the capa-
bility and limitations of the use of these devices. A key limiting fac-
tor is the capabilities of the person conducting and interpreting the 
examination,189 and there are controversies about how much training 
and whether certification is required. Cost implications (vs. benefits) 
of acquiring the equipment and providing appropriate education are 
other issues. In 2002, the ASE, the American College of Cardiology, 
and the American Heart Association addressed the use of hand- 
carried echocardiography190 and recommended that users should 
have a minimum of Level 1 training (75 supervised studies and 150 
supervised interpretations), but strongly recommended that they 
have Level 2 training (150 supervised studies and 300 supervised 
interpretations), which are far beyond what other proponents of the 
use of this technology have suggested is necessary.191

ORGANIZATIONS, TRAINING, GUIDELINES, 
AND EXAMINATIONS
A unique feature of the development of the practice of periopera-
tive echocardiography has been the close cooperation and collabo-
ration between cardiologists and anesthesiologists. The former have 
 welcomed and embraced the latter into their specialty, and the two 
groups have collaborated in training and educational activities, estab-
lishing standards for its use and certification, and the development of 

Figure 11-23 Four-dimensional echo visualization. Advanced 
automatic contour finding algorithms for an easy, fast, accurate, and 
highly reproducible functional analysis of the left ventricle. (From www.
emageon.com/downloads/Cardiology/HeartSuite_4D_Echo.pdf.)

http://www.emageon.com/downloads/Cardiology/HeartSuite_4D_Echo.pdf
http://www.emageon.com/downloads/Cardiology/HeartSuite_4D_Echo.pdf
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guidelines and examinations. The ASA and the SCA have cooperated 
and played key roles in the development of perioperative echocardiog-
raphy. In 1974, Feigenbaum192 addressed the educational problems in 
echocardiography, and these have largely been resolved in recent years. 
In 2001, Aronson and Thys193 gave a historical review of the more 
recent developments in training and certification in perioperative 
echocardiography.

The first meeting dedicated to cardiac ultrasound was sponsored by 
the American College of Cardiology and held at Indiana University in 
Indianapolis on January 11 and 12, 1968. Among the approximately 50 
who attended included Elder, Joyner, Reid, and Feigenbaum. The ASE 
was created in Indianapolis in 1975. The Journal of the American Society 
of Echocardiography began in 1988, and the first annual meeting of the 
ASE was held in Washington, DC, in 1990.13

The SCA has played a key role in the development of periopera-
tive TEE. The SCA offered its first workshop on echocardiography in 
1987, initiated the Annual Comprehensive Review on Perioperative 
Echocardiography in 1998, and in 1991 published a monograph on 
the Intraoperative Use of Echocardiography.15,194 In 1994, the ASA and 
SCA embarked on jointly developing practice guidelines for periop-
erative TEE. The task force was led by Daniel Thys (Figure 11-24) and 
included representatives from both the American College of Cardiology 
(William Stewart) and the ASE (Alan Pearlman). These guidelines were 
published in 1996195 and were updated in the fall of 2009.15,200 This 
marked the beginning of collaborations with various organizations, 
especially the ASE, in producing a number of guidelines related to peri-
operative echocardiography (Table 11-4; see Chapter 41).

In 1993, the ASE launched an examination to test knowledge in 
echocardiography (ASeXAM). Although it contained questions on 
perioperative echocardiography, that was not its particular focus. 
Later that decade, the SCA developed an examination confined to 
perioperative TEE that was first administered on April 24, 1998. As 

a result of discussion with the ASeXAM, Inc., the National Board of 
Echocardiography was established on November 1, 1999, to develop 
and administer examinations in the field of clinical echocardiogra-
phy.15 Currently, three examinations are administered, one in adult 
echocardiography (ASCeXAM), another in advanced perioperative 
TEE (Advanced PTEeXAM), and, most recently, in basic perioperative 
TEE (Basic PTEeXAM). In 2002, Aronson and colleagues201 reviewed 
the development and analyzed the results of the PTE examination. 
Physicians who successfully pass these examinations are recognized 
as “testamurs.” As of 2009, 4091 have taken and 2966 have passed the 
advanced PTE examination.15

In 2003, the National Board of Echocardiography began issu-
ing board certification in Advanced Perioperative TEE to candidates 
who are testamurs and have met the training and clinical experience 
requirements. As of 2009, 1111 physicians have become Diplomates 
in advanced perioperative TEE.15 In 2010, the National Board of 
Echocardiography initiated a process for certification in Basic PTE.

In 2000, Morewood et al surveyed members of the SCA; 42% had 
completed fellowship training. The survey revealed that although 94% 
of those surveyed practiced in institutions that used intraoperative 
TEE, and 72% personally performed TEE, less than 30% had received 
formalized training, and only 19% had passed certifying examina-
tions. Their use of TEE increased with the percentage of their practice 
devoted to cardiac anesthesia (56% utilization if 25% of practice was 
cardiac and 91% if more than 75% cardiac). They reported that TEE 
was performed most of the time or always in 90% of valve surgery, 41% 
of CABG, and only 1% of noncardiac surgery. Notably, less than 50% 
said their institutions had specific credentialing criteria.202 It is interest-
ing to compare these data with the results of the previously mentioned 
survey of the members of the SCA conducted 12 years  earlier,203 and it 
is unknown how contemporary practice differs from that reflected in 
Morewood's 2000 survey.

A CAUTIONARY NOTE
In 1970, Drs. Swan and Ganz introduced their balloon-tipped PAC,204 
which rapidly was adopted by cardiac anesthesiologists, critical care 
physicians, and all anesthesiologists because it provided hemody-
namic information that they were sure was improving patient care.  
It was widely discussed at meetings of the SCA and the subject of an 
ASA practice guideline. Now, it has largely fallen into disrepute and its 

Figure 11-24 Daniel M. Thys, Professor (Emeritus) Anesthesiology 
Columbia University College of Physicians and Surgeons, New York City, 
President of the Society of Cardiovascular Anesthesiologists (SCA; 1999–
2001), chaired the ad hoc Task Force of the ASA/SCA, which developed 
the Practice Guidelines for Perioperative TEE (1967, 2010). He was chair 
of the Council on Intraoperative Echocardiography of the American 
Society of Echocardiography (ASE; 1999–2001), and was on the edito-
rial board of the Journal of the American Society of Echocardiography. 
He was founding member and president of the National Board of 
Echocardiography (NBE; 2005–2007). Gave the 2nd Annual Weyman 
Lecture on the history of cardiac anesthesiology emphasizing impor-
tance of echocardiography.15 (Courtesy D. M. Thys.)

ACA, Society of Cardiovascular Anesthesiologists; ACC, American College of Cardiology; 
AHA, American Heart Association; ASA, American Society of Anesthesiologists; 
ASE, American Society of Echocardiography; STS, Society of Thoracic Surgery; TEE, 
transesophageal echocardiography.

Collaborative Practice Guidelines Related to 
Perioperative Echocardiography

First Author Year 
Published

Topic Collaborative 
Societies

Thys195 1996 Perioperative TEE ASA/SCA
Shanewise196 1999 Performing comprehensive 

intraoperative TEE 
examination

ASE/SCA

Cahalan197 2002 Training in perioperative 
TEE

SCAASE

Quiñones198 2003 Clinical competence 
statement

ASE/SCA/SPE/
ACC/AHA

Mathew199 2006 CQI in perioperative 
echocardiography

ASE/SCA

Reeves130 2007 Performing comprehensive 
epicardial 
echocardiography 
examination

ASE/SCA

Glas131 2008 Performance of 
comprehensive 
intraoperative epiaortic 
examination

ASE/SCA/STS

TABLE 
11-4
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use has greatly diminished,205 partly because of limitations of some of 
the data it provides (especially use of filling pressures to assess volume 
status), risks associated with its use (although with careful application 
these have found to be uncommon), but most importantly, because of 
lack of high-quality evidence that its use improves patient outcome. In 
fact, several recent randomized, controlled trials have failed to find evi-
dence of benefit.206,207 In an editorial entitled “The Pulmonary Artery 
Catheter, 1967-2007: Rest in Peace?” Rubenfeld and colleagues208 con-
clude: “The 40-year story of the PA catheter is nearing its end. It is 
a cautionary tale of rapid adoption and slow evaluation of a moni-
toring device that when used correctly, provides exquisitely detailed 
physiological data that, regrettably, does not appear to benefit patients. 
Older clinicians will look back wistfully on the hours spent placing, 
troubleshooting, and debating the data from the PA catheter. Younger 
colleagues will just wonder what all the fuss was about.” The authors 
of this chapter hope that the same will not be said about TEE 20 years 
from now. There is danger of being mesmerized by the new technol-
ogy that has been  developed and applied, without documenting its 
real clinical benefit and cost-effectiveness. Although clinicians are rea-
sonably confident of the value and apparent clinical benefit that use 
of perioperative TEE has provided their patients, they recognize that 
much of the evidence supporting its use and showing its benefit is of a 

low level. Furthermore, having learned that filling pressures (e.g., cen-
tral venous pressure [CVP] and pulmonary artery occlusion pressure 
[PAOP]) are poor predictors of volume status and fluid responsiveness, 
it is disheartening to encounter a study that also found no correlation 
between objective measures of right and left ventricular end-diastolic 
volume (per echocardiography and radionuclide cineangiography) 
and fluid responsiveness.209 Thus, the reader is urged to look critically 
at the data. The clinical scientific community is urged to design and 
conduct valid studies to prove the benefit of these new technologies 
and modalities so that clinicians learn from history and do not repeat 
the errors of the past.
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Intraoperative Transesophageal 
Echocardiography

KEY POINTS

 1. An ultrasound beam is a continuous or 
intermittent train of sound waves emitted by a 
transducer or wave generator that is composed 
of density or pressure. Ultrasound waves are 
characterized by their wavelength, frequency, 
and velocity.

 2. Waves interact with the medium in which they 
travel and with one another, and the manner 
in which waves interact with a medium is 
determined by its density and homogeneity. 
When a wave is propagated through an 
inhomogeneous medium, it is partly absorbed, 
partly reflected, and partly scattered.

 3. Doppler frequency shift analysis can be used 
to obtain blood flow velocity, direction, and 
acceleration of red blood cells, where the 
magnitude and direction of the frequency shift 
are related to the velocity and direction of the 
moving target.

 4. Doppler shifts above the Nyquist limit will 
create artifacts described as “aliasing” or 
“wraparound,” and blood flow velocities 
will appear in a direction opposite to the 
conventional one. The ultrasound frequency 
should be low, and the sampling frequency 
should be high to optimize Nyquist limits.

 5. Normally, red blood cells scatter ultrasound 
waves weakly, resulting in a black appearance 
on ultrasonic examination. Contrast 
echocardiography uses gas microbubbles 
to present additional gas–liquid interfaces, 
which substantially increase the strength of 
the returning signal. This augmentation in 
signal strength may be used to better define 
endocardial borders, optimize Doppler 
envelope signals, and estimate myocardial 
perfusion.

 6. Axial resolution is the minimum separation 
between two interfaces located in a direction 
parallel to the ultrasound beam so that they 
can be imaged as two different interfaces. 
Lateral resolution is the minimum separation 
of two interfaces aligned along a direction 

perpendicular to the beam. Elevational 
resolution refers to the ability to determine 
differences in the thickness of the imaging 
plane.

 7. Absolute contraindications to transesophageal 
echocardiography in intubated patients include 
esophageal stricture, diverticula, tumor, 
recent suture lines, and known esophageal 
interruption. Relative contraindications include 
symptomatic hiatal hernia, esophagitis, 
coagulopathy, esophageal varices, and 
unexplained upper gastrointestinal bleeding.

 8. Horizontal imaging planes are obtained by 
moving the transesophageal echocardiography 
probe up and down (upper esophageal: 
20 to 25 cm; midesophageal: 30 to 40 cm; 
transgastric: 40 to 45 cm; deep transgastric: 
45 to 50 cm). Multiplane probes may further 
facilitate interrogation of complex anatomic 
structures by allowing up to 180 degrees of 
axial rotation of the imaging plane without 
manual probe manipulation.

 9. The dynamic assessment of ventricular function 
with echocardiography is based on derived 
indices of muscle contraction and relaxation. 
Echocardiography indices of left ventricular 
function that incorporate endocardial border 
outlines and Doppler techniques can be used 
to estimate cardiac output, stroke volume, 
ejection fraction, and parameters of ventricular 
relaxation and filling.

 10. There are three primary stages of 
diastolic dysfunction: impaired relaxation, 
pseudonormalization, and restrictive 
cardiomyopathy. The evaluation of diastolic 
function may be performed using Doppler 
analysis of mitral valve inflow and pulmonary 
vein flow, color M-mode propagation velocities, 
and tissue Doppler analysis of the mitral valve 
annulus.

 11. The summation of flow velocities in a given 
period is called the velocity-time integral. Flow 
across the orifice is equal to the product of 
the cross-sectional area of the orifice and the 
velocity-time integral.
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Few areas in cardiac anesthesia have developed as rapidly as the field of 
intraoperative echocardiography. In the early 1980s, when transesoph-
ageal echocardiography (TEE) was first used in the operating room, its 
main application was the assessment of global and regional left ven-
tricular (LV) function. Since that time, there have been numerous tech-
nical advances: biplane and multiplane probes; multifrequency probes; 
enhanced scanning resolution; color–flow Doppler (CFD), pulsed-
wave (PW) Doppler, and continuous-wave (CW) Doppler; automatic 
edge detection; Doppler tissue imaging (DTI); three-dimensional (3D) 
reconstruction; and digital image processing. With these advances, the 
number of clinical applications of TEE has increased markedly. The 
common applications of TEE include: (1) assessment of valvular anat-
omy and function, (2) evaluation of the thoracic aorta, (3) detection 
of intracardiac defects, (4) detection of intracardiac masses, (5) eval-
uation of pericardial effusions, (6) detection of intracardiac air and 
clots, (7) assessment of biventricular systolic and diastolic function, 
and (8) evaluation of myocardial ischemia and regional wall motion 
abnormalities (RWMAs). In many of these evaluations, TEE is able to 
provide unique and critical information that previously was not avail-
able in the operating room (Box 12-1).

BASIC CONCEPTS
Properties of Ultrasound

In echocardiography, the heart and great vessels are insonated with 
ultrasound, which is sound above the human audible range. The ultra-
sound is sent into the thoracic cavity and is partially reflected by the 
cardiac structures. From these reflections, distance, velocity, and density 
of objects within the chest are derived.

An ultrasound beam is a continuous or intermittent train of sound 
waves emitted by a transducer or wave generator. It is composed of 
density or pressure waves and can exist in any medium with the excep-
tion of a vacuum (Figure 12-1). Ultrasound waves are characterized by 
their wavelength, frequency, and velocity.1 Wavelength is the distance 
between the two nearest points of equal pressure or density in an ultra-
sound beam, and velocity is the speed at which the waves propagate 
through a medium. As the waves travel past any fixed point in an ultra-
sound beam, the pressure cycles regularly and continuously between 
a high and a low value. The number of cycles per second (Hertz) is 
called the frequency of the wave. Ultrasound is sound with frequencies 
above 20,000 Hz, which is the upper limit of the human audible range. 
The relationship among the frequency (f), wavelength ( ), and velocity 
(v) of a sound wave is defined by the following formula:

The velocity of sound varies with the properties of the medium 
through which it travels. In low-density gases, molecules must trans-
verse long distances before encountering the adjacent molecules, so 
ultrasound velocity is relatively slow. In contrast, in solid, where mol-
ecules are constrained, ultrasound velocity is relatively high. For soft 
tissues, this velocity approximates 1540 m/sec but varies from 1475 to 

1620 m/sec. In comparison, the velocity of ultrasound in air is 330 m/
sec and 3360 m/sec in bone. Because the frequency of an ultrasound 
beam is determined by the properties of the emitting transducer, 
and the velocity through soft tissue is approximately constant, wave-
lengths are inversely proportional to the ultrasound frequency.

Ultrasound waves transport energy through a given medium; 
the rate of energy transport is expressed as “power,” which is usually 
expressed in joules per second or watts.1 Because medical ultrasound 
usually is concentrated in a small area, the strength of the beam usu-
ally is expressed as power per unit area or “intensity.” In most cir-
cumstances, intensity usually is expressed with respect to a standard 
intensity. For example, the intensity of the original ultrasound signal 
may be compared with the reflected signal. Because ultrasound ampli-
tudes may vary by a  factor of 105 or greater, amplitudes usually are 
expressed using a logarithmic scale. The usual unit for intensity com-
parisons is the decibel, which is defined as:

where I
1
 is the intensity of the wave to be compared and I

0
 is the inten-

sity of the reference waves.
Notably, positive values imply a wave of greater intensity than 

the reference wave, and negative values indicate a lower intensity. 
Increasing the wave's intensity by a factor of 10 adds 10 dB to the deci-
bel measurement and doubling the intensity adds 3 dB.

Ultrasound Beam
Piezoelectric crystals convert between ultrasound and electrical signals. 
Most piezoelectric crystals that are used in clinical applications are the 
man-made ceramic ferroelectrics, the most common of which are 
barium titanate, lead metaniobate, and lead zirconate titanate. When 
 presented with a high-frequency electrical signal, these crystals pro-
duced ultrasound energy; conversely, when they are presented with an 
ultrasonic vibration, they produce an electrical alternating current sig-
nal. Commonly, a short ultrasound signal is emitted from the piezoelec-
tric crystal, which is directed toward the areas to be imaged. This pulse 
duration is typically 1 to 2 microseconds. After ultrasound wave forma-
tion, the crystal “listens” for the returning echoes for a given period and 
then pauses before repeating this cycle. This cycle length is known as 
the “pulse repetition frequency” (PRF). This cycle length must be long 
enough to provide enough time for a signal to travel to and return from 
a given object of interest. Typically, PRF varies from 1 to 10 kHz, which 

v = f ×

b 1 0deci el (dB) 10 log(I / I )

Direction of propagation

Compressed
Pressure
maximum

+

–

0

Rarefied
Pressure
minimum

One cycleWavelength

A
m

pl
itu

de

Figure 12-1 A sound wave is a series of compressions and rarefac-
tions. The combination of one compression and one rarefaction repre-
sents one cycle. The distance between the onset (peak compression) of 
one cycle and the onset of the next is the wavelength. (From Thys DM, 
Hillel Z: How it works: Basic concepts in echocardiography. In Bruijn NP, 
Clements F [eds]: Intraoperative use of echocardiography. Philadelphia: 
JB Lippincott, 1991.)

BOX 12-1. COMMON APPLICATIONS OF 
TRANSESOPHAGEAL ECHOCARDIOGRAPHY
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results in 0.1 to 1 millisecond between pulses. When reflected ultra-
sound waves return to these piezoelectric crystals, they are converted 
into electrical signals, which may be appropriately processed and dis-
played. Electronic circuits measure the time delay between the emitted 
and received echo. Because the speed of ultrasound through tissue is 
a constant, this time delay may be converted into the precise distance 
between the transducer and tissue. The amplitude or strength of the 
returning ultrasound signal provides information about the character-
istics of the insonated tissue.

The 3D shape of the ultrasound beam is dependent on both physi-
cal aspects of the ultrasound signal and the design of the transducer. 
An unfocused ultrasound beam may be thought of as an inverted fun-
nel, where the initial straight columnar area is known as the “near 
field” (also known as Fresnel zone) followed by a conical divergent 
area known as the “far field” (also known as Fraunhofer zone). The 
length of the “near field” is directly proportional to the square of the 
transducer diameter and inversely proportional to the wavelength; 
specifically,

where F
n
 is the near-field length, D is the diameter of the transducer, 

and  is the ultrasound wavelength. Increasing the frequency of the 
ultrasound increases the length of the near field. In this near field, most 
energy is confined to a beam width no greater than the transducer 
diameter. Long Fresnel zones are preferred with medical ultrasonogra-
phy, which may be achieved with large-diameter transducers and high-
frequency ultrasound. The angle of the “far-field” convergence ( ) is 
directly proportional to the wavelength and inversely proportional to 
the diameter of the transducer and is expressed by the equation:

Further shaping of the beam geometry may be adjusted using acous-
tic lenses or the shaping of the piezoelectric crystal. Ideally, imaging 
should be performed within the “near-field” or focused aspect of the 
ultrasound beam because the ultrasound beam is most parallel with 
the greatest intensity and the tissue interfaces are most perpendicular 
to these ultrasound beams.

Attenuation, Reflection, and Scatter
Waves interact with the medium in which they travel and with one 
another. Interaction among waves is called interference. The manner in 
which waves interact with a medium is determined by its density and 
homogeneity. When a wave is propagated through an inhomogeneous 
medium (and all living tissue is essentially inhomogeneous), it is partly 
reflected, partially absorbed, and partly scattered.

Ultrasound waves are reflected when the width of the reflecting 
object is larger than one fourth of the ultrasound wavelength. Because 
the velocity of sound in soft tissue is approximately constant, shorter 
wavelengths are obtained by increasing the frequency of the ultrasound 
beam (see Eq. 1). Large objects may be visualized using low frequen-
cies (i.e., long wavelengths), whereas smaller objects require higher 
frequencies (i.e., short wavelength) for visualization. In addition, the 
object's ultrasonic impedance (Z) must be significantly different from 
the ultrasonic impedance in front of the object. The ultrasound imped-
ance of a given medium is equal to the medium density multiplied by 
the ultrasound propagation velocity. Air has a low density and propa-
gation velocity, so it has a low ultrasound impedance. Bone has a high 
density and propagation velocity, so it has a high ultrasound imped-
ance. For normal incidence, the fraction of the reflected pulse com-
pared with the incidence pulse is:

where I
r
 is intensity reflection coefficient, and Z

1
 and Z

2
 are acoustical 

impedance of the two media.

The greater the differences in ultrasound impedance between two objects 
at a given interface, the greater the ultrasound reflection. Because the ultra-
sound impedances of air or bone are significantly different from blood, 
ultrasound is strongly reflected from these interfaces, limiting the availabil-
ity of ultrasound to deeper structures. Echo studies across lung or other 
gas-containing tissues or across bone are not feasible. Reflected echoes, also 
called “specular echoes,” usually are much stronger than scattered echoes. 
A grossly inhomogeneous medium, such as a stone in a water bucket or 
a cardiac valve in a blood-filled heart chamber, produces strong specular 
reflections at the water–stone or blood–valve interface because of the sig-
nificant differences in ultrasound impedances. Furthermore, if the interface 
between the two objects is not perpendicular, the reflected signal may be 
deflected at an angle and may not return to the transducer for imaging.

In contrast, if the objects are small compared with the wavelength, 
the ultrasound wave will be scattered. Media that are inhomogeneous 
at the microscopic level, such as muscle, produce more scatter than 
specular reflection because the differences in adjacent ultrasound 
impedances are low and the objects are small. These small objects will 
produce echoes that reflect throughout a large range of angles with only 
a small percentage of the original signal reaching the ultrasound trans-
ducer. Scattered ultrasound waves will combine in constructive and 
destructive fashions with other scattered waves, producing an interfer-
ence pattern known as “speckle.” Compared with specular echoes, the 
returning ultrasound signal amplitude will be lower and displayed as 
a darker signal. Although smaller objects can be visualized with higher 
frequencies, these higher frequencies result in greater signal attenua-
tion, limiting the depth of ultrasound penetration.

Attenuation refers to the loss of ultrasound power as it trans-
verses tissue. Tissue attenuation is dependent on ultrasound reflec-
tion, scattering, and absorption. The greater the ultrasound reflection 
and scattering, the less ultrasound energy is available for penetration 
and resolution of deeper structures; this effect is especially important 
during scanning with higher frequencies. In normal circumstances, 
however, absorption is the most significant factor in ultrasound atten-
uation.2 Absorption occurs as a result of the oscillation of tissue caused 
by the transit of the ultrasound wave. These tissue oscillations result in 
friction, with the conversion of ultrasound energy into heat. More spe-
cifically, the transit of an ultrasound wave through a medium causes 
molecular displacement. This molecular displacement requires the 
conversion of kinetic energy into potential energy as the molecules are 
compressed. At the time of maximal compression, the kinetic energy 
is maximized and the potential energy minimized. The movement of 
molecules from their compressed location to their original location 
requires conversion of this potential energy back into kinetic energy. In 
most cases, this energy conversion (either kinetic into potential energy 
or vice versa) is not 100% efficient and results in energy loss as heat.1

The absorption is dependent both on the material through which the 
ultrasound is passing and the ultrasound frequency. The degree of atten-
uation through a given thickness of material, x, may be described by:

where a is the attenuation coefficient in decibels (dB) per centimeter at 
1 MHz, and freq represents the ultrasound frequency in megahertz (MHz).

Examples of attenuation coefficient values are given in Table 12-1. 
Whereas water, blood, and muscle have low ultrasound attenuation, 
air and bone have very high tissue ultrasound attenuation, limiting the 
ability of ultrasound to transverse these structures. Table 12-2 gives the 
distance in various tissues at which the intensity or amplitude of an 
ultrasound wave of 2 MHz is halved (the half-power distance).

IMAGING TECHNIQUES
M-Mode

The most basic form of ultrasound imaging is M-mode echocardiog-
raphy. In this mode, the density and position of all tissues in the path 
of a narrow ultrasound beam (i.e., along a single line) are displayed as 

2
nF D /4

sin 1.22 /D

2 2
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Attenuation (dB) a freq x
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a scroll on a video screen. The scrolling produces an updated, continu-
ously changing time plot of the studied tissue section several seconds in 
duration. Because this is a timed motion display (normal cardiac tissue 
is always in motion), it is called M-mode. Because only a limited part 
of the heart is being observed at any one time and because the image 
requires considerable interpretation, M-mode is not used currently as 
a primary imaging technique. This mode is, however, useful for the 
precise timing of events within the cardiac cycle and often is used in 
combination with CFD for the timing of abnormal flows (see later). 
Quantitative measurements of size, distance, and velocity also are easily 
performed in the M-mode without the need for sophisticated analysis 
stations. Because M-mode images are updated 1000 times per second, 

they provide greater temporal resolution than two-dimensional (2D) 
echocardiography; thus, more subtle changes in motion or dimension 
can be appreciated.

B-Mode
The different reflectivities of various cardiac structures result in varia-
tions of the reflected ultrasound wave. The detected signals are trans-
lated from the amplitude of the reflected signal to luminance and 
displayed as a brightness-mode or B-mode image. By rapid, repetitive 
scanning along many different radii within an area in the shape of a fan 
(sector), echocardiography generates a 2D image of a section of the 
heart. This image, which resembles an anatomic section, can be inter-
preted more easily than an M-mode display. Information on structures 
and motion in the plane of a 2D scan is updated 20 to 40 times per 
 second. This repetitive update produces a “live” (real–time) image of 
the heart. Scanning 2D echocardiography (2DE) devices usually image 
the heart using an electronically steered ultrasound beam (phased–
array transducer).

Harmonic Imaging
Harmonic frequencies are ultrasound transmission of integer mul-
tiples of the original frequency. For example, if the fundamental 
frequency is 4 MHz, the second harmonic is 8 MHz, the third funda-
mental is 12 MHz, and so on. Harmonic imaging refers to a technique 
of B-mode imaging in which an ultrasound signal is transmitted at a 
given frequency but will “listen” at one of its harmonic frequencies.3,4 
As ultrasound is transmitted through a tissue, the tissue undergoes 
slight compressions and expansions that correspond to the ultrasound 
wave temporarily changing the local tissue density. Because the veloc-
ity of ultrasound transit is directly proportional to density, the peak 
amplitudes will travel slightly faster than the trough. This differential 
velocity transit of the peak with the trough wave results in distortion 
of the propagated sine wave, resulting in a more peaked wave. This 
peaked wave will contain frequencies of the fundamental frequency, as 
well as the harmonic frequencies (Figure 12-2). Although little distor-
tion occurs in the near field, the amount of energy contained within 
these harmonics increases with ultrasound distance transversed as 
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Figure 12-2 Harmonic imaging. A, Because the velocity of ultrasound transit is directly proportional to density, the peak amplitudes will travel 
slightly faster than the trough. With time, this differential velocity transit of the peak with the trough wave results in distortion of the propagated sin 
wave resulting in a more peaked wave. B, Relation between imaging distance and strength of fundamental and harmonics frequencies. As ultrasound 
pulse propagates, strength of fundamental frequency declines, whereas strength of harmonic frequency increases. At usual imaging distances for 
cardiac structures, strength of harmonic frequency is maximized. Note: Harmonic frequency strength is exaggerated in this schematic. Harmonic fre-
quency signal strength is much lower than fundamental frequency signal strength. (B, From Thomas JD, Rubin DN: Tissue harmonic imaging: Why 
does it work? J Am Soc Echocardiogr 11:803–808, 1998, by permission.)

Attenuation Coefficients

Material Coefficient (dB/cm/MHz)

Water 0.002
Fat 0.66
Soft tissue 0.9
Muscle 2
Air 12
Bone 20
Lung 40

TABLE 
12-1

Half-Power Distances at 2 MHz

Material Half-Power Distance (cm)

Water 380
Blood 15
Soft tissue (except muscle) 1–5
Muscle 0.6–1
Bone 0.2–0.7
Air 0.08
Lung 0.05

TABLE 
12-2



 12 Intraoperative Transesophageal Echocardiography 319

the ultrasound wave becomes more peaked. Eventually, the effects of 
attenuation will be more pronounced on these harmonic waves with 
subsequent decrease in harmonic amplitude. Because the effects of 
attenuation are greatest with high-frequency ultrasound, the second 
harmonic usually is used.

The use of tissue harmonic imaging is associated with improved 
B-mode imaging. Near-field scatter is common with fundamental 
imaging. Because the ultrasound wave has not yet been distorted, little 
harmonic energy is generated in the near field, minimizing near-field 
scatter when harmonic imaging is used. Because higher frequencies are 
used, greater resolution may be obtained. Finally, with tissue harmonic 
imaging, side-lobe artifacts are substantially reduced and lateral reso-
lution is increased.

Doppler Techniques
Most modern echo scanners combine Doppler capabilities with their 
2D imaging capabilities. After the desired view of the heart has been 
obtained by 2DE, the Doppler beam, represented by a cursor, is super-
imposed on the 2D image. The operator positions the cursor as parallel 
as possible to the assumed direction of blood flow and then empirically 
adjusts the direction of the beam to optimize the audio and visual rep-
resentations of the reflected Doppler signal. Currently, Doppler tech-
nology can be utilized in at least four different ways to measure blood 
velocities: pulsed, high-repetition frequency, continuous wave, and 
color flow. Although each of these methods has specific applications, 
they are seldom available concurrently.

The Doppler Effect
Information on blood flow dynamics can be obtained by applying 
Doppler frequency shift analysis to echoes reflected by the moving red 
blood cells.5,6 Blood flow velocity, direction, and acceleration can be 
instantaneously determined. This information is different from that 
obtained in 2D imaging, and hence complements it.

The Doppler principle as applied in echocardiography states that 
the frequency of ultrasound reflected by a moving target (red blood 
cells) will be different from the frequency of the reflected ultrasound. 
The magnitude and direction of the frequency shift are related to the 
velocity and direction of the moving target. The velocity of the target is 
 calculated with the Doppler equation:

where v = the target velocity (blood flow velocity); c = the speed of 
sound in tissue; f

d
 = the frequency shift; f

0
 = the frequency of the emit-

ted ultrasound; and q = the angle between the ultrasound beam and the 
direction of the target velocity (blood flow). Rearranging the terms,

As is evident in Equation 8, the greater the velocity of the object of 
interest, the greater the Doppler frequency shift. In addition, the mag-
nitude of the frequency shift is directly proportional to the initial emit-
ted frequency (Figure 12-3). Low emitted frequencies produce low 
Doppler frequency shifts, whereas higher emitted frequencies produce 
high Doppler frequency shifts. This phenomenon becomes important 
with aliasing, as is discussed later in this chapter. Furthermore, the only 
ambiguity in Equation 7 is that theoretically the direction of the ultra-
sonic signal could refer to either the transmitted or the received beam; 
however, by convention, Doppler displays are made with reference to 
the received beam; thus, if the blood flow and the reflected beam travel 
in the same direction, the angle of incidence is zero degrees and the 
cosine is +1. As a result, the frequency of the reflected signal will be 
higher than the frequency of the emitted signal.

Equipment currently used in clinical practice displays Doppler 
blood-flow velocities as waveforms. The waveforms consist of a spec-
tral analysis of velocities on the ordinate and time on the abscissa. 

By convention, blood flow toward the transducer is represented above 
the baseline. If the blood flows away from the transducer, the angle of 
incidence will be 180 degrees, the cosine will equal 1, and the wave-
form will be displayed below the baseline. When the blood flow is 
 perpendicular to the ultrasonic beam, the angle of incidence will be 
90 or 270 degrees, the cosine of either angle will be zero, and no blood 
flow will be detected. Because the cosine of the angle of incidence is a 
variable in the Doppler equation, blood-flow velocity is measured most 
accurately when the ultrasound beam is parallel or antiparallel to the 
direction of blood flow. In clinical practice, a deviation from parallel 
of up to 20 degrees can be tolerated because this results in an error of 
only 6% or less.

Pulsed-Wave Doppler
In PW Doppler, blood-flow parameters can be determined at precise 
locations within the heart by emitting repetitive short bursts of ultra-
sound at a specific frequency (PRF) and analyzing the frequency shift 
of the reflected echoes at an identical sampling frequency (f

s
). A time 

delay between the emission of the ultrasound signal burst and the sam-
pling of the reflected signal determines the depth at which the veloci-
ties are sampled; the delay is proportional to the distance between the 
transducer and the location of the velocity measurements. To sample 
at a given depth (D), you must allow sufficient time for the signal to 
travel a distance of 2 × D (from the transducer to the sample volume 
and back). The time delay, T

d
, between the emission of the signal and 

the reception of the reflected signal, is related to D, and to the speed of 
sound in tissues (c), by the following formula:

The operator varies the depth of sampling by varying the time delay 
between the emission of the ultrasonic signal and the sampling of the 
reflected wave. In practice, the sampling location or sample volume is 
represented by a small marker, which can be positioned at any point 
along the Doppler beam by moving it up or down the Doppler cursor. 
On some devices, it is also possible to vary the width and height of the 
sample volume.

The trade-off for the ability to measure flow at precise locations is 
that ambiguous information is obtained when flow velocity is very high. 
Information theory suggests that an unknown periodic signal must 
be sampled at least twice per cycle to determine even rudimentary 
 information such as the fundamental frequency; therefore, the rate of 
PRF of PW Doppler must be at least twice the Doppler-shift frequency 
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Figure 12-3 Graph of Doppler shift frequency versus velocity for 
various emitted ultrasound frequencies. A lower emitted ultrasound 
frequency will produce a lower Doppler frequency shift for a given 
velocity. This lower Doppler frequency shift will allow for a higher 
velocity measurement before aliasing occurs.
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produced by flow.7 If not, the frequency shift is said to be “undersam-
pled.” In other words, this frequency shift is sampled so infrequently 
that the frequency reported by the instrument is erroneously low.1

A simple reference to Western movies will clearly illustrate this point. 
When a stagecoach gets under way, its wheel spokes are observed as 
rotating in the correct direction. As soon as a certain speed is attained, 
rotation in the reverse direction is noted because the camera frame rate 
is too slow to correctly observe the motion of the wheel spokes. In PW 
Doppler, the ambiguity exists because the measured Doppler frequency 
shift (  f

D
) and the sampling frequency (  f

s
) are in the same frequency 

(kHz) range. Ambiguity will be avoided only if the f
D
 is less than half 

the sampling frequency:

The expression f
s
/2 is also known as the Nyquist limit. Doppler shifts 

above the Nyquist limit will create artifacts described as “aliasing” or 
“wraparound,” and blood-flow velocities will appear in a direction 
opposite to the conventional one (Figure 12-4). Blood flowing with 
high velocity toward the transducer will result in a display of veloci-
ties above and below the baseline. The maximum velocity that can be 
detected without aliasing is dictated by:

where V
m

 = the maximal velocity that can be unambiguously mea-
sured; c = the speed of sound in tissue; R = the range or distance from 
the transducer at which the measurement is to be made; and f

0
 = the 

frequency of emitted ultrasound.
Based on Equation 11, this “aliasing” artifact can be avoided by 

either minimizing R or f
0
. Decreasing the depth of the sample vol-

ume in essence increases f
s
. This higher sampling frequency allows for 

the more accurate determination of higher Doppler shifts frequencies 
(i.e., higher velocities). Furthermore, because f

o
 is directly related to 

f
d
 (see Eq. 7), a lower emitted ultrasound frequency will produce a 

lower Doppler frequency shift for a given velocity (see Figure 12-3). 
This lower Doppler frequency shift will allow for a higher velocity 
measurement before aliasing occurs.

High-Pulse-Repetition Frequency Doppler
On some instruments, PW Doppler can be modified to a high-
PRF mode. Whereas in conventional PW Doppler only a single 
burst of ultrasound is considered to be in the body at any given time, 

in high-PRF Doppler two to five sample volumes are simultane-
ously presented. Information coming back to the transducer may 
be coming back from depths of either two, three, or four times the 
initial sample volume depth. The returning signals can be a mix of 
signals that have been emitted previously and have traveled to dis-
tant gates and other signals that were just sent and returned from 
the first range gate.

The high-PRF mode allows increasing the sampling frequency 
because the scanner does not wait for the return of the information 
from distant gates; nonetheless, it receives information back within 
the specified time-gate period. Because higher sampling frequencies 
are used, higher velocities can be measured with this method than 
with PW Doppler; however, the exact gate from which the ultrasound 
 signals are reflected is unknown (range ambiguity).

Continuous-Wave Doppler
The CW Doppler technique uses continuous, rather than discrete, 
pulses of ultrasound waves. Ultrasound waves are continuously being 
both transmitted and received by separate transducers. As a result, 
the region in which flow dynamics are measured cannot be precisely 
localized. Because of the large range of depths being simultaneously 
insonated, a large range of frequencies is returned to the transducer. 
This large frequency range corresponds to a large range of blood-flow 
velocities. This large velocity range is known as “spectral broadening.” 
Spectral broadening during CW Doppler interrogation contrasts the 
homogenous envelope that is obtained with PW Doppler (Figure 12-5). 
Blood-flow velocity is, however, measured with great accuracy even at 
high flows because sampling frequency is very high. CW Doppler is 
particularly useful for the evaluation of patients with valvular lesions 
or congenital heart disease (CHD), in whom anticipated high-pressure/
high-velocity signals are anticipated. It also is the preferred technique 
when attempting to derive hemodynamic information from Doppler 
signals (Box 12-2).

Color-Flow Doppler
Advances in electronics and computer technology have allowed the 
development of CFD ultrasound scanners capable of displaying real–
time blood flow within the heart as colors while also showing 2D 
images in black and white. In addition to showing the location, direc-
tion, and velocity of cardiac blood flow, the images produced by these 
devices allow estimation of flow acceleration and differentiation of 
laminar and turbulent blood flow. CFD echocardiography is based on 
the principle of multigated PW Doppler in which blood-flow veloci-
ties are sampled at many locations along many lines covering the entire 
imaging sector.8 At the same time, the sector also is scanned to gener-
ate a 2D image.

A location in the heart where the scanner has detected flow toward 
the transducer (the top of the image sector) is assigned the color red. 
Flow away from the direction of the top is assigned the color blue. This 
color assignment is arbitrary and determined by the equipment's man-
ufacturer and the user's color mapping. In the most common color–
flow coding scheme, the faster the velocity (up to a limit), the more 
intense the color. Flow velocities that change by more than a preset 
value within a brief time interval (flow variance) have an additional 
hue added to either the red or the blue. Both rapidly accelerating lami-
nar flow (change in flow speed) and turbulent flow (change in flow 
direction) satisfy the criteria for rapid changes in velocity. In summary, 
the brightness of the red or blue colors at any location and time is usu-
ally proportional to the corresponding flow velocity, whereas the hue is 
proportional to the temporal rate of change of the velocity.

Three-Dimensional Reconstruction
Echocardiography has become a vital tool in the practice of contem-
porary cardiac anesthesiology. As with any technology, a considerable 
evolution has occurred since it was first introduced into the operat-
ing rooms in the early 1980s. Among the most important advances has 
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Figure 12-4 Example of aliasing. Pulse-wave Doppler spectrum through 
bioprosthetic aortic valve. Because the high-velocity blood through the bio-
prosthetic aortic valve results in a Doppler shift, which is greater than the 
Nyquist limit, the high-velocity flow away from the transducer is represented 
as flow toward the transducer. This effect is call aliasing.
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been the progression from one-dimensional (1D; e.g., M-mode) imag-
ing to 2D imaging, as well as spectral Doppler and real-time color-
flow mapping superimposed over a 2D image. The heart, however, 
remains a 3D organ. Although multiplane 2D images can be acquired 
easily with modern TEE probes by simply rotating the image plane 
electronically from 0 to 180 degrees, the final process occurs by the 
echocardiographer stitching the different 2D planes together and cre-
ating a “mental” 3D image. Transmitting this “mental” image to other 
members of the surgical team can sometimes be quite challenging. By 
directly displaying a 3D image onto the monitor, cardiac anatomy and 
function could be assessed more rapidly and communication between 
the echocardiographer and the cardiac surgeon facilitated before, dur-
ing, and immediately after surgery.9

Historic Overview
Early concepts of 3D echocardiography (3DE) found their roots in the 
1970s.10 Because of the limitations of hardware and software capabili-
ties in that era, the acquisition times required to create a 3D image 
prohibited widespread clinical acceptance, limiting its use for research 
purposes only. Technologic advances in the 1990s enabled 3D recon-
struction from multiple 2D images obtained from different imaging 
planes. By capturing an image every 2 to 3 degrees as the probe rotated 
180 degrees around a specific region of interest (ROI), high-powered 
computers were able to produce a 3D image, which could be refined 
further with postprocessing software. These multigated image planes 
must be acquired under electrocardiographic and respiratory gating 
to overcome motion artifact. The limitations of this technology are the 
time required to process and optimize the 3D image and the inability 
to obtain instantaneous, real-time imaging of the heart.

In 2007, a real-time 3D TEE probe with a matrix array of piezo-
electric crystals within the transducer head was released on the mar-
ket. This 3D imaging matrix array, as opposed to conventional 2D  

imaging transducers, not only has columns in a single 1D plane but 
also rows of elements. That is, instead of having a single column of 
128 elements, the matrix array comprises more than 50 rows and 50 
columns of  elements (Figure 12-6). Although this “matrix” technology 
was available for transthoracic (precordial) scanning, a breakthrough 
in engineering design was required before the technology could be 
transitioned into the limited space of the head of a TEE probe.

Limitations of Three-Dimensional Imaging
Notably, 3DE is subject to the same laws of acoustic physics as 2DE. 
Artifacts such as ringing, reverberations, shadowing, and attenuation 
occur in 3D, as well as 2D and M-mode. In addition, it is important to 
realize that the product of frame rate, sector/volume size, and imaging 
resolution equal a constant. That is, by increasing the requirements of 
one of these variables, a decrease in either one or both of the others will 
occur. An example would be, by increasing sector size, a loss in either 
frame rate or image resolution, or both, will occur. Modern ultrasound 
devices are equipped with incredible computing power, enabling them 
to display large 2D sectors while still maintaining excellent image reso-
lution and high frame rates. Unfortunately, this does not apply for real-
time instantaneous 3D imaging. The large amount of data that must 
be acquired and processed requires the echocardiographer to reduce 
sector size to maintain adequate resolution and frame rate. The rate-
limiting factor in 3D imaging is no longer processing power but the 
speed of ultrasound in tissue.

Figure 12-5 Pulse-wave (PW) versus continuous-wave (CW) Doppler. Both images are Doppler spectra through the mitral valve. Left, PW Doppler 
is used. Because a specific region of interest is defined by the Doppler gate, a clean envelope of transmitral flow is displayed. Right, CW Doppler is 
used. Because spatial specificity is lost, spectral broadening of velocities is displayed.

BOX 12-2. PULSED-WAVE VERSUS CONTINUOUS-
WAVE DOPPLER ANALYSIS

Figure 12-6 Matrix array transducer consisting of 50 rows and 
50 columns of piezoelectric elements. A human hair demonstrates 
the size of each individual element.
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Display of Three-Dimensional Images
The classic 20 views of 2D TEE are not required in 3DE because entire 
volumetric datasets are acquired that can be spatially orientated and 
cropped at the discretion of the echocardiographer. As previously 
stated, the limiting factor in 3DE is no longer processer performance, 
but the speed of sound traveling through tissue (1540 m/sec). Although 
the matrix configuration of the elements allows “live” and instanta-
neous scanning, the size of this sector is limited to guarantee adequate 
image resolution and frame rate. If larger sectors are to be scanned, the 
constraint of transmit time of ultrasound is sidestepped by stitching 
four to eight gated beats together, which enables wider volumes to be 
generated while maintaining frame rate and resolution. Several modes 
of 3DE are described in the following subsections.

Narrow Sector (Live 3D)—Real Time
In this mode, a 3D volume pyramid is obtained. The image shown 
in this mode is real time. The 3D image changes as the transducer is 
moved just as in live 2D imaging. Manipulations of the TEE probe 
(e.g., rotation, change in position) lead to instantaneous changes in the 
image seen on the monitor (Figure 12-7).

Wide Sector Focused (3D Zoom)—Real Time
If only a specific ROI requires imaging, the “zoom mode” can be used 
in a similar fashion as in 2DE. A typical example for this mode would 
be the mitral valve (MV) apparatus. The 3D zoom mode displays a 
small magnified pyramidal volume that may vary from 20 × 20 degrees 
up to 90 × 90 degrees, depending on the density setting. This small data 
set can be spatially orientated at the discretion of the echocardiogra-
pher. A key advantage to this mode is the fact that the real-time 3D 
images are devoid of rotational artifacts, as are commonly encountered 
with electrocardiogram (ECG)-gated 3D acquisitions (Figure 12-8).

Large Sector (Full Volume)—Gated
Because of insufficient time for sound to travel back and forth in large 
volumes while maintaining a frame rate greater than 20 Hz and reason-
able resolution in live scanning modes, one maneuver to overcome this 
limitation entails stitching four to eight gates together to create a “full-
volume” mode. These gated “slabs” or “subvolumes” represent a pyrami-
dal 3D dataset as would be acquired in the live 3D mode. This technique 
can generate more than 90-degree scanning volumes at frame rates 
greater than 30 Hz. Increasing the gates from four to eight creates smaller 
3D slabs; this can be used to maintain frame rates and/or resolution as 
the volumes (pyramids) become larger (Figure 12-9).

Unfortunately, as with any conventional gating technique, patients with 
arrhythmias are prone to motion artifacts when the individual datasets 
are combined; however, as long as the RR intervals fall within a reasonable 
range, a full-volume dataset still can be reconstructed (e.g., atrial fibrillation, 
 electrocautery artifact). The acquired real-time 3D dataset subsequently can 
be cropped, analyzed, and quantified using integrated software in the 3D 
operating system (QLAB; Philips Healthcare, Andover, MA; Figure 12-10).

Figure 12-8 Three-dimensional (3D) zoom mode acquisition of a 
mitral valve repair from the left atrial perspective. Annuloplasty ring 
is easily visualized. In analogy to the live 3D mode, the 3D zoom mode 
acquires instantaneous images.

AV

P2 prolapse

Figure 12-9 Full-volume mode acquisition of the mitral valve from 
the left atrial perspective. Although the sector size is similar to Figure 
12-8, note the improvement in temporal resolution as a consequence of 
the four-beat acquisition (9 vs. 29 Hz). This mode does not permit instan-
taneous “live” imaging. AV, aortic valve.

Ao

PM

AL

R

Figure 12-10 Mitral valve quantification (MVQ) of a mitral valve 
acquired with the full-volume mode. Red coloring of the leaflet indicates 
areas that exceed the annular plane (type II dysfunction). AL, anterolat-
eral; Ao, aorta; PM, posteromedial.

Mitral valve

LV

Figure 12-7 Live three-dimensional image of mitral valve and left 
ventricle (LV). Because of the matrix structure of the ultrasound trans-
ducer, this image represents a true live image. Change in transesoph-
ageal echocardiographic probe positioning by the echocardiographer 
will result in instantaneous changes in the volumetric data set.



 12 Intraoperative Transesophageal Echocardiography 323

Three-dimensional Color Doppler—Gated
Because of the large amount of data that must be acquired with 3D 
color Doppler mode, a gating method must be utilized similar to that 
of the full-volume mode; however, because of the large amount of 
data required, 8 to 11 beats need to be combined to create an image. 
Jet direction, extent, and geometry easily can be recognized using this 
technique. Reports started emerging in the late 1990s showing that the 
strength of this methodology lies in its ability to quantitate severity 
of regurgitant lesions; 3D quantification of mitral regurgitation cor-
relates better than 2D imaging, when using angiography as the gold 
standard.11 In an experimental setting, 3D quantification was more 
accurate (2.6% underestimation) than 2D or M-mode methods, which 
had the tendency to underestimate regurgitant volumes (44.2% and 
32.1%, respectively; Figure 12-11).12

Right Ventricle
The right ventricle is a complex, crescent-shaped structure that does 
not lend itself easily to geometric assumptions as its LV counterpart 
and has been the Achilles heel to 2D imaging. Because of the fact that 
numerous reports have linked right ventricular (RV) function to prog-
nostic outcome in a variety of cardiopulmonary diseases, it would be of 
great interest to quantify its function echocardiographically.13

A preliminary report showed that 3DE marginally underestimated 
RV volumes when compared with cardiac magnetic resonance, and 
that correlation to cardiac magnetic resonance–measured volumes was 
as good as that obtained by cardiac computed tomography.14 Further 
research in this field will undoubtedly lead to increased understanding 
of perioperative RV function.

Contrast Echocardiography
Normally, red blood cells scatter ultrasound waves weakly, resulting in 
their black appearance on ultrasonic examination. Contrast echocar-
diography is performed by injecting nontoxic solutions containing gas-
eous microbubbles. These microbubbles present additional gas- liquid 
interfaces, which substantially increase the strength of the returning 
signal. This augmentation in signal strength may be used to better 
define endocardial borders, optimize Doppler envelope signals, and 
estimate myocardial perfusion.

Gramiak and Shah15 originally reported the use of contrast echocar-
diography in 1969. They described visualization of aortic valve 
(AV) incompetence during left-heart catheterization15 (Box 12-3). 
Subsequently, contrast echocardiography has been used to image intra-
cardiac shunts,16 valvular incompetence,17 and pericardial effusions.18 
In addition, LV injections of hand-agitated microbubble solutions have 
been used to identify semiquantitative LV endocardial edges,19 cardiac 
output,20 and valvular regurgitation.21

Contrast agents are microbubbles, consisting of a shell surrounding a 
gas. Initial contrast agents were agitated free air in either a saline or blood-
saline solution. These microbubbles were large and unstable, so they  

were unable to cross the pulmonary circulation; they were effective only 
for right-heart contrast. Because of their thin shell, the gas quickly leaked 
into the blood with resultant dissolution of the microbubble. Agents 
with a longer persistence subsequently were developed.

More modern contrast agents have improved the shell surround-
ing the microbubble, as well as modification of the gas. The shell must 
inhibit the diffusion of gas into the blood and must enhance the pressure 
that a microbubble can tolerate before dissolving.22 Gases with low shell 
diffusivity and blood saturation concentration result in a microbub-
ble of increased survival because the gas would rapid equilibrate with 
blood, and the gas would tend to stay within the shell. Improvements 
in the shell both increase the tolerance of the microbubble to ultra-
sound energies and decrease the diffusion of the gas into the blood; 
both changes further increase the persistence of the microbubbles. At 
the same time, there must be an element of fragility; the microbubbles 
must be disrupted by ultrasound signals producing appropriate imag-
ing effects. The use of high-molecular-weight and less-soluble gases 
further increases the persistence of the contrast agents. Currently, the 
perfluorocarbons are the most common gases used in contrast agents. 
The microbubbles need to be small enough to transverse the pulmo-
nary circulation with a predominant size particle that approached the 
size of an erythrocyte. The number of larger particles needs to be mini-
mized to reduce the risk for obstruction of pulmonary capillary flow. 
Because the reflected energy of contrast agents is high, attenuation of 
the ultrasound signal is common. This signal attenuation interferes 
with visualization of distal structures.

An ultrasound signal produces compression and rarefaction (expan-
sion) of the medium through which it travels. When this compression 
and rarefaction impact a microbubble, the bubble is compressed and 
expanded, respectively.23 These changes result in changes in the bub-
ble volume, causing bubble vibrations with subsequent effects on the 
returning ultrasound signal. These bubble pulsations may result in 
changes in the bubble radius by a factor of 20 or more.24

The acoustic properties of these microbubbles depend on the ampli-
tude of the ultrasound signal. The amplitude of an ultrasound signal 
usually is defined by its mechanical index, which is the peak nega-
tive pressure divided by the square root of the ultrasound frequency. 
Normally, when bubbles are insonated by ultrasound at their intrinsic 
resonant frequency, they vibrate; during the peak of the signal, they are 
compressed, and at the nadir of the signal, they expand. An ideal bubble 
would oscillate at the insonated ultrasound frequency.25 At low ultra-
sound amplitudes (mechanical index < 0.1), the microbubbles oscillate 
at the frequency of the insonated signal with the degree of compression 
being equal to the degree of expansion. This is called linear oscillation. 
With fundamental imaging, no special contrast echo signals are pro-
duced.26 With increasing signal amplitudes (mechanical index, 0.1 to 
0.7), the degree of expansion exceeds the degree of compression, which 
results in nonlinear oscillations. These nonlinear oscillations result in 
the creation of ultrasound waves at harmonic frequencies of the deliv-
ered ultrasound waves. Although some bubble destruction will occur at 

AV

Bioprosthetic MV

Figure 12-11 Color three-dimensional acquisition of a mitral valve 
(MV) bioprosthesis. The aortic valve (AV) is for orientation. Three para-
valvular leaks can be identified.

BOX 12-3. DIAGNOSTIC APPLICATIONS FOR 
CONTRAST ECHOCARDIOGRAPHY
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all amplitudes, further increases in ultrasound amplitude (mechanical 
index, 0.8 to 1.9) result in more compression and expansion with sub-
sequent extensive bubble destruction. This bubble destruction, called 
scintillation, results in a brief but high output signal appearing as swirl-
ing. Because of the extensive bubble destruction, intermittent imaging 
must be performed to allow contrast replenishment. The role of most 
contrast imaging modalities is to create and display these nonlinear 
components while suppressing the linear echoes from tissue and  tissue 
motion.27

Further improvements in image acquisition can be achieved using 
harmonic imaging.24 As explained previously, nonlinear oscilla-
tions result in the creation of harmonics. It was theorized that if the 
receiver was tuned to receive the first harmonic of the transmitted 
ultrasound signal, the signal-to-noise ratio can be improved by pre-
dominantly imaging signals from the microbubbles producing these 
harmonics. Because tissues also produce harmonics, tissue grayscale 
imaging also was enhanced. Further improvements may include sub-
harmonic and ultraharmonic imaging, which may provide more spe-
cific contrast enhancement. Harmonic imaging with TEE improves 
endocardial visualization and allows partial assessment of myocardial 
perfusion.28 Harmonic-power Doppler is more sensitive for detecting 
basilar perfusion in the far field compared with harmonic grayscale 
imaging.29

The first-generation agents were Albunex and Levovist. Currently, 
Optison (Mallinckrodt, St. Louis, MO) and Definity (DuPont 
Pharmaceuticals, Waltham, MA) are available in the United States for 
use; Levovist and Sonovue (Bracco Diagnostics, Princeton, NJ) are 
approved in Europe. Albunex is no longer available. Albunex utilized 
albumin encapsulation to stabilize a 4- m air bubble that could opac-
ify the left ventricle but did not result in good microvascular perfusion. 
Levovist uses an air microbubble within a fatty acid shell.

Optison is a refinement of Albunex, with the substitution of per-
fluoropropane within an albumin shell. Definity uses perfluoropro-
pane within a liposome shell. SonoVue consists of hexafluoride with a 
phospholipid shell. New agents under development may use polymer 
shells whose flexibility and size can be controlled more precisely. These 
agents may be targeted to specific organs or vectors.

The safety of contrast echocardiography must be considered. 
The contrast agents themselves must have a high therapeutic index. 
Multiple large bubbles may obstruct pulmonary microcirculation. 
The disruption of microbubbles by high-amplitude ultrasound may 
rupture capillaries and injure surrounding tissue.30 Rare allergic and 
life-threatening anaphylactic/anaphylactoid reactions occur at a rate 
of approximately 1 per 10,000.27 Premature ventricular contractions 
have been described during high-intensity triggered imaging.31 Other 
investigators were not able to demonstrate an increase in premature 
ventricular complex occurrence during or after imaging with triggered 
ultrasound at a mechanical index of 1.32 Contraindications to the use of 
perflutren-containing agents include pulmonary hypertension, serious 
ventricular arrhythmias, severe pulmonary disease, cardiac shunting, 
or hypersensitivity to perflutren, blood, blood products, or albumin. 
If current recommendations are followed, contrast echocardiography 
rarely results in significant side effects.22

Uses
Diagnostic applications for contrast echocardiography include 
enhancement of endocardial borders from qualitative assessment 
of wall motion abnormalities, measurement of LV function, assess-
ment of CHD, quantification of valvular regurgitation, enhancement 
of CFD signals, and assessment of myocardial perfusion. During 
cardiac surgery, the special and unique applications of myocardial 
contrast echocardiography include measurements of perfusion area 
after coronary artery bypass graft (CABG) surgery, assessment of 
quality of coronary bypass grafts and cardioplegia distribution, and 
correct assessment of the results of surgery for ventricular septal 
defect. Noncardiac intraoperative applications include assessment of 

perfusion in the kidney and in skeletal muscle. Work is ongoing to 
investigate the potential for analyzing cerebral blood flow with con-
trast-echo techniques.

Enhancement of Right-Sided Structures
Hand-agitated saline solutions are still useful to enhance right-sided 
structures. These saline solutions can be prepared easily by hand 
 agitation of saline between two 10-mL Luer lock syringes connected by 
a three-way stopcock; small amounts of blood or air may be added to 
improve right-sided opacification. This technique is used most com-
monly to opacify the right atrium (RA) and right ventricle, assisting 
in the diagnosis of intra-atrial and ventricular shunts, and to enhance 
pulmonary arterial Doppler signals. The most common indication 
is the detection of a patent foramen ovale (PFO). After obtaining a 
bicaval view, a Valsalva maneuver is induced and hand-agitated saline 
is injected into a large vein. After the RA is opacified, the Valsalva is 
released and the left atrium (LA) is examined for contrast.

Left Ventricular Opacification
The commercially available contrast agents allow for left ventricular 
opacification (LVO) as well. Relatively low mechanical index modes 
usually are used (<0.2), to allow for bubble detection without bubble 
destruction. The images are processed such that the linear scatters from 
tissue are completely eliminated, leaving only nonlinear scatters from 
the bubble contrast. The LVO allows enhancement of LV endocardial 
borders in patients in whom normal studies are challenging.33,34 Such 
challenging studies include patients who are obese, with pulmonary 
disease, are critically ill, or on a ventilator.27 The use of LVO substan-
tially increases the accuracy of LV volume determination compared 
with electron beam computed tomography measurements, decreases 
interobserver variability associated with these measurements, and 
increases the number of myocardial segments that may be described 
accurately during stress echocardiography.35,36 Underestimation of LV 
volume measurements, which is common with standard echocardiog-
raphy, may be virtually eliminated with the use of LVO.37 Finally, LVO 
provides greater visualization of structural abnormalities such as apical 
hypertrophy, noncompaction, ventricular thrombus, endomyocardial 
fibrosis, LV apical ballooning (Takotsubo), LV aneurysms or pseudoa-
neurysms, and myocardial rupture.27

Aortic Dissections
Echocardiographic contrast may be used to diagnose aortic dissections. 
Artifacts may be distinguished from true aortic dissection and artifact, 
by the homogenous distribution of contrast within the aortic lumen.27 
The intimal flap may be visualized, the entry and exit point may be iden-
tified, and the extension into major aortic branches may be more easily 
defined. The use of contrast further increases the successful  differentiation 
between the true and false lumen.

Doppler Enhancement
The administration of contrast will enhance the echocardiographic 
Doppler spectrum, where the signal is weak or suboptimal.38 The 
enhancement is particularly useful in the evaluation of aortic  stenosis 
(AS) but also may be used with transmitral evaluation, pulmonary 
venous flow determination, or regurgitant tricuspid valvular flow 
(Figure 12-12). Whereas the threshold for detecting contrast is sub-
stantially less for Doppler compared with 2D imaging, contrast agents 
usually are used initially for the latter application.

Myocardial Perfusion
The second-generation agents allow for perfusion of the myocardial 
microcirculation. This perfusion allows for assessment of perfusion 
patterns, coronary artery stenosis, and myocardium at risk during 
acute coronary syndromes.26 Currently, only Imagify has U.S. Food and 
Drug Administration approval for myocardial perfusion imaging.

Lindner et al39 described a method for the quantification of myocar-
dial blood flow using contrast echocardiography. If a contrast agent is 
administered at a steady rate, the blood concentration and myocardial 
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concentration of the contrast agent will equilibrate. If a single high-
amplitude (i.e., high mechanical index) ultrasound pulse is delivered 
to a myocardial ROI, the microbubbles will be destroyed; they will be 
replenished as the contrast-filled blood perfuses the myocardium. The 
rate of contrast replenishment in the myocardium is directly related 
to myocardial blood flow. Repeated ultrasound pulses are delivered at 
shorter frequencies until a maximum myocardial contrast-enhanced 
ultrasound signal is obtained. A time-myocardial contrast intensity 
curve is constructed. Myocardial-contrast echocardiographic-derived 
indications of myocardial perfusion rate have relatively good between-
study and between-reading reproducibility.40

If contrast echocardiography is used in conjunction with traditional 
echocardiography, different flow patterns can be described as out-
lined in Table 12-3. A fixed myocardial deficit may be diagnosed with 
a  perfusion deficit during rest and stress and with akinetic segments 
during both of these periods. An ischemic segment may be defined as a 
segment with normal perfusion and wall motion with rest, and a perfu-
sion deficit during stress that is accompanied by a regional wall motion 
abnormality (RWMA). Myocardial stunning may be diagnosed if nor-
mal perfusion is observed during rest in the presence of a hypokinetic 
rest wall motion, and hibernation may be diagnosed with rest hypop-
erfusion and with hypokinetic rest wall motion. The addition of myo-
cardial-contrast echocardiography (MCE) may increase the sensitivity, 
but not specificity, of dipyridamole-exercise echocardiography. Moir et 
al41 combined MCE with dipyridamole-exercise echocardiography in 85 
patients. They detected significant coronary artery stenosis in 43 patients 
involving 69 coronary areas. The addition of MCE improved sensitivity 

for the detection of CAD (91% vs. 74%; P = 0.02) and accurate recogni-
tion of disease extent (87% vs. 65% of territories; P = 0.003).

Measurements of myocardial blood flow by MCE are comparable 
with other techniques. Senior et al42 compared MCE and single- photon 
emission computerized tomography (SPECT) for the detection of cor-
onary artery disease (CAD) in 55 patients with a medium probabil-
ity of CAD. The sensitivity of MCE was significantly greater than that 
of SPECT for the detection of CAD (86% vs 43%; P < 0.0001); how-
ever, the specificities were not significantly different (88% and 93%; 
P = 0.52). In another investigation, quantitative real-time MCE with 
dipyridamole defined the presence and severity of CAD in a manner 
that compared favorably with quantitative SPECT.43

Microvascular perfusion is a prerequisite for ensuring viability early 
after acute myocardial infarction (AMI). For adequate assessment of 
myocardial perfusion, both myocardial blood volume and velocity need 
to be evaluated. Because of its high frame rate, low-power continuous 
MCE can assess both myocardial blood volume and velocity, allowing 
for assessment of microvascular perfusion.44 To differentiate necrotic 
from viable myocardium after reperfusion therapy, Janardhanan et al44 
examined 50 patients with low-power continuous MCE 7 to 10 days 
after acute myocardial perfusion. Myocardial perfusion by contrast 
opacification was assessed over 15 cardiac cycles after the destruction 
of microbubbles, and wall thickening was assessed at baseline. Regional 
and global LV function were reassessed after 12 weeks. Of the segments 
without contrast enhancements, 93% showed no recovery of function; 
in the segments with contrast opacification, 84% exhibited functional 
recovery. The greater the extent and intensity of contrast opacification, 
the better the LV function at 3 months (P < 0.001; r = −0.91). Almost 
all patients (94%) with less than 20% perfusion in dysfunctional myo-
cardium (assessing various cutoffs) failed to demonstrate an improve-
ment in LV function.

Janardhanan et al45 performed MCE in 70 patients with AMI 
after thrombolysis. Myocardial perfusion was examined in the aki-
netic areas in 20 patients with an occluded infarct-related artery 
that was subsequently revascularized. Contractile reserve was evalu-
ated in these segments 12 weeks after revascularization with dobu-
tamine–echocardiography. Of the 102 akinetic segments, 37 (36%) 
showed contractile reserve. Contractile reserve was present in 24 of 
the 29 segments (83%) with homogenous contrast opacification and 
absent in 60 of the 73 segments (82%) with reduced opacification. 
Quantitative measurements of myocardial blood flow were signifi-
cantly greater (P < 0.0001) in the segments with contractile reserve 
than in those without contractile reserve. MCE may, thus, be used as 
a reliable bedside technique for the accurate evaluation of collateral 
blood flow in the presence of an occluded infarct-related artery after 
AMI. MCE performed early after percutaneous coronary interven-
tions provides information on the extent of infarction, and hence the 
likelihood for recovery of contractile reserve. The presence of perfu-
sion before this intervention predicts the maintenance of perfusion 
and recovery of systolic function.46

MCE may be a useful tool in the detection of myocardial viability 
before coronary revascularization. In Korosoglou et al's47 study, con-
trast echocardiography was compared with low-dose dobutamine stress 
echocardiography and with combined technetium-99 sestamibi SPECT 
and fluorodeoxyglucose-18 positron emission tomography. Myocardial 
recovery was predicted by contrast echocardiography with a sensitivity 
of 86% and a specificity of 43%, by nuclear imaging with a sensitivity of 
90% and specificity of 44%, whereas DSE was similarly sensitive (83%) 
but more specific (76%). A combination of quantitative MCE and dobu-
tamine stress echocardiography provided the best diagnostic character-
istics, with a sensitivity of 96%, a specificity of 63%, and an accuracy 
of 83%. Fukuda et al48 performed myocardial contrast echocardiogra-
phy on 28 patients with chronic stable CAD and LV dysfunction before 
and after coronary revascularization. Of the 101 revascularized dysfunc-
tional segments, MCE was adequately visualized in 91 (90%) segments, 
and wall motion was recovered in 45 (49%) segments. Quantitative 
measurements of myocardial blood flow in the recovery segments were  

Figure 12-12 Doppler enhancement of aortic stenosis. Doppler 
spectrum through the left ventricular outflow tract in a patient 
with aortic stenosis is shown. The image on the left is without con-
trast, and the image on the right is after contrast enhancement. The 
contrast-enhanced image clearly demonstrates the high-velocity 
envelope consistent with aortic stenosis, which could not be visual-
ized without contrast. (Reproduced from Mulvagh SL, Rakowski H, 
Vannan MA, et al: American Society of Echocardiography Consensus 
Statement on the Clinical Applications of Ultrasonic Contrast Agents 
in Echocardiography. J Am Soc Echocardiogr 21:1179–1201, 2008, by 
permission.)

RWMA, regional wall motion abnormality.

Rest Perfusion Stress 
Perfusion

Rest Wall 
Motion

Stress Wall 
Motion

Fixed deficit Deficit Deficit Akinetic Akinetic
Ischemia Normal Deficit Normal RWMA
Stunning Normal RWMA
Hibernation Hypoperfusion Hypokinetic

Diagnosis of Fixed Myocardial Deficits, Ischemia, 
Stunning, and Hibernation Based on Perfusion 
and Wall Motion Findings

TABLE  
12-3
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significantly greater than that in nonrecovery segments. The investiga-
tors concluded that quantitative intravenous MCE can  predict func-
tional recovery after coronary revascularization.

ECHOCARDIOGRAPHIC SCANNERS
Basic Principles

The conversion of reflected ultrasound echoes into 2D video images 
is a complicated process involving numerous electronic and digital 
manipulations. A 2D echo image is generated by scanning the heart 
every 17 msec, or 60 times each second. The image generated from a 
single 1/60th–second scan is called a field. A process called interlac-
ing combines two scans or fields into a frame of 1/30th of a second. 
Because the eye cannot capture an image lasting 1/30th of a second, 
microprocessors further process the frame electronically in real time. 
The intrinsic persistence of the television screen enhances image qual-
ity, and the end result is a fairly smooth picture.

Resolution
An ultrasound image may be described by its axial, lateral, and eleva-
tional resolution (Box 12-4). Axial resolution is the minimum separa-
tion between two interfaces located in a direction parallel to the beam 
so that they can be imaged as two different interfaces. The most precise 
image resolution is along this axial plane. The higher the frequency of 
the ultrasound signal, the greater the axial resolution, because ultra-
sound waves of shorter wavelengths may be utilized. Shorter bursts of 
ultrasound waves (i.e., short pulse length) provide greater axial reso-
lution. Pulse length should be no more than two or three cycles. The 
range of frequencies contained within a given ultrasound transmis-
sion is referred to as the “frequency bandwidth.” Generally, the shorter 
the pulse of the ultrasound produced, the greater the frequency band-
width. Because of the relation between short pulse lengths and high 
bandwidths, high bandwidths are associated with better axial resolu-
tion. High transducer bandwidths also allow for better resolution of 
deeper structures.

Lateral resolution is the minimum separation of two interfaces 
aligned along a direction perpendicular to the ultrasound beam. The 
most important determinant of lateral resolution is the ultrasound 
beam width or ultrasound beam focusing; the narrower the beam, 
the better the lateral resolution. If a small object appears within the 
“near field,” it can be resolved laterally accurately; however, if it appears 
within the “far field” the size of this small object will appear to increase 
with the increase in the width of the ultrasound beam. This increase in 
size associated with object resolution in the far field results in blurring 
of deeper structures. Elevational resolution refers to the ability to deter-
mine differences in the thickness of the imaging plane. The thickness of 
the ultrasound beam is a major determinant of elevational resolution.

Preprocessing
Ultrasound echoes are received and converted to electronic signals 
by the transducer. On most modern echo scanners, the analog elec-
tronic signals undergo several modifications before being digitized and 

 eventually displayed as an image. Preprocessing describes the modifi-
cations performed on the analog and digital signal before storage.

Dynamic Range Manipulation
The intensity of echo signals spans a wide range from very weak to 
very strong. Very strong signals falling beyond the saturation level 
of the electronic circuitry and very weak signals below the sensitiv-
ity of the instrument are automatically eliminated. The dynamic 
range of the instrument is defined by the limits at which extremely 
strong or weak signals are eliminated; dynamic range is under oper-
ator control (Figure 12-13). In this manner, signals of low inten-
sity that contain little useful information, and mostly noise, can be 
selectively rejected.

A wide dynamic range is necessary for high resolution, whereas a nar-
row range facilitates the discrimination between true image signals and 
noise. In clinical echocardiography, strong signals that arise from dense 
tissues (e.g., cardiac valves) and weaker signals arising from soft tissues 
(e.g., myocardium) are of interest. To give the weaker signals a greater 
representation in the dynamic range, an amplifier converts the linear 
signal intensity scale into a logarithmic scale. Although this increases 
the number of weaker signals detected, it also, unfortunately, tends to 
amplify noise.

Gain, Attenuation, and Damping
The gain and attenuation controls of a scanner increase and decrease 
the intensity of all signals in a proportional manner. As a result, they 
change the number of detected echo signals by bringing them above 
or below the rejection threshold of the dynamic range. To address 
the potential loss of image quality caused by the display of the larger 
number of insignificant echoes obtained at high  settings, a “damp-
ing” adjustment exists. Damping does not modify the received sig-
nal directly, but it decreases the strength of the emitted ultrasound 
beam by limiting the duration of the pulses that form the beam. 
Because less power is sent toward the target, fewer noise signals are 
generated. Damping also enhances the image because it improves 
resolution by decreasing the number of cycles in each ultrasound 
pulse.
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Figure 12-13 Dynamic range of a representative echocardiographic 
display system. All ultrasound signals begin at zero signal level and can 
increase in amplitude until they reach the signal “saturation” level. Many of 
the low-intensity signals fall within the range of the background noise and 
are, therefore, obscured. All systems have a built-in system reject, which 
eliminates both the system noise and the low-intensity echoes that lie just 
above the noise level. The dynamic range of the system is between the 
noise reject level and the saturation level. Signals within the dynamic range 
appear on the image display. (From Thys DM, Hillel Z: How it works: Basic 
concepts in echocardiography. In Bruijn NP, Clements F [eds]: Intraoperative 
use of echocardiography. Philadelphia: JB Lippincott, 1991.)

BOX 12-4. OPTIMIZATION OF RESOLUTION
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Lateral Gain Control
A recent innovation allows the application of gain control to selected 
sectors of the ultrasound image. This feature appears particularly  useful 
for the enhancement of image strength of structures that are nearly par-
allel to the ultrasound beam (e.g., the septum and lateral wall on a short–
axis (SAX) view at the level of the papillary muscles; Figure 12-14).

Time-Gain Compensation
Because any wave traveling through tissues is attenuated proportion-
ally to the traveled distance, it is necessary to compensate for the fact 
that echoes returning from more distant objects will be weaker than 
those from equally dense objects closer to the transducer. A mecha-
nism called depth compensation or time-gain compensation (TGC) is 
used to achieve this. The manner in which time-gain compensation is 
obtained is illustrated in Figure 12-15. Time-gain compensation can be 
 manually or automatically controlled.

Leading-Edge Enhancement
Leading-edge enhancement, or differentiation, is another type of pre-
processing used to sharpen the ultrasound image. The reflected echo 
signal undergoes half–wave rectification and is smoothed into a sig-
nal envelope (Figure 12-16A, B). An amplifier then differentiates the 
leading edge of the smoothed signal envelope from its first mathemati-

cal derivative (see Figure 12-16C), and a narrower and brighter image 
spot is formed (see Figure 12-16D). Because a 2D image is composed 
of multiple radially juxtaposed scan lines, excessive edge enhance-
ment narrows bright spots in the direction of travel of the echo beam 
(i.e., axially but not laterally). For this reason, leading-edge enhance-
ment primarily is performed on M-mode scans, whereas instruments 
with 2D mode capability use little or no edge enhancement in the 2D 
mode. Therefore, M-mode images often have better resolution than 2D 
images and are better suited for quantitative measurements.

A

B

Figure 12-14 A, Standard two-dimensional short-axis view of the 
left ventricle at the level of the papillary muscles. Note that the image 
drops out in the septal and lateral walls (vertical portions of the wall). 
B, Identical view after application of lateral gain adjustments. The septal 
and lateral walls appear brighter and less dropout is seen.
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Figure 12-15 A, As an ultrasound beam is aimed across the heart, 
specular echoes are reflected at the right ventricular wall (a), the sep-
tum (b), and the left ventricular wall (c). B, The normal loss of echo 
strength is due to the decreasing intensity of the beam as it propagates 
through the heart. C, Time-gain compensation (TGC) allows the inten-
sity of the far-field signals to be increased selectively. (From Thys DM, 
Hillel Z: How it works: Basic concepts in echocardiography. In Bruijn NP, 
Clements F [eds]: Intraoperative use of echocardiography. Philadelphia: 
JB Lippincott, 1991.)
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Figure 12-16 Leading-edge enhancement techniques. A, Radio-
frequency (RF) type of echo display. B, This video represents the aver-
age height of the upper half of the RF signal. C, Differentiation is 
obtained by taking the first derivative of the video display. D and E, 
Intensity modulation represents the conversion of signal amplitude to 
intensity, changing the signal from a spike to a dot. (From Thys DM, 
Hillel Z: How it works: Basic concepts in echocardiography. In Bruijn NP, 
Clements F [eds]: Intraoperative use of echocardiography. Philadelphia: 
JB Lippincott, 1991.)
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Postprocessing
Digital Scan Conversion
After completing analog preprocessing, ultrasound devices digitize 
the image data with an analog-to-digital (A–D) converter (Figure 
12-17). Further processing is done while data are stored in the digital 
memory (input processing) or as they are received from the memory 
(output processing). An early step in digital processing uses a scan 
converter to transform the information obtained as radial sector 
scan lines into a rectangular (Cartesian) format for television screen 
display.

The memory stores the information of two adjacent scan fields 
 consisting of a total of 128 scan lines. Each scan line is assigned to 
one column of memory. There is also one row of memory for each 
of the 512 horizontal television image lines (raster lines). Therefore, 
a typical television display of an echo image consists of 128 columns 
by 512 rows for a total of 65,536 picture elements, or pixels. Although 
the monitor displays only 64 shades of gray for each pixel, the memory 
unit assigned to each pixel has the capacity to store 1024 degrees of 
brightness. Each pixel is assigned 10 binary bits of memory for a total 
of 210 (1024) possible storage combinations.

Temporal Processing
As digital data are entered into memory, they can undergo temporal 
averaging in one of two modes. In the variable persistence mode, infor-
mation from previous images is combined with current image data. 
A weighted average of the old and new data is then entered into mem-
ory as the new current data. A mechanism is built in to allow variable 
representation of old data into the new image. A different input– 
processing option calculates the arithmetic mean of the new data and 
up to nine frames of existing data.

Input processing mainly is used to improve the signal–to–noise 
ratio. In a 2D echo image, a lower signal-to-noise ratio means a less 
granular appearance (the result of microscopic scatter) and less echo 
dropout (the result of very weak signals that are difficult to detect on 
the screen). Time averaging is most useful for enhancing slowly vary-
ing images.

Histogram Equalization
The video image is generated from data retrieved from memory via 
the scan converter. During retrieval, data can be subjected to histo-
gram equalization. This process redistributes the gray level assignment 
of each pixel according to the relative frequency of occurrence of the 
gray level in the entire image in an equalitarian manner. All levels of 
gray receive some representation even though the original image may 
have been formed from only a limited range of grays.

Grayscale Processing
Each unit of memory assigned to a pixel can store 1 to 24 values of 
echo intensity, whereas the pixel itself can display only 64 shades of 
gray; thus, each gray level represents multiple echo intensities. The 
gray level reassignment is done by transfer functions of variable 
shapes, slopes, and end points. An inverting transfer function allows 
the M-mode  display to exist as a dark background with white lines or 
as a light background with dark lines. Grayscale processing greatly 
affects image quality.

Image Storage
All modern echo scanners allow the operator to store or “freeze” a sin-
gle echo image on the display screen. This allows the scrutiny of any 
unusual transient anatomic or physiologic observations. Once frozen, 
an image also can be subjected to some simple quantitative measure-
ments. With the continuous motion of the cardiac structures, it is often 
difficult, however, to capture the exact frame that is to be analyzed. For 
this reason, techniques to acquire several consecutive frames have been 
developed.

Cine Memory
When activated, this mode captures a sequence of several echo images in 
digital memory. Because of the digital storage technique, the quality of 
the stored images is high. They can be displayed again in several different 
ways. In one method, the frames are displayed one by one as the opera-
tor manually controls the transition from one frame to the next using a 
trackball. Any amount of time can be spent on a single frame. The images 
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Figure 12-17 Schematic of a mod-
ern ultrasound scanner. Arrows 
indicate the directions for the flow 
of information or electronic power. 
Amp, electronic amplifier; ECG, elec-
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also can be replayed continuously in repeated  endless-loop fashion, at the 
same speed as the original recording speed or at a  different speed.

Videotape
The video recorder is a commonly used long-term, mass-storage 
medium in echocardiography. Most echo scanners are equipped with 
1/2-inch VHS, “super” VHS, or 3/4-inch videocassette recorders (VCRs). 
Their advantages include low cost and their ability to record multiple 
cardiac cycles, facilitating the creation of 3D images in the reviewer's 
mind.49 Because VCRs store images in analog format, the quality of vid-
eotaped images currently is inferior to the real-time display, the digital 
cine memory replay, or digital storage. In the United States, videotape 
records images using NTSC (National Television Standards Committee) 
format. When videotape is used, resolution is limited by this NTSC for-
mat, which is not lost with digital storage.49 Other disadvantages are the 
inability to randomly access parts of the current examination or previ-
ous examinations, difficulty sharing examinations with colleagues, as 
well as the degradation of videotape quality over time.49

Digital Storage
Digital image storage rapidly is becoming an alternative to videotape 
storage. Although the digital storage of echocardiographic images has 
increased the complexity of study storage, the American Society of 
Echocardiography (ASE) and others have suggested that digital storage 
has advantages over other modalities (Table 12-4).50,51 These advan-
tages include:
 1. More efficient reading. With the use of VCR tapes, the echocar-

diographer needs to review the entire 10 to 30 minutes of the 
study, which includes both important and redundant informa-
tion. Using digital storage, the echocardiographer can direct his 
or her attention to specific clips, data may accessed randomly, and 
the noncontributory segments of the study need not be viewed.

 2. Because the studies are stored on a central server, the echocar-
diographer may read studies at any location that contains a 
workstation. When the storage system is properly configured, 
studies may be read on campus via institutional intranet con-
nections or may even be read off site.

 3. Because of study centralization indexing and archiving in digi-
tal storage systems, previous studies may be rapidly accessed for 
comparison with a current study. The need to rummage through 
racks of old videotapes and search for a specific study is elimi-
nated. This centralization of studies decreases the inefficient use 
of clinical staff time retrieving and loading physical media such 
as VCR tapes or digital media. Because these older studies are 
more easily available, there is a decrease in unnecessary duplica-
tion of procedures and more optimal patient care.

 4. Because the Digital Imaging and Communications in Medicine 
(DICOM) file header contains information about the  acquisition 
of the study, spatial, temporal, and velocity calibration are 
included with each image, and quantification may be rap-
idly accomplished within the analysis program without special 
tools.

 5. More convenient communication with the referring physician 
may be facilitated because the study images may be included eas-
ily with the report.

 6. The standard resolution of VHS images is equivalent to 480 × 
320 pixels, whereas the standard resolution of sVHS is equiva-
lent to 560 × 480 pixels. Digital images provide a resolution of 
640 × 480 pixels or higher, which are exactly as they are recorded 
by the ultrasound machine. There is no degradation in the trans-
fer of images from the ultrasound machine to the digital storage 
systems, as will occur with videotape transfer.

 7. Over time, videotape degrades. There is magnetic realignment of 
the VCR tape with resultant degradation of image quality. Digital 
echocardiographic storage provides a more stable image quality.

 8. The physical storage of VCR tapes requires significant space, which 
is usually a premium in either a hospital or office environment.

 9. The echocardiographic reports may be incorporated within the 
hospital's electronic medical record.

 10. Because the highest quality images are available, more robust 
research may be performed. Communication with core labora-
tories is simplified.

 11. A clinical quality-assurance program may be easily implemented, 
whereby echocardiograms can be re-reviewed randomly on a 
regular basis. If consultation is necessary, sharing studies with 
colleagues both within and outside of the institution can be  
easily accomplished over digital networks.

 12. Because physicians may be directed to the important aspects of 
the echocardiographic examination, there are improved accu-
racy and reproducibility of echocardiographic examinations.

 13. Because moving images can be easily incorporated into presen-
tations, there is greater facilitation of medical education.

 14. Because studies may be easily and reliably retrieved, medicolegal 
risk is reduced.

The increased efficiency of digital reading of echocardiographic 
studies has been demonstrated by Mathewson et al,52 who timed study 
acquisition and analysis during approximately 750 pediatric echocar-
diograms. As a group, the digitally captured images contained more 
hemodynamic measurements and hence required more time for acqui-
sition. The average times for study acquisition were 26.0 ± 8.9 minutes 
for videotape and 28.4 ± 11.5 minutes for the single-beat digital method. 
In contrast, interpretation of these studies was more rapid using digital 
methods, with an average interpretation time of 6.5 ± 3.7 minutes for 
the videotape compared with 4.6 ± 3.9 minutes for the digital method.

Image Terminology
Image Creation
A single static echocardiographic image is rendered by a number of 
dots or pixels on a screen. The image resolution is defined by the num-
ber of columns and rows of pixels displayed, which are typically 640 
and 480, respectively, for medical ultrasound. Each pixel of the image 
is described by its red, green, and blue component, which are repre-
sented by three bytes of data; each of these bytes contains a number 
from 0 to 255, which represents the level of the pixels' primary colors. 
If there are 256 possible levels for each of these three primary colors, a 
total of 16.8 million colors (2563) may be represented. A video clip con-
sists of a series of sequentially displayed static images. Most echocar-
diographic video clips have approximately 30 frames per second. If no 
methods of compression are used, the storage requirements for digital 
storage of echocardiographic clips become huge. A single image would 
require 921,600 bytes of data (640 columns × 480 rows × 3 bytes per 
pixel). If a 30-frame/sec temporal resolution is used, an uncompressed 
10- minute examination would require 16,588,800,000 bytes or 15.4 
gigabytes (GB) of storage.

Advantages of Digital Echocardiographic Storage50,51

 1. More efficient reading
 2. The ability to read studies in a variety of locations
 3. Easy comparison with previous studies
 4. Easier quantification
 5. Ability to include images with reports to referring physicians
 6. Higher image quality
 7. No image degradation over time
 8. Integration of the images and reports within the hospital's electronic  

medical record
 9. More robust research
 10. Easy implementation of a clinical performance improvement program
 11. Improved accuracy and reproducibility overall
 12. Greater facilitation of medical education
 13. Decreases in medicolegal risk

TABLE  
12-4

Adapted from Thomas JD, Adams DB, Devries S, et al: Digital Echocardiography 
Committee of the American Society of Echocardiography. Guidelines and 
Recommendations for Digital Echocardiography: A report from the Digital 
Echocardiography Committee of the American Society of Echocardiography, J Am Soc 
Echocardiogr 18:287–297, 2005.

Thomas JD, Greenberg NL, Garcia MJ: Digital Echocardiography 2002: Now is the time, 
J Am Soc Echocardiogr 15:831–838, 2002.
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Clinical Compression
Because of these space requirements, clinical examinations must be 
subject to compression. There are two major categories of compres-
sion: clinical and digital. During the performance of echocardio-
graphic examinations, many cardiac cycles may be obtained during 
image acquisition. During standard analog storage of examinations 
using VCR technologies, the tape is allowed to run continuously, cap-
turing the entire examination. With clinical compression, short clips 
are stored to represent each relevant echocardiographic view. Typically, 
either several seconds or several cardiac cycles are recorded, which may 
be played back in a loop when displayed for interpretation.

Does clinical compression affect the interpretation of echocardio-
graphic examinations? Haluska et al53 reported high concordance 
between video and digital echocardiographic interpretations of adult 
echocardiographic examinations. Most observed discordances were 
minor, with lesser values being reported with the digital method. For 
example, degrees of mitral regurgitation were reported to be milder 
by digital compared with video presentation. Most major discordances 
were cases of assessment of aortic and MV thickening and the degree of 
mitral regurgitation; the authors hypothesized that the major discor-
dances were caused by undersampling and not image quality. The rou-
tine acquisition of longer video clips may not necessarily increase the 
accuracy of digital echocardiogram readings. Shah et al54 evaluated 102 
patients with regurgitant valvular disease, recording findings on video-
tape, as well as digitally, using one, two, and three cardiac cycles. They 
observed substantial agreement when the video and one-cycle digital 
presentations were compared. There were no increases in agreement 
when two or three cardiac cycles were presented digitally.

Digital Compression
There are two basic types of digital image compression: lossless and 
lossy. Lossless compression reduces the file size by replacing identical 
values in a given image data set with the single value and the number 
of repetitions. This type of digital compression allows for exact recon-
struction of the data set and does not result in a loss of data. Because 
there is no data loss, there is no degradation of image quality. The 
 creation of a lossless data set requires substantial processing power 
and may affect the speed of file manipulations. Lossless compression 
may allow for a threefold reduction in file size. In contrast, lossy com-
pression reduces image size by permanently eliminating nonessential 
image information. Although the goal of lossy compression is image 
compression without the loss of image quality, excessive lossy com-
pression may result in degradation of image quality. Lossy compres-
sion may provide a 20-fold reduction in image size.

In a comparison of quantitative measurements of sVHS- and digital 
MPEG-1–derived images, Garcia et al55 demonstrated excellent agree-
ment between linear, area, and Doppler measurements. The MPEG-1 
measurements were reproducible and provided a higher quality com-
pared with the sVHS images. Other studies have confirmed the diag-
nostic quality of images subjected to MPEG-1 compression.56,57 Harris 
et al58 compared the image quality of sVHS recording with MPEG-2 
compressions, analyzing 80 matched examination interpretations 
among four echocardiographers. They reported an overall concordance 
rate of 94%. Most of the reported discrepancies (4% total) were minor. 
They concluded that MPEG-2 compression offers excellent concor-
dance with sVHS image review. Similar high-quality compression may 
be seen with newer compression schemes such as MPEG-4.59

Digital Imaging and Communications in Medicine Standard
With the increased use of medical imaging, standardized formats for 
image storage were developed to allow for uniform acquisition, stor-
age, and distribution of examinations. In 1983, the American College 
of Radiology and the National Electrical Manufacturers Association 
formed a joint committee to create a standard format for storing and 
transmitting these medical images, which was published in 1985. This 
original protocol was limited to single-frame grayscale images and 
required highly specific nonstandard hardware for information trans-
fer and storage. Images were stored in a proprietary format, so image 

viewing was difficult. Subsequently, this format has been further devel-
oped and renamed DICOM.60 Its current version may be found on the 
National Electrical Manufacturers Association website (ftp://medical.
nema.org/medical/dicom/2008/08_01pu.pdf); version 3.0 currently is 
being used.

Each DICOM file has both header and image data. The header data 
may contain a variety of patient demographic information, acquisi-
tion parameters, and image dimensions. Informational object defini-
tions specify the source of the data, which supply the rules determining 
which data elements are required and which are optional, and they 
define the valid methods of data manipulation. In the case of echocar-
diography, 2D, color, and Doppler echocardiographic techniques are 
all supported. Calibration information for linear, temporal, and veloc-
ity data are available. Information may be exchanged using a variety 
of methods.

Image Acquisition, Transmission, Analysis, and Storage
Image Acquisition
Most modern ultrasonography machines have the ability to store elec-
tronic studies in a DICOM-compatible format for transmission to 
the PACS (Picture Archiving and Communication System), as well as 
modality worklist capability. This modality worklist capability enables 
a piece of imaging equipment to obtain details of patients and sched-
uled examinations electronically from the DICOM worklist server. 
Because of the need for image transmission, each ultrasound machine 
must be properly configured before its introduction into clinical ser-
vice. The machine must be assigned an appropriate Application Entry 
(AE) Title and IP address, which will uniquely identify the machine to 
the network. The IP address of the gateway through which the machine 
is expected to communicate must be entered, as well as the IP addresses 
of both the PACS and DICOM worklist servers.

Before performing an examination, the patient must be properly 
identified. If a modality worklist capability is present on the ultrasound 
machine, the patient information already will have been prepopulated 
on the ultrasound machine. The minimum examination should con-
sist of all 20 ASE/SCA (Society of Cardiovascular Anesthesiologists) 
recommended standard multiplane TEE views with the appropriate 
Doppler and color-Doppler spectra.61 Most of these views are saved 
as clips, and the Doppler images are saved as static images. Calibration 
information for off-line analysis (such as length, time, and velocity) is 
automatically stored. Because ECG monitoring should be used, clips 
of a fixed number of cardiac cycles may be specified and automatically 
saved. Because electrocautery artifacts may interfere with cycle deter-
mination, an alternative fixed time (e.g., 1 to 2 seconds) may be speci-
fied. Although dependent on the number and duration of clips and 
images stored, the usual echocardiographic examination is between 50 
and 100 MB. After conclusion of the study, all examination informa-
tion may be sent via the LAN (local area network) to the PACS server.

Study Transmission
Normally, echocardiographic studies are initially stored on the internal 
hard drive of the ultrasound machine. These studies will normally be 
retained until deleted by the end-user. Because studies stored on these 
machines are not accessible via a global PACS, these studies must be trans-
ferred centrally. Although studies may be copied onto removable media, 
such as DVDs, CDs, USB devices, or magneto- optical devices, and manu-
ally transferred to a server (“sneaker- netted”), transmission via a LAN is 
most efficient.

LAN transmission speed will limit the speed of information exchange. 
Whereas older LANs may provide 10 megabits per second (Mbps) 
connectivity, a minimum of 100 Mbps is usually necessary between 
the ultrasound machines and the PACS server. A connection speed of 
100 Mbps to 1 gigabit per second (Gbps) may be necessary to connect 
the PACS station to the review stations. In addition to transmission 
speed, network architecture (interconnectivity of gateways, bridges, 
switches, and servers) has an important role in the performance of a 
network. Most ultrasound devices will support a network switch with 
autonegotiate features, allowing for rapid transmission of information. 

http://ftp://medical.nema.org/medical/dicom/2008/08_01pu.pdf
http://ftp://medical.nema.org/medical/dicom/2008/08_01pu.pdf
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Some older devices may support only lower speeds of communications 
and/or less efficient duplex modes and may not function properly with 
a switch set for autonegotiate functionality. Several network connec-
tions may need to be left at a fixed setting to allow communication with 
these older devices.

Image Storage: PACS Server
After creation of a study entry by the DICOM worklist server, an acqui-
sition number is assigned by the worklist server. As discussed earlier, 
this information is sent to the ultrasound machine but also may be sent 
to the PACS server. The important demographic information is stored, 
as well as the details of the expected echocardiographic examination. 
When the study has been completed, the study is sent from the ultra-
sound machine to the PACS server. Typically, the study will be stored on 
the PACS server for a short period (days) before it is sent to longer-term 
storage. In many cases, these data also will be mirrored to an  off-site 
disaster recovery server and storage as well. The more recent studies 
(typically 6 months to a few years) usually are stored on redundant 
arrays of independent disks (RAID) for rapid retrieval of data, whereas 
the older studies (more than a few years) may be stored on cheaper, 
slower media such as DVDs, digital linear tape (DLT), or advanced intel-
ligent tape (AIT). With the decreasing price of RAID storage, a greater 
number of studies may be stored on this fast-access medium.

Study Distribution and Analysis
Dedicated Workstations. The need for study analysis is heavily 
dependent on physician work flow. In the typical cardiac anesthesia 
practice, most studies will be performed, interpreted, and reported by 
the physician at the time of the examination. In contrast, most out-
patient echocardiographic studies are done by a technician and sent 
to digital storage. They are then later recalled by the cardiologist for 
review, analysis, interpretation, and report generation. Nonetheless, 
most digital storage solutions will provide dedicated workstations for 
image review, analysis, and report-generation capability, and anesthe-
sia providers have the option to utilize these resources. Typically, these 
workstations will have fast connections with the PACS server, allowing 
for rapid transmission of a particular study to a workstation for analy-
sis. Multiple studies usually may be displayed for comparison. Image 
configurations may be adjusted by the user, and further  off-line image 
adjustments (such as brightness and contrast) usually can be made. 
Clip playback speeds can be easily controlled, including the ability to 
start/stop and step through a study. Because calibration information 
has been incorporated into the study, off-line calculations may be per-
formed. Images or clips can be selected for exportation as standard 
image or video files for incorporation into teaching material. Reporting 
software may be offered as an option for these image analysis work-
stations. Measurements and qualitative descriptions may be entered 
for generation of a study report, as well as population of a Structured 
Query Language (SQL) database, which may be used for performance 
improvement or research.

Off-site Distribution. Echocardiographic images may be distrib-
uted off site as well. It usually is most efficient to mirror the recently 
obtained studies on a separate server to handle all off-site distribution 
of studies (Web server). The distribution of studies is limited by two 
basic constraints: security and communication. Most off-site distribu-
tion of medical images utilizes an Internet browser application to both 
retrieve studies from the PACS and display these studies for the user. 
An open-access system through the public Internet may present chal-
lenges vis-à-vis the Health Insurance Portability and Accountability 
Act of 1996 (HIPAA) Privacy Rule. Security of this medical informa-
tion must be assured. This security may be assured via either a login 
system allowing for auditing of access to patient information or via 
a virtual personal network (VPN), which is a method of providing 
remote access to an institutional LAN.

As discussed earlier, individual studies may be 50 to 100 MB in size. If 
high-speed network connectivity is available (such as 1 Gbps), a 50-MB 
study may be transmitted to a workstation in less than 1 second (Table 
12-5). This high-speed connectivity is, however, not usually available 

to a user outside of the institutional LAN. If studies are to be accessed 
outside of an institution, the Internet must be used to download and 
view these studies; transmission speed may limit the speed of study 
display. An old-technology dial-up modem may require almost 4 hours 
to download a 50-MB study, whereas a 1.54-Mbps T1 line may require 
approximately 5 minutes. Because of these transmission speed issues, 
studies must be compressed before off-site study transmission. It is 
most common to use one of the lossy compression routines. Although 
there is generally some image degradation, image quality still may be 
reasonable for some diagnostic work. Because these compression rou-
tines are used and the actual DICOM image file is not sent, calibration 
information is lost; thus, off-line image measurements and calculation 
may be problematic.

EQUIPMENT
Because fat, bone, and air-containing lung interfere with sound-wave 
penetration, clear transthoracic echocardiogram views are particularly 
difficult to obtain in patients with obesity, emphysema, or abnormal 
chest wall anatomy. TEE transducers were developed to avoid these 
problems. Sound waves emitted from an esophageal transducer have to 
pass through only the esophageal wall and the pericardium to reach the 
heart, improving image quality and increasing the number of echocar-
diographic windows. Other advantages of TEE include the stability of 
the transducer position and the possibility of obtaining continuous 
recordings of cardiac activity for extended periods.

The first TEE examination was performed in 1975. The probe used 
allowed only M-mode imaging and had limited control of direction. 
Two-dimensional TEE was first performed with a mechanical sys-
tem.62 The system consisted of a vertical and a horizontal mechanical 
scanner connected to a 3.5-MHz ultrasonic transducer contained in a  
12 20 6-mm oil bag. The transducers were rotated by a single-phase 
commutator motor via flexible shafts. Subsequently, phased-array 
transducers were mounted into gastroscope housings.63,64 With their 
greater flexibility and control, these probes allowed 2D scanning of the 
heart through many planes, and the probes became the prototypes of 
the currently used models (see Chapter 11).

All TEE probes share several common features. All of the currently 
available probes use a multifrequency transducer that is mounted on 
the tip of a gastroscope housing. The majority of the echocardio-
graphic examination is performed using ultrasound between 3.5 and 
7 MHz. The tip can be directed by the adjustment of knobs placed at 
the proximal handle. In most adult probes, there are two knobs; one 
allows anterior and posterior movement, and the other permits side-
to-side motion. Multiplane probes also include a control to rotate 
the echocardiographic array from 0 to 180 degrees. Thus, in com-
bination with the ability to advance and withdraw the probe and 
to rotate it, many echocardiographic windows are possible. Another 
feature common to most probes is the inclusion of a temperature 
sensor to warn of possible heat injury from the transducer to the 
esophagus.

Transmission Time Requirement for a 50-MB Study

Speed of Connectivity Study Download Time

28.8 kbps modem 3.9 hours
112 kbps ISDN 1 hour
768 kbps DSL or cable modem 8.6 minutes
1.54 Mbps T1 line 4.4 minutes
10 Mbps Ethernet 40 seconds
100 Mbps Ethernet 4 seconds
1 Gbps Ethernet 0.4 second

TABLE  
12-5

Adapted from Thomas JD, Adams DB, Devries S, et al: Digital Echocardiography Committee 
of the American Society of Echocardiography. Guidelines and Recommendations for 
Digital Echocardiography. A Report from the Digital Echocardiography Committee of 
the American Society of Echocardiography. J Am Soc Echocardiogr 18:287–297, 2005.
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Currently, most adult echocardiographic probes are multiplane 
(variable orientation of the scanning plane), whereas pediatric probes 
are either multiplane or biplane (transverse and longitudinal orienta-
tion: parallel to the shaft). The adult probes usually have a shaft length 
of 100 cm and are between 9 and 12 mm in diameter. The tips of the 
probes vary slightly in shape and size but are generally 1 to 2 mm wider 
than the shaft. The size of these probes requires the patient to weigh 
at least 20 kg. Depending on the manufacturer, the adult probes con-
tain between 32 and 64 elements per scanning orientation. In general, 
the image quality is directly related to the number of elements used. 
The pediatric probes are mounted on a narrower, shorter shaft with 
smaller transducers. These probes may be used in patients as small as 
1 kg. Because of size limitations, these probes may not possess a lateral 
control knob. The question has been asked, Why not use the pediatric 
probe on all patients to decrease the risk for esophageal injury? The 
answer is that the smaller probes provide less diagnostic information. 
The number of elements is reduced, the aperture is smaller, there is less 
control of the tip, and the smaller transducer tip does not usually make 
good contact in the adult esophagus. These factors combine to signifi-
cantly reduce image quality.

An important feature that is often available is the ability to alter the 
scanning frequency. A lower frequency, such as 3.5 MHz, has greater 
penetration and is more suited for the transgastric (TG) view. It also 
increases the Doppler velocity limits. Conversely, the higher frequen-
cies yield better resolution for detailed imaging. One of the limitations 
of TEE is that structures very close to the probe are seen only in a very 
narrow sector. Newer probes also may allow a broader near-field view. 
Finally, newer probes possess the ability to scan simultaneously in more 
than one plane.

COMPLICATIONS
Complications resulting from intraoperative TEE can be separated into 
two groups: injury from direct trauma to the airway and esophagus and 
indirect effects of TEE (Box 12-5). In the first group, potential compli-
cations include esophageal bleeding, burning, tearing, dysphagia, and 
laryngeal discomfort. Many of these complications could result from 
pressure exerted by the tip of the probe on the esophagus and the air-
way. Although in most patients even maximal flexion of the probe will 
not result in pressure greater than 17 mm Hg, occasionally, even in 
the absence of esophageal disease, pressures greater than 60 mm Hg 
will result.65 To look more closely at the effects on the esophagus, ani-
mal autopsy studies have been performed. In dogs as small as 5 kg on 
cardiopulmonary bypass (CPB) with full heparinization, no evidence 
of macroscopic or microscopic injury to the esophageal mucosa after 
6 hours of maximally flexed probe positioning was noted.66

Further confirmation of the low incidence of esophageal injury 
from TEE is apparent in the few case reports of complications. In a 
study of 10,000 TEE examinations, there was one case of hypopharyn-
geal perforation (0.01%), two cases of cervical esophageal perforation 
(0.02%), and no cases of gastric perforation (0%).67 Kallmeyer et al68 

reported overall incidences of TEE-associated morbidity and mortality 
of 0.2% and 0%, respectively. The most common TEE-associated com-
plication was severe odynophagia, which occurred in 0.1% of the study 
population, dental injury (0.03%), endotracheal tube malpositioning 
(0.03%), upper gastrointestinal hemorrhage (0.03%), and esophageal 
perforation (0.01%). Piercy et al69 reported a gastrointestinal compli-
cation rate of approximately 0.1%, with a great frequency of injuries 
among patients older than 70 and women. If resistance is met while 
advancing the probe, the procedure should be aborted to avoid these 
potentially lethal complications.

Another possible complication of esophageal trauma is bacteremia. 
Studies have shown that the incidence rate of positive blood cultures in 
patients undergoing upper gastrointestinal endoscopy is 4% to 13%,70,71 
and that in patients undergoing TEE is 0% to 17%.72–74 Even though 
bacteremia may occur, it does not always cause endocarditis. Antibiotic 
prophylaxis in accordance with the American Heart Association (AHA) 
guidelines is not routinely recommended but is optional in patients 
with prosthetic or abnormal valves, or who are otherwise at high risk 
for endocarditis.75

In one of the earliest studies using TEE, transient vocal cord paral-
ysis was reported in two patients undergoing neurosurgery in the 
 sitting position with the head maximally flexed and the presence of 
an armored endotracheal tube.76 This complication was believed to be 
due to the pressure the TEE probe exerted against the larynx. Since this 
initial report, no further problems of this kind have been reported with 
the use of the newer equipment.

The second group of complications that result from TEE includes 
hemodynamic and pulmonary effects of airway manipulation and, 
particularly for new TEE operators, distraction from patient care. 
Fortunately, in the anesthetized patient, there are rarely hemodynamic 
consequences to esophageal placement of the probe, and no studies 
specifically address this question. More important for the anesthesiolo-
gist are the problems of distraction from patient care. Although these 
reports have not appeared in the literature, the authors have heard of 
several endotracheal tube disconnections that went unnoticed to the 
point of desaturation during TEE examination. In addition, there have 
been instances in which severe hemodynamic abnormalities have been 
missed because of fascination with the images or the controls of the 
echocardiograph machine. Clearly, new echo operators should enlist 
the assistance of an associate to watch the patient during the examina-
tion. This second anesthesiologist will become unnecessary after suf-
ficient experience is gained. It also is important to be sure that all the 
respiratory and hemodynamic alarms are activated during the exami-
nation. One report that did appear in the literature was that, during 
TEE, an esophageal stethoscope was inadvertently pushed into the 
patient's stomach and was noticed to be missing only when the patient 
developed a small bowel obstruction.77 There have been instances in 
which severe hemodynamic and ventilatory abnormalities have been 
missed because of fascination with the images or the controls of the 
echocardiograph machine.

Safety Guidelines and Contraindications
To ensure the continued safety of TEE, the following recommendations 
have been made: The probe should be inspected before each insertion 
for cleanliness and structural integrity. If possible, the electrical isola-
tion also should be checked. The probe should be inserted gently, and 
if resistance is met, the procedure aborted. Minimal transducer energy 
should be used and the image frozen when not in use. Finally, when not 
imaging, the probe should be left in the neutral, unlocked position to 
avoid prolonged pressure on the esophageal mucosa.

Absolute contraindications to TEE in intubated patients include 
esophageal stricture, diverticula, tumor, recent suture lines, and known 
esophageal interruption. Relative contraindications include symptom-
atic hiatal hernia, esophagitis, coagulopathy, esophageal varices, and 
unexplained upper gastrointestinal bleeding. Notably, despite these 
relative contraindications, TEE has been used in patients undergoing 
hepatic transplantation without reported sequelae.78,79

BOX 12-5. COMPLICATIONS FROM 
INTRAOPERATIVE TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY
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CREDENTIALING
This is an era in medicine in which the observance of guidelines for 
training, credentialing, certifying, and recertifying medical profes-
sionals has become increasingly common. Although there have been 
warnings80 and objections81 to anesthesiologists making diagnoses and 
aiding in surgical decision making, there is no inherent reason that an 
anesthesiologist cannot provide this valuable service to the patient. The 
key factors are proper training, extensive experience with TEE, and 
available backup by a recognized echocardiographer (see Chapter 41).

In 1990, a task force from the American College of Physicians, the 
American College of Cardiology (ACC), and the American Heart 
Association created initial general guidelines for echocardiography.82 
The ASE also provided recommendations for general training in 
echocardiography and has introduced a self-assessment test for mea-
suring proficiency. These organizations recommended the establish-
ment of three levels of performance with a minimum number of cases 
for each level: level 1, introduction and an understanding of the indica-
tions (120 2D and 60 Doppler cases); level 2, independent  performance 
and interpretation (240 2D and 180 Doppler cases); and level 3, lab-
oratory direction and training (590 2D and 530 Doppler cases).81,83 
However, these guidelines are limited because they are not based on 
objective data or achievement. Furthermore, because different indi-
viduals learn at different rates, meeting these guidelines does not 
ensure competence, nor does failure to meet these guidelines  preclude 
competence.

Proficiency in echocardiography can be achieved more efficiently 
in a limited setting (i.e., the perioperative period) with fewer clini-
cal applications (e.g., interpreting wall motion, global function, and 
mitral regurgitation severity) than in a setting that introduces every 
aspect of echocardiography. The American Society of Anesthesiologists 
(ASA) and the SCA have worked together to create a document on 
practice parameters for perioperative TEE.84,85 The SCA then created 
a Task Force on Certification for Perioperative TEE to develop a pro-
cess that acknowledged basic competence and offered the opportunity 
to demonstrate advanced competence as outlined by the SCA/ASA 
practice parameters. This process resulted in the development of the 
Examination of Special Competence in Perioperative Transesophageal 
Echocardiography (PTEeXAM). In 1998, the National Board of 
Echocardiography was formed. Currently, board certification in peri-
operative TEE may be granted by meeting the following require-
ments: (1) the holding of a valid license to practice medicine, (2) board 
 certification in an approved medical specialty (e.g., anesthesiology), 
(3) training and/or experience in the perioperative care of surgical 
patients with cardiovascular disease, (4) the study of 300 echocardio-
graphic examinations, and (5) the passing of the PTEeXAM (see the 
National Board of Echocardiography website for more information:  
http://www.echoboards.org/content/advanced-PTEexam-certification).

TRAINING/QUALITY ASSURANCE
TEE training should begin with a dedicated training period. This is most 
easily accomplished during a cardiac anesthesia fellowship but can be 
done by postgraduate physicians as well. The subject can be approached 
through a combination of tutorials, scientific review courses, self–
instruction with teaching tapes, interactive learning  programs, and 
participation in echo reading sessions.86,87 Frequently, a symbiotic 
relationship with the cardiology division can be established in which 
anesthesiologists can teach the fundamentals of airway management, 
operating room physiology, and the use of local anesthetics while learn-
ing the principles of echocardiography from the cardiologists.

Quality assurance is another area for which no specific guidelines 
currently exist for TEE. One model for quality assurance was pro-
posed by Rafferty et al.88 At the very least, each echocardiogram should 
be recorded in a standardized fashion and accompanied by a written 
report for inclusion in the patient's chart. Images also may be copied 
and included in the chart. Careful records of any complications should 

be maintained. To ensure that the proper images are being obtained 
and that the interpretations are correct, the studies should be peri-
odically reviewed. This is another area in which the relation between 
 cardiology and anesthesiology can be productive.

PRACTICE PARAMETERS
An updated report by the American Society of Anesthesiologists 
and the Society of Cardiovascular Anesthesiologists Task Force on 
Transesophageal Echocardiography was published in 2010.85 This doc-
ument updated the 1996 published guidelines for the perioperative 
use of TEE.84 The major change that these guidelines recommend is 
that perioperative TEE should be utilized in all adult patients, with-
out contraindications for TEE, presenting for cardiac or thoracic aortic 
procedures. A complete TEE examination should be performed in all 
patients with the following intent: (1) confirm and refine the preopera-
tive diagnosis, (2) detect new or unsuspected pathology, (3) adjust the 
anesthetic and surgical plan accordingly, and (4) assess results of the 
surgical intervention.

For patients presenting to the catheterization laboratory, the use of 
TEE may be beneficial. Especially in the setting of catheter-based valve 
replacement and repair and transcatheter intracardiac procedures, 
both consultants and ASA members agree that TEE should be used. 
In the setting of noncardiac surgery, TEE may be beneficial in patients 
with known or suspected cardiovascular pathology, which potentially 
could lead to severe hemodynamic, pulmonary, or neurologic com-
promise. In life-threatening situations of circulatory instability, TEE 
remains indicated. A similar viewpoint is taken by the consultants and 
ASA members in regards to critically ill patients. TEE should be used to 
obtain diagnostic information that is expected to alter management in 
the ICU, especially when the quality of transthoracic images is poor or 
other diagnostic modalities are not obtainable in a timely manner.

Minhaj et al's89 study found that in 30% of patients, the routine 
use of TEE during cardiac surgery revealed a previously undiagnosed 
 cardiac pathology leading to change in surgical management in 25% 
of patients studied. Eltzschig et al90 were able to confirm these findings 
in a much larger cohort, showing that the perioperative use of TEE 
may improve outcome. This group reported that 7% of 12,566 consec-
utive TEE examinations directly influenced surgical decision making. 
Combined procedures (CABG, valve) were most commonly influenced 
by perioperative TEE. In 0.05%, the surgical procedure was actually 
canceled as a direct result of the intraoperative TEE examination.

It is important to recognize that practice guidelines are system-
atically developed recommendations that assist the practitioner and 
patient in making decisions about health care. These recommenda-
tions may be adopted, modified, or rejected according to clinical needs 
and constraints. Practice guidelines are not intended as standards or 
absolute requirements, and their use cannot guarantee any specific 
outcome. Practice guidelines are subject to revisions from time to time 
as medical knowledge, technology, and technique evolve. Guidelines 
are  supported by analysis of the current literature and by synthesis of 
expert opinion, open-forum commentary, and clinical feasibility data.

TECHNIQUE OF PROBE PASSAGE
Anesthesiologists may need to insert TEE probes in awake or anesthe-
tized patients. Awake insertions are identical in technique to awake 
upper gastrointestinal endoscopy and should be performed when the 
patient has an empty stomach. It is also important to use a bite block. 
Probe insertion usually requires topical oral and pharyngeal anesthe-
sia, as well as moderate sedation. The probe is well lubricated, and the 
function of the directional controls is tested before insertion. Most 
patients are able to assist the probe's passage through the pharynx with 
a swallowing action. The presence of a TEE probe, however, would 
complicate airway management during anesthetic induction. Thus, 
most anesthesiologists introduce TEE probes in anesthetized patients 

http://www.echoboards.org/content/advanced-PTEexam-certification
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after tracheal intubation. It also is useful to evacuate the stomach via 
suction before probe insertion to improve image quality.

The passage of a TEE probe through the oral and pharyngeal cavities 
in anesthetized patients may be challenging at times. The usual tech-
nique is to place the well-lubricated probe in the posterior portion of 
the oropharynx with the transducer element pointing inferiorly and 
anteriorly. The remainder of the probe may be stabilized by looping 
the controls and the proximal portion of the probe over the operator's 
neck and shoulder. The operator's left hand then elevates the mandible 
by inserting the thumb behind the teeth, grasping the submandibu-
lar region with the fingers, and then gently lifting. The probe is then 
advanced against a slight but even resistance, until a loss of resistance 
is detected as the tip of the probe passes the inferior constrictor mus-
cle of the pharynx. This usually occurs 10 cm past the lips in neonates 
to 20 cm past the lips in adults. Further manipulation of the probe is 
 performed under echocardiographic guidance.

Difficult TEE probe insertion may be caused by the probe tip abut-
ting the pyriform sinuses, vallecula, posterior tongue, or an esophageal 
diverticulum. Overinflation of the endotracheal tube cuff also could 
obstruct passage of the probe. Maneuvers that might aid the passage 
of the probe include changing the neck position, realigning the TEE 
probe, and applying additional jaw thrust by elevating the angles of the 
mandible. The probe also may be passed with the assistance of laryn-
goscopy. The probe should never be forced past an obstruction. This 
could result in airway trauma or esophageal perforation.

ANATOMY AND TEE VIEWS
Since the 1980s, perioperative TEE has become more recognized as a 
valuable hemodynamic monitor and diagnostic tool. In 1993, the ASE 
established the Council for Intraoperative Echocardiography (IOC) 
to address issues related to the rapidly increasing utility of TEE in the 
perioperative period and its important impact on anesthesia and sur-
gical decision making. In 1997, the board members of the Council 
for Intraoperative Echocardiography decided to create the ASE/SCA 
Guidelines for Performing a Comprehensive Intraoperative Multiplane 
Examination,61,91 which included the collective endorsement of a stan-
dard recommended set of anatomically directed cross-sectional views 
and the corresponding nomenclature. As implied in the original man-
uscript,61,91 these guidelines were established with the following goals:
 1. Facilitate training in intraoperative TEE by providing a frame-

work in which to develop the necessary knowledge and skills.
 2. Enhance and improve the technical quality and completeness of 

individual studies.
 3. Facilitate the communication of intraoperative echocardio-

graphic data between centers to provide a basis for multicenter 
investigations.

 4. Standardize the description of intraoperative echocardiographic 
data to encourage industrial development of efficient and rapidly 
acquiring labeling, storage, and analysis systems.

The guidelines for the intraoperative TEE examination were not 
intended to be all-encompassing but rather to serve as a framework 
for a systematic and complete examination of cardiac and great vessel 
anatomy of the “normal patient and to serve as a baseline for later com-
parison.” 61,91 This examination may require 20 minutes to complete by 
the beginner who must balance both comprehension and expedience 
in obtaining each 2D image and sequentially viewing one structure at 
a time. The experienced and competent echocardiographer, however, 
should be able to complete this examination in less than 10 minutes to 
provide timely and relevant diagnostic information. A more thorough 
intraoperative TEE examination, including the delineation of detailed 
intracardiac and extracardiac anatomy, description of  congenital 
heart defects, and qualitative/quantitative Doppler analysis certainly 
is recommended and warranted in appropriate patients. Ideally, a 
complete intraoperative TEE examination not only provides informa-
tion that is relevant to the particular diagnosis in question but also 
 identifies  unanticipated findings that may have a significant impact on 

 perioperative management (i.e., PFO, atrial thrombus, severe aortic 
atherosclerosis).

Multiplane Transesophageal 
Echocardiographic Probe Manipulation: 
Descriptive Terms and Technique
The process of obtaining a comprehensive intraoperative multiplane 
TEE examination begins with a fundamental understanding of the 
terminology and technique for probe manipulation (Figure 12-18). 
Efficient probe manipulation minimizes esophageal injury and facili-
tates the process of acquiring and sweeping through 2D image planes. 
Horizontal imaging planes are obtained by moving the TEE probe up 
and down (proximal and distal) in the esophagus at various depths rela-
tive to the incisors (upper esophageal: 20 to 25 cm; midesophageal [ME]: 
30 to 40 cm; TG: 40 to 45 cm; deep TG: 45 to 50 cm; Table 12-6). Vertical 
planes are obtained by manually turning the probe to the patient's left 
or right. Further alignment of the imaging plane can be obtained by 
manually rotating one of the two control wheels on the probe handle 
that flexes the probe tip to the left or right direction or in the anterior or 
posterior plane. Multiplane probes may further facilitate interrogation 
of complex anatomic structures, such as the MV, by allowing up to 180 
degrees of axial rotation of the imaging plane without manual probe 
manipulation.

The Comprehensive Intraoperative Transesophageal 
Echocardiographic Examination: Imaging Planes 
and Structural Analysis
Left and Right Ventricles
The left ventricle should be carefully examined for global and regional 
function using multiple transducer planes, depths, rotational, and 
angular orientations (Figure 12-19). Although a 17-segment model 
for assessing regional ventricular function has been developed,92 the 
original comprehensive intraoperative TEE examination61,91 proposed 
a regional assessment scheme that requires a systematic approach to 
evaluate each of the 16 individual LV segments: 6 basal, 6 mid, and 
4 apical (Figure 12-20). Analysis of segmental function is based on a 
qualitative visual assessment that includes the following grading system 
of both LV wall thickness and motion (endocardial border excursion) 
during systole: 1 = normal (>30% thickening); 2 = mild hypokinesis 
(10% to 30% thickening); 3 = severe hypokinesis (<10% thickening); 
4 = akinesis (no thickening); and 5 = dyskinesis (paradoxic motion). 
The ME 4-chamber view at 0 to 20 degrees (see Figure 12-19A) and 
2-chamber view at approximately 80 to 100 degrees (see Figure 12-19B) 
enable visualization of the septal and lateral, as well as the inferior and 
anterior, segments at the basal, mid, and apical level segments, respec-
tively. The ME long-axis (LAX) view at 120 to 160 degrees (see Figure 
12-19C) allows evaluation of the remaining anteroseptal and infero-
lateral LV segments. Because the left ventricle is usually oriented infe-
riorly to the true horizontal plane, slight retroflexion of the probe tip 
may be required to minimize LV foreshortening. The transgastric mid-
short-axis view (TG mid SAX) at 0 to 20 degrees (see Figure 12-19D) is 
the most commonly utilized view for monitoring LV function because 
it allows a midpapillary assessment of the LV segments supplied by 
the corresponding coronary arteries (right, left circumflex, left ante-
rior descending [LAD]). This view also enables qualitative and quan-
titative evaluation of pericardial effusions. Advancing or withdrawing 
the probe at the TG depth enables LV evaluation at the respective api-
cal and basal levels (TG basal SAX; see Figure 12-19F). Further eval-
uation of the left ventricle can be obtained at the midpapillary TG 
depth by rotating the probe forward to the TG 2-chamber (80 to 100 
degrees; see Figure 12-19E) and TG LAX (90 to 120 degrees; see Figure 
12-19J). Global LV function requires assessment of  dilatation (>6 cm 
at end-diastole), hypertrophy (>1.2 cm at end-diastole), and contrac-
tility. A more extensive quantitative evaluation of ventricular perfor-
mance can be acquired by planimetry  measurements of end-diastolic 
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Figure 12-18 Ways to adjust the 
probe. Top left, Probe movement in 
the esophagus. Top right, Scanning 
angles obtained by crystal rota-
tion. Bottom left, Movement of the 
tip forward and back. Bottom right, 
Movement of the tip from side to 
side.

Comprehensive Intraoperative Multiplane Transesophageal Echocardiographic Examination

Probe Tip Depth (from lips) Upper Esophageal (20–25 cm)
VIEW AORTIC ARCH: LONG AXIS

Multiplane angle range 0 degrees
Anatomy imaged Aortic arch; left brachiocephalic vein; left subclavian and carotid arteries; right brachiocephalic artery
Clinical utility Ascending aorta and arch pathology: atherosclerosis, aneurysms and dissections; aortic CPB cannulation site evaluation

VIEW AORTIC ARCH: SHORT AXIS

Multiplane angle range 90 degrees
Structures imaged Aortic arch; left brachiocephalic vein; left subclavian and carotid arteries; right brachiocephalic artery

Main pulmonary artery and pulmonic valve
Clinical utility Ascending aorta and arch pathology: atherosclerosis, aneurysms and dissections; pulmonary embolus; pulmonary valve 

evaluation (insufficiency, stenosis, Ross procedure); pulmonary artery catheter placement

TABLE 
12-6

(Continued)

Probe Tip Depth Midesophageal (30–40 cm)
VIEW FOUR-CHAMBER

Multiplane angle range 0–20 degrees
Anatomy imaged Left ventricle and atrium

Right ventricle and atrium
Mitral and tricuspid valves
Interatrial and interventricle septa
Left pulmonary veins: slight probe withdrawal and turning to left
Right pulmonary veins: slight probe withdrawal and turning to right
Coronary sinus: slight probe advancement and turn to right

Clinical utility Ventricle function: global and regional
Intracardiac chamber masses: thrombus, tumor, air; foreign bodies
Mitral and tricuspid valve evaluation: pathology, pathophysiology
Congenital or acquired interatrial and ventral septal defects
Evaluation
Hypertrophic obstructive cardiomyopathy evaluation
Ventricular diastolic evaluation via transmitral and pulmonary vein Doppler flow profile analysis
Pericardial evaluation: pericarditis; pericardial effusion
Coronary sinus evaluation: coronary sinus catheter placement; dilation secondary to persistent left superior vena cava
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VIEW MITRAL COMMISSURAL

Multiplane angle range 60–70 degrees
Anatomy imaged Left ventricle and atrium

Mitral valve
Clinical utility Left ventricle function: global and regional

Left ventricle and atrial masses: thrombus, tumor, air; foreign bodies
Mitral valve evaluation: pathology, pathophysiology
Ventricular diastolic evaluation via transmitral Doppler flow profile analysis

Comprehensive Intraoperative Multiplane Transesophageal Echocardiographic Examination—Cont'd
TABLE 
12-6

VIEW TWO-CHAMBER

Multiplane angle range 80–100 degrees
Anatomy imaged Left ventricle, atrium, and atrial appendage

Mitral valve
Left pulmonary veins: turning probe to left
Coronary sinus (short axis or long axis by turning probe tip to left)

Clinical utility Left ventricle function: global and regional
Left ventricle and atrial masses: thrombus, tumor, air; foreign bodies
Mitral valve evaluation: pathology, pathophysiology
Ventricular diastolic evaluation via transmitral and pulmonary vein Doppler flow profile analysis
Coronary sinus evaluation: coronary sinus catheter placement; dilation secondary to persistent left superior vena cava

VIEW LONG AXIS

Multiplane angle range 120–160 degrees
Anatomy imaged Left ventricle and atrium

Left ventricular outflow tract
Aortic valve
Mitral valve
Ascending aorta

Clinical utility Left ventricle function: global and regional
Left ventricle and atrial masses: thrombus, tumor, air; foreign bodies
Mitral valve evaluation: pathology, pathophysiology;
Ventricular diastolic evaluation via transmitral Doppler flow profile analysis
Aortic valve evaluation: pathology, pathophysiology
Ascending aorta pathology: atherosclerosis, aneurysms, dissections
Hypertrophic obstructive cardiomyopathy evaluation

VIEW RIGHT VENTRICULAR INFLOW-OUTFLOW (“WRAPAROUND”)

Multiplane angle range 60–90 degrees
Anatomy imaged Right ventricle and atrium

Left atrium
Tricuspid valve
Aortic valve
Right ventricular outflow tract
Pulmonic valve and main pulmonary artery

Clinical utility Right ventricle and atrial masses and left atrial: thrombus, embolus, tumor, foreign bodies
Pulmonic valve and subpulmonic valve: pathology; pathophysiology
Pulmonary artery catheter placement
Tricuspid valve: pathology; pathophysiology
Aortic valve: pathology; pathophysiology

VIEW AORTIC VALVE: SHORT AXIS

Multiplane angle range 30–60 degrees
Anatomy imaged Aortic valve

Interatrial septum
Coronary ostia and arteries
Right ventricular outflow tract
Pulmonary valve

Clinical utility Aortic valve: pathology; pathophysiology
Ascending aorta pathology: atherosclerosis, aneurysms and dissections
Left and right atrial masses: thrombus, embolus, air, tumor, foreign bodies
Congenital or acquired interatrial septal defects evaluation

VIEW AORTIC VALVE: LONG AXIS

Multiplane angle range 120–160 degrees
Anatomy imaged Aortic valve

Proximal ascending aorta
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VIEW AORTIC VALVE: LONG AXIS

Left ventricular outflow tract
Mitral valve
Right pulmonary artery

Clinical utility Aortic valve: pathology; pathophysiology
Ascending aorta pathology: atherosclerosis, aneurysms and dissections
Mitral valve evaluation: pathology, pathophysiology

Comprehensive Intraoperative Multiplane Transesophageal Echocardiographic Examination—Cont'd
TABLE 
12-6

VIEW BICAVAL

Multiplane angle range 80–110 degrees
Anatomy imaged Right and left atrium

Superior vena cava (long axis)
Inferior vena cava orifice: advance probe and turn to right to visualize inferior vena cava in the long axis, liver, hepatic  

and portal veins
Interatrial septum
Right pulmonary veins: turn probe to right
Coronary sinus and thebesian valve
Eustachian valve

Clinical utility Right and left atrial masses: thrombus, embolus, air, tumor, foreign bodies
Superior vena cava pathology: thrombus, sinus venosus atrial septal defect
Inferior vena cava pathology (thrombus, tumor)
Femoral venous line placement
Coronary sinus catheter line placement
Right pulmonary vein evaluation: anomalous return, Doppler evaluation for left ventricular diastolic function
Congenital or acquired interatrial septal defects evaluation
Pericardial effusion evaluation

VIEW ASCENDING AORTA: SHORT AXIS

Multiplane angle range 0–60 degrees
Anatomy imaged Ascending aorta

Superior vena cava (short axis)
Main pulmonary artery
Right pulmonary artery
Left pulmonary artery (turn probe tip to left)
Pulmonic valve

Clinical utility Ascending aorta pathology: atherosclerosis, aneurysms, and dissections
Pulmonic valve: pathology; pathophysiology
Pulmonary embolus/thrombus evaluation
Superior vena cava pathology: thrombus, sinus venosus atrial septal defect
Pulmonary artery catheter placement

VIEW ASCENDING AORTA LONG AXIS

Multiplane angle range 100–150 degrees
Anatomy imaged Ascending aorta

Right pulmonary artery
Clinical utility Ascending aorta pathology: atherosclerosis, aneurysms, and dissections

Anterograde cardioplegia delivery evaluation
Pulmonary embolus/thrombus

VIEW DESCENDING AORTA: SHORT AXIS

Multiplane angle range 0 degrees
Anatomy imaged Descending thoracic aorta

Left pleural space
Clinical utility Descending aorta pathology: atherosclerosis, aneurysms, and dissections

Intra-aortic balloon placement evaluation
Left pleural effusion

VIEW DESCENDING AORTA: LONG AXIS

Multiplane angle range 90–110 degrees
Anatomy imaged Descending thoracic aorta

Left pleural space
Clinical utility Descending aorta pathology: atherosclerosis, aneurysms, and dissections

Intra-aortic balloon placement evaluation
Left pleural effusion

(Continued)
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Comprehensive Intraoperative Multiplane Transesophageal Echocardiographic Examination—Cont'd

Probe Tip Depth Transgastric (40–45 cm)

VIEW BASAL SHORT AXIS

Multiplane angle range 0–20 degrees
Anatomy imaged Left and right ventricle

Mitral valve
Tricuspid valve

Clinical utility Mitral valve evaluation (“fish-mouth view”): pathology, pathophysiology
Tricuspid valve evaluation: pathology, pathophysiology
Basal left ventricular regional function
Basal right ventricular regional function

TABLE 
12-6

VIEW MID SHORT AXIS

Multiplane angle range 0–20 degrees
Anatomy imaged Left and right ventricles

Papillary muscles
Clinical utility Mid-left and right ventricular regional and global function

Intracardiac volume status

VIEW TWO-CHAMBER

Multiplane angle range 80–100 degrees
Anatomy imaged Left ventricle and atrium

Mitral valve: chordae and papillary muscles
Coronary sinus

Clinical utility Left ventricular regional and global function (including apex)
Left ventricular and atrial masses: thrombus, embolus, air, tumor, foreign bodies
Mitral valve: pathology and pathophysiology

VIEW LONG AXIS

Multiplane angle range 90–120 degrees
Anatomy imaged Left ventricle and outflow tract

Aortic valve
Mitral valve

Clinical utility Left ventricular regional and global function
Mitral valve: pathology and pathophysiology
Aortic valve: pathology and pathophysiology

VIEW RIGHT VENTRICULAR INFLOW

Multiplane angle range 100–120 degrees
Anatomy imaged Right ventricle and atrium

Tricuspid valve: chordae and papillary muscles
Clinical utility Right ventricular regional and global function

Right ventricular and atrium masses: thrombus, embolus, tumor, foreign bodies
Tricuspid valve: pathology and pathophysiology

Probe Tip Depth Deep Transgastric (45–50 cm)

VIEW LONG AXIS

Multiplane angle range 0–20 degrees (anteflexion)
Anatomy imaged Left ventricle and outflow tract

Interventricular septum
Aortic valve and ascending aorta
Left atrium
Mitral valve
Right ventricle
Pulmonic valve

Clinical utility Aortic valve and subaortic pathology and pathophysiology
Mitral valve pathology and pathophysiology
Left and right ventricle global function
Left and right ventricle masses: thrombus, embolus, tumor
Foreign bodies
Congenital or acquired interventricular septal defect evaluation



Figure 12-19 Schematic drawings of the comprehensive examination. A, Midesophageal (ME) four-chamber view. B, ME two-chamber view. 
C, ME long-axis (LAX) view. D, Transgastric (TG) mid short-axis (SAX) view.

LA

RA

RV LV

ME four chamberA

B ME two chamber

LA

LV

LAA

PMPM

ALPM

LA

AO

MV

LV

ME LAXC

TG mid SAXD

(Continued)



340 SECTION III Monitoring

LV
LA

MV

E

F

TG two chamber

TG basal SAX

LA

LV

RA

LA

AV

RV

ME mitral commissuralG

H ME AV SAX

Figure 12-19—Cont'd E, TG two-chamber view. F, TG basal SAX view. G, ME commissural. H, ME aortic valve (AV) SAX view.
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Figure 12-19—Cont'd I, ME AV LAX view. J, TG LAX view. K, Deep TG LAX view. L, ME bicaval.
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Figure 12-19—Cont'd M, ME RV inflow-outflow. N, TG RV inflow. O, ME ascending (Asc) aortic. P, ME Asc aortic LAX view.
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and end-systolic areas from which ejection fractions (EFs), ventricular 
volumes, cardiac output, and mean circumferential shortening can be 
calculated.

RV regional and global function can be assessed from the ME 
4- chamber view (see Figure 12-19A), which allows visualization of the 
septal and free walls. Although a formal segmental scheme has not been 
developed for the RV free wall, regional assessment of the septum can be 
performed. Turning the probe to the right and advancing slightly from 
the ME depth allows visualization of the tricuspid valve (TV), coronary 
sinus (CS), and RV apex. Rotating the probe between 60 and 90 degrees 
reveals the ME RV inflow-outflow view (see Figure 12-19M) in which the 
RA, TV, inferior RV free wall, right ventricular outflow tract (RVOT), 
pulmonic valve (PV), and main pulmonary artery (PA) can be viewed 
“wrapping around” the centrally oriented AV. This view often allows opti-
mal Doppler beam alignment to evaluate the TV and also can be help-
ful for directing PA catheter floating and positioning. The TG mid-SAX 
view (see Figure 12-19D) displays the crescent-shaped, thinner-walled 
right ventricle to the left of the left ventricle (i.e., to the right side of the 
left ventricle). The TG RV inflow view (see Figure 12-19N) is developed 
by turning the probe to the right to center the right ventricle at this depth 
and rotating the multiplane angle forward to 100 to 120 degrees, thereby 
revealing the inferior RV free wall. Slight anteflexion, advancement, and 
rotation of the probe back toward 0 degrees often can reveal the RVOT 
and PV. Despite the asymmetric shape of the right ventricle, global func-
tion still can be assessed from the ME 4-chamber, TG mid SAX, ME RV 
inflow-outflow, and TG RV inflow views (see Figure 12-19A, D, M, N) 
using a quantitative evaluation scheme similar to that previously delin-
eated for the left ventricle. Qualitative echocardiographic findings con-
sistent with a diagnosis of global RV dysfunction include dilatation and 
hypertrophy, flattened or leftward shift of the atrial and ventricular sep-
tum, tricuspid regurgitation (TR), and a dilated CS.

Mitral Valve
The echocardiographic evaluation of the MV requires a thorough 
assessment of its leaflets (anterior and posterior), annulus, and the 
subvalvular apparatus (chordae tendineae, papillary muscles, and adja-
cent LV walls) to locate lesions and define the cause and severity of the 
pathophysiology. The mitral leaflets can be further divided into pos-
terior leaflet scallops: lateral (P1), middle (P2), and medial (P3) that 
correspond with respective anterior leaflet sections: lateral third (A1), 
middle third (A2), and medial third (A3). The leaflets are united at the 
anterolateral and posteromedial commissures. The ME 4-chamber view 
(see Figure 12-19A) displays the larger appearing anterior leaflet (A3) 
to the left of the  posterior leaflet (P1). Anteflexing the probe provides 
imaging of the anterolateral aspect of the MV, whereas gradual advance-
ment of the probe and retroflexion shift the image plane to the postero-
medial aspect of the MV. Maintaining the probe at the ME depth and 
rotating the multiplane angle forward to 60 to 70 degrees develops the 
ME mitral commissural view (see Figure 12-19G) in which A2 is flanked 
by P1 on the right and P3 on the left, giving A2 the appearance of a 
“trap-door” as it moves in and out of the imaging plane throughout 
the cardiac cycle. Further forward rotation of the probe to 80 to 100 
degrees develops the ME 2-chamber view (see Figure 12-19B) revealing 
P3 to the left and A1 on the right. Final forward probe rotation to 120 
to 160 degrees reveals the ME LAX-view (see Figure 12-19C), which 
images P2 on the left and A2 on the right. The TG basal-SAX view (see 
Figure 12-19F) enables visualization of both MV leaflets (“fish-mouth 
view”) if the probe is anteflexed and withdrawn slightly from the mid-
papillary level of the left ventricle. In this view, the posteromedial com-
missure is in the upper left, the anterolateral commissure to the lower 
right, the posterior leaflet is to the right, and anterior leaflet to the 
left of the displayed image. Rotation of the probe to 80 to 100 degrees 
develops the TG 2-chamber view (see Figure 12-19E) that is especially 
useful for evaluating the chordae tendineae and corresponding papil-
lary muscles. Further functional evaluation of the MV requires a quan-
titative Doppler evaluation (PW Doppler, CW Doppler, and CFD) of 
transmitral and pulmonary venous flow for assessing MV regurgita-
tion, stenotic lesions, and LV diastolic function.

1. Basal anterior
2. Basal anteroseptal
3. Basal inferoseptal
4. Basal inferior
5. Basal inferolateral
6. Basal anterolateralA

  7. Mid anterior
  8. Mid anteroseptal
  9. Mid inferoseptal
10. Mid inferior
11. Mid inferolateral
12. Mid anterolateral

13. Apical anterior
14. Apical septal
15. Apical inferior
16. Apical lateral
17. Apex
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Figure 12-20 Left ventricular segmental nomenclature. A, Seventeen 
segments; B, 16 segments.
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Aortic Valve, Aortic Root, and Left Ventricular Outflow
The three cusps of the semilunar AV are best visualized simultaneously 
in the ME AV-SAX view (see Figure 12-19H), which is obtained by 
rotating the probe forward to 30 to 60 degrees. The noncoronary cusp 
is superior, lying adjacent to the atrial septum; the right cusp is inferi-
orly imaged; and the left cusp lies to the right, pointing in the direction 
of the left atrial appendage (LAA). This view permits planimetry of the 
AV orifice, evaluation of congenital anomalies of the AV (e.g., bicuspid 
AV), and qualitative assessment of aortic insufficiency (AI) when CFD 
is used. Withdrawing the probe slightly through the sinuses of Valsalva 
allows for imaging the right coronary artery inferiorly, as well as the left 
main coronary artery branching into the LAD and circumflex. The ME 
AV-LAX (see Figure 12-19I) view can be obtained at the same depth 
while rotating the probe to 120 to 160 degrees, allowing for visualiza-
tion of the LVOT, AV annulus and leaflets (right and either noncoro-
nary or left), sinuses of Valsalva, sinotubular junction, and proximal 
ascending aorta. This view is particularly useful for evaluating AI with 
CFD, systolic anterior motion of the MV, and proximal aortic pathol-
ogy (dissections, aneurysms). Rotating the probe back to 90 to 120 
degrees and advancing into the stomach to the TG level develops the 
TG LAX-view (see Figure 12-19J). In this view, the LVOT and AV are 
oriented to the right and inferiorly in the displayed image, thereby pro-
viding an optimal window for parallel Doppler beam alignment for the 
assessment of flows and pressure gradients (aortic stenosis [AS], hyper-
trophic obstructive cardiomyopathy). Rotating the probe back farther 
to 0 to 20 degrees, advancing deep into the stomach, and anteflexing 
the tip so that it lies adjacent to the LV apex allows for the develop-
ment of the deep TG LAX view (see Figure 12-19K). This view provides 
optimal Doppler beam alignment for measuring trans-AV and LVOT 
flow velocities and also may provide an additional window for assess-
ing flows through muscular ventricular septal defects and LV apical 
pathology (thrombus, aneurysms).

Tricuspid Valve
The echocardiographic evaluation of the TV requires a thorough 
assessment of its three leaflets (anterior, posterior, and septal), annu-
lus, chordae tendineae, papillary muscles, and the corresponding RV 
walls. In the ME 4-chamber view (see Figure 12-19A), the septal TV 
leaflet is displayed on the right side and the posterior TV leaflet on 
the left side of the annulus. Rotating the multiplane angle to 60 to 90 
degrees develops the ME RV inflow-outflow view (see Figure 12-19M), 
which displays the anterior TV leaflet on the left side of the image and 
the septal TV leaflet on the right side of the image adjacent to the AV. 
The TG RV inflow view (see Figure 12-19N) is obtained by advancing 
the probe into the stomach and rotating to 100 to 120 degrees. This 
view is ideal for visualizing the chordae tendineae and papillary mus-
cles in the right ventricle. Rotating back to the TG mid-SAX at 0 to 20 
degrees and slightly withdrawing the probe provides a cross-sectional 
view of the TV, displaying the anterior leaflet displayed in the far field, 
the posterior leaflet to the left in the near field, and the septal leaflet 
on the right side of the image. A more extensive quantitative analysis 
of TV pathophysiology requires the use of Doppler echocardiography 
(PW Doppler, CW Doppler, and CFD) by aligning the beam paral-
lel to transtricuspid flow in either the ME RV inflow-outflow or ME 
4-chamber views.

Pulmonic Valve and Pulmonary Artery
The PV is a trileaflet, semilunar valve. The ME AV SAX view (see Figure 
12-19H) displays the transition between the RVOT and PV. Rotating 
the probe back toward 0 degrees and withdrawing slightly develops the 
ME ascending aortic SAX view (see Figure 12-19O), displaying the tran-
sition between the PV and main PA and its bifurcation. Although the 
right PA usually is easy to visualize by turning the probe to the right, 
the left PA often is obscured by the interposing, air-filled, left mainstem 
bronchus. This view can be used in the Doppler echocardiographic 
assessment of PV pathophysiology because of the parallel alignment 
of the beam relative to the flow and can be used to locate pulmonary 
emboli. The ME RV inflow-outflow (see Figure 12-19M) view also can 
be used to assess the PV and main PA, which lie on the right side of the 

image adjacent to the AV, although the upper esophageal aortic arch SAX 
view (see Figure 12-19T), which displays the PV oriented to the left of 
the cross-sectional view of the aortic arch, usually provides a more par-
allel Doppler beam orientation for the evaluation of pulmonic regurgi-
tation or stenosis. Withdrawing the probe slightly in the deep TG LAX 
view (see Figure 12-19K) in combination with slight anteflexion and 
turning to the right often can allow visualization of the RVOT and PV 
to the left in the far field and provide an alternative imaging plane for 
Doppler echocardiographic evaluation in patients with subpulmonic 
and pulmonary valve pathology.

Left Atrium, Left Atrial Appendage, Pulmonary Veins, and 
Atrial Septum
The left atrium (LA) is the closest cardiac structure to the TEE probe 
when positioned in the esophagus. Consequently, the LA usually is 
easily displayed in the superior aspect of the 2D image sector. The 
ME 4-chamber view (see Figure 12-19A) displays the LA almost in its 
entirety, with the LAA oriented to its superior and lateral aspect when 
the probe is slightly withdrawn. The muscular ridges of the pectinate 
muscles within the LAA should not be confused with thrombi. Slight 
further withdrawal of the probe and turning it to the left allow the 
left upper pulmonary vein to be imaged as it enters the LA from the 
anterior-to-posterior direction, separated from the lateral border of 
the LAA by the “warfarin ridge.” In contrast with the left upper pul-
monary vein, which is usually optimally aligned for parallel Doppler 
beam alignment, the left lower pulmonary vein enters the LA just 
below the left upper pulmonary vein in a lateral-to-medial direction 
and is more perpendicularly aligned. Pulmonary venous Doppler flow 
velocity profiles are useful for the qualitative and quantitative assess-
ment of LV diastolic function. Turning the probe to the right at this 
depth reveals the right upper pulmonary vein entering the LA in 
an anterior-to-posterior direction. The right lower pulmonary vein 
sometimes can be visualized as it enters perpendicular to the long 
axis of the LA by slightly advancing the probe. The interatrial sep-
tum, consisting of thicker limbus regions flanking the thin fossa ova-
lis, also can be imaged in the ME 4-chamber view (see Figure 12-19A). 
Benign lipomatous hypertrophy of the interatrial septum must be dis-
tinguished from pathologic lesions such as atrial myxomas. The pat-
ency of the interatrial septum and presence of a PFO or congenital 
atrial septal defects should be assessed with Doppler echocardiog-
raphy and intravenous injections of agitated saline. Advancing and 
rotating the probe to 80 to 100 degrees develops the ME 2-chamber 
view (see Figure 12-19B), which allows for further imaging of the LA 
from left to right. The LAA and left upper pulmonary vein can be seen 
by turning the probe slightly to the left. Rotating the probe to the right 
at this level and adjusting the multiplane angle to 80 to 110 degrees 
develop the ME bicaval view (see Figure 12-19L), which delineates the 
superior vena cava entering the RA to the right of the image and the 
inferior vena cava entering from the left. The interatrial septum can 
be seen in the middle of the image separating the LA and RA. The 
right upper pulmonary vein and right lower pulmonary vein usually 
can be seen if the probe is turned farther to the right just beyond the 
point at which the long axis of the superior vena cava can no longer be 
visualized. This transition of images also can be used in conjunction 
with Doppler echocardiography to identify sinus venosus atrial septal 
defects and anomalous pulmonary venous return.

Right Atrium and Coronary Sinus
The RA can be visualized most easily in the ME four-chamber view (see 
Figure 12-19A) by turning the probe to the patient's right side. In this 
view, the entire RA can be visualized for size, overall function, and pres-
ence of masses (thrombi, tumors). Rotating the multiplane angle to 80 
to 110 degrees develops the ME bicaval view (see Figure 12-19L), which 
displays the RA and its internal structures (Eustachian valve, Chiari net-
work, crista terminalis). The superior vena cava can be imaged enter-
ing the RA on the right, superior to the right atrial appendage, and the 
inferior vena cava enters the RA on the left of the display. Advancing 
and turning the probe to the right allow for a qualitative evaluation of 
the intrahepatic segment of the inferior vena cava and hepatic veins. 
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Pacemaker electrodes and central venous catheters for hemodynamic 
monitoring or CPB can be easily imaged in this view.

The CS lies posteriorly in the atrioventricular groove, emptying 
into the RA at the inferior extent of the atrial septum. The CS can 
be viewed in long axis entering the RA just superior to the tricuspid 
annulus by advancing and slightly retroflexing the probe from the ME 
4-chamber view (see Figure 12-19A). The CS can be imaged cross sec-
tionally in short axis in the ME 2-chamber (see Figure 12-19B) view 
in the upper left of the display. Turning the probe to the left in this 
view often allows visualization of the CS in long axis as it traverses 
the atrioventricular groove. The CS and thebesian valve also can be 
visualized in the ME-bicaval view (see Figure 12-19L) on the upper 
right of the image as it enters the RA at an obtuse angle, by turn-
ing the probe leftward simultaneously with retro and leftward flexion. 
Echocardiographic visualization of the CS can be useful for directing 
the placement of CS catheters used for CPB.

Thoracic Aorta
The proximal and mid-ascending thoracic aorta can be visualized in 
short axis in the ME ascending aortic SAX view (see Figure 12-19O). 
Advancing and withdrawing the probe should enable visualization of 
the thoracic aorta from the sinotubular junction to a point 4 to 6 cm 
superior to the AV and allow inspection for aneurysms and dissections. 
Rotating the multiplane angle to 100 to 150 degrees develops the ME 
ascending aortic LAX view (see Figure 12-19P), which optimally dis-
plays the parallel anterior and posterior walls for measuring proximal 
and mid-ascending aortic diameters. This view also can be obtained 
from the ME AV LAX view (see Figure 12-19I) by slightly withdrawing 
and turning the probe to the left.

TEE imaging of the aortic arch often is obscured by the interposing, 
air-filled trachea. The most optimal views of the aortic arch are obtained 
by withdrawing the probe from the ME ascending aortic SAX view at 0 
degrees (see Figure 12-19O) and rotating to the left to obtain the upper 
esophageal aortic arch LAX view (see Figure 12-19S), which displays 
the proximal arch followed by the mid-arch, the great vessels (brachio-
cephalic, left carotid, and left subclavian artery), and distal arch before 
it joins the proximal descending thoracic aorta imaged in cross section. 
Alternatively, rotating the probe to 90 degrees develops the upper esopha-
geal aortic arch SAX view (see Figure 12-19T). Turning the probe to the 
left in this view delineates the transition of the distal arch with the proxi-
mal descending thoracic aorta. Turning the probe to the right and slightly 
withdrawing allows for the mid-arch and great vessels to be imaged on the 
right side of the screen, followed by the distal ascending aorta when the 
probe is subsequently advanced and rotated forward to the 120-degree 
ME ascending aortic long-LAX view (see Figure 12-19P). Epiaortic aortic 
scanning may be particularly useful for assessing the extent of ascending 
aortic and arch pathology (i.e., aneurysms, dissection, atherosclerosis) to 
determine cross-clamping and cannulation sites for CPB.

A SAX image of the descending thoracic aorta is obtained by turning 
the probe leftward from the ME 4-chamber view (see Figure 12-19A) to 
produce the descending aortic SAX view (see Figure 12-19Q). Rotating 
the multiplane angle of the probe from 0 to 90 to 110 degrees pro-
duces a LAX image, the descending aortic LAX view (see Figure 12-19R). 
The descending thoracic aorta should be interrogated in its entirety, 
beginning at the distal aortic arch, by continually advancing the probe 
and turning slightly to the left until the celiac and superior mesenteric 
arteries are visualized branching tangentially from the anterior surface 
of the abdominal aorta when the probe is in the stomach. Thorough 
examination of the descending thoracic aorta may be necessary to 
evaluate the distal extent of an aneurysm or dissection. In addition, 
the descending aortic SAX and LAX views can be useful for confirming 
appropriate intra-aortic balloon positioning.

Epiaortic Ultrasonography
Neurologic injury after CPB remains a devastating complication of 
cardiac surgery. Possible causative factors include hypoperfusion, lack 
of pulsatile flow, and cerebral embolization of gaseous or particulate 

matter. The thoracic aorta is a potential source of such emboli because 
it often contains atherosclerotic plaques, and it may be instrumented 
multiple times during cardiac operations. TEE also can be used to 
detect aortic intraluminal thrombi and plaques. One major limitation 
is that the distal ascending and proximal transverse aorta are not well 
visualized by TEE.93 Although the entire ascending aorta is not well 
visualized, TEE can serve as a screen to detect aortic atherosclerotic 
debris.94 The presence of atherosclerotic disease in the visualized por-
tions increases the likelihood of finding atherosclerotic changes in the 
nonvisualized portion of the aorta. Intraoperatively, this region can be 
scanned by placing a sterilely wrapped probe directly on the aorta to 
rule out pathology in the locations of planned instrumentation. Once 
the disease is defined, it often can be avoided during instrumentation, 
and hopefully, neurologic injury can be prevented. This epiaortic scan-
ning is more sensitive than digital palpation in the detection of athero-
sclerotic disease, and its use has modified surgical management during 
the conduct of cardiac surgery.95 Although epiaortic scanning may be 
justified for all patients presenting for cardiac surgery, its use should be 
seriously considered in those patients with increased risk for embolic 
stroke, including those patients with a history of cerebrovascular or 
peripheral vascular disease or those patients with evidence of aortic dis-
ease by any modality.96 Phased-array probes generally are used for peri-
operative aortic scanning. Because of the fan-shaped sector displayed, 
the most anterior aspect of the aorta cannot be adequately visualized 
unless a standoff is used between the transducer and the aorta. It usu-
ally is most convenient to fill the pericardial cradle with saline and hold 
the probe approximately 1 cm anterior to the aorta while scanning.

A complete examination will include SAX views of the proximal, 
middle, and distal ascending aorta and LAX views of both the ascend-
ing aorta and arch. These views will allow for evaluation of the 12 areas 
of the aorta: anterior, posterior, left and right lateral walls of the proxi-
mal, middle, and distal ascending aorta. The proximal ascending aorta 
is defined as the region from the sinotubular junction to the proxi-
mal intersection of the right PA. The mid-ascending aorta includes that 
portion of the aorta that is adjacent to the right PA. The distal ascend-
ing aorta extends from the distal intersection of the right PA to the 
origin of the innominate artery. The severity of atherosclerosis may be 
graded according to the classification described by Katz et al97 and is 
summarized in Table 12-7.

Three-Dimensional Views
Mitral Valve Apparatus
To ensure a high success rate of MV reconstruction, the cardiac anes-
thesiologist must have detailed understanding and insight into the 
mechanism responsible for regurgitant lesions and identify these 
echocardiographically. The MV apparatus can best be viewed by utiliz-
ing the 3D zoom mode. The data block should be spatially orientated 
to view the MV from the left atrial perspective, with the AV positioned 
at the top of the monitor (12 o'clock). This orientation, commonly 
referred to as the “surgeon's view,” puts the MV in an anatomically 
correct position. This mode is especially useful in patients with atrial 
fibrillation, an arrhythmia frequently encountered in patients with MV 
disease, because it represents a live and instantaneous imaging mode 

Adapted from Katz ES, Tunick PA, Rusinek H, et al: Protruding aortic atheromas predict 
stroke in elderly patients undergoing cardiopulmonary bypass: Experience with 
intraoperative transesophageal echocardiography. J Am Coll Cardiol 20:70–77, 1992.

Quantification of Aortic Atherosclerotic Disease

Grade Description

I Normal to mild intimal thickening
II Severe intimal thickening without protruding atheroma
III Atheroma protruding < 5 mm into lumen
IV Atheroma protruding  5 mm into lumen
V Any thickness with mobile component or components

TABLE 
12-7
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not influenced by gating artifacts. Occasionally, in patients with Barlow 
disease, the valve is so grotesquely enlarged that temporal resolution 
suffers from the large sector required to image the entire valve. In these 
cases, a full-volume mode is best used, allowing the imager not only to 
visualize the entire valve but also maintain acceptable image and tem-
poral resolution as well.

Although a comprehensive 2DE examination can identify the mech-
anism of regurgitation in most cases, 3DE can not only identify the 
mechanism but also provide information in regards to annular and leaf-
let geometry, which cannot be obtained by 2D imaging. Measurements 
that can be easily obtained include (1) the major anatomically oriented 
3D axes of the annulus, anteroposterior (A-P) and anterolateral-pos-
teromedial (AL-PM) diameters, as well as annular height; (2) 3D curvi-
linear leaflet lengths and areas of all segments (A1, A2, A3, P1, P2, P3); 
(3) total and functional anterior and posterior leaflet surface areas; and 
(4) the angle between the AV annulus and the MV annulus (aortomi-
tral angle). A narrow angle should alert the imager to the possibility of 
systolic anterior motion during the postrepair period (Figure 12-21).

Aortic and Tricuspid Valves
Unlike the MV, acquiring high-quality images of the AV and TV rep-
resents a more difficult undertaking. The explanation lies, on the one 
hand, in the thinner leaflet tissue that generally comprises both the AV 
and TV and, on the other hand, on the orientation of the tissue as a 
reflector. Because these factors result in weaker acoustic signal strength, 
the 3D volume renderer is more apt to tag these as transparent and 
render the voxels as blood—that is, invisible. Caution must be taken 
by the echocardiographer not to misdiagnose these imaging artifacts 
as perforations.

Congenital and Interventional Procedures
CHD is complex and characterized by multiple variants. 3DE can 
enable improved understanding of CHD anatomy. The ability to spa-
tially orient the data block to allow for views of atrial or ventricular 
septal defects and their relation to adjacent structures represents a 
milestone in improving understanding of these complex disease pro-
cesses. The size and location of intracardiac shunts are crucial param-
eters when evaluating whether to pursue an interventional procedure. 
The understanding of congenital valvular pathology (e.g., cleft MV, 
Ebstein's anomaly) can be greatly enhanced by 3DE. Thus, real-time 
3DE offers improved insight for diagnosing valve defects and predict-
ing the success of a surgical valve repair (Figure 12-22).

CLINICAL APPLICATIONS
Ventricular Function

Systolic Function
The echocardiographic assessment of global and regional LV function 
consists of 2D or Doppler evaluation of cardiac structures and their 
interaction with blood flow. The techniques used are mostly visual and 
subjective98,99; thus, they are not always accurate or error-free. Adequate 
visualization and accurate tracing of the endocardial–blood pool 
interface during the cardiac cycle,100 precise measurement of an ori-
fice diameter, and parallel orientation between the Doppler beam and 
direction of blood flow101 are paramount in producing unidimensional 
(fractional shortening [FS]) or 2D estimates (fractional area change, 
stroke volume [SV], and EF),102 as suggested by published guidelines.100 
The evaluation of regional LV function based on the degree of systolic 
myocardial thickening is highly subjective99 and inaccurate if imag-
ing is suboptimal (as happens in myocardial segments lying parallel 
to propagation of ultrasound, or when the epicardium is not seen). 
Furthermore, impairment of regional function does not cause reduc-
tion in LVEF unless several segments are involved.

Conventional TEE methods cannot discriminate the effects of load 
on contractility (i.e., impaired contractility and falsely high EF in 
severe mitral regurgitation, or intact contractility and falsely low EF 
in severe AS). Calculation of the rate of LV systolic pressure increase 
(LV + dP/dt) requires presence of a mitral regurgitation jet,103 whereas 
contractility indices such as end-systolic elastance, preload-recruitable 
stroke work, or myocardial performance index are too complicated for 
clinical application.104 In addition, all conventional echocardiographic 
methods examine only a single LV diameter or tomographic plane at 
a time. Taking into consideration the frequent LV foreshortening that 
occurs in the ME tomographic planes or the presence of segmental 
abnormalities (particularly in patients with CAD), it is easy to real-
ize why true representation of global LV function is not always feasible 
with these methods.

Ejection-Phase Indices
Using echocardiography, contractility has been estimated most fre-
quently with ejection-phase indices. A wide array of ejection-phase 
indices have been described, but all require that end–diastolic and end–
systolic dimensions be measured. In M–mode echocardiography, these 
dimensions often will be simple, linear, internal dimensions of the LV 
cavity. The following ratio will yield percentage fractional shortening 
(FS), a basic ejection-phase index of contractility, with normal values 
between 25% and 45%:

where LVIDD = LV internal diastolic dimension, and LVISD = LV inter-
nal systolic dimension. The LV dimensions are measured at the level of 

FS (LVIDD LVISD)/LVIDD
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P

Figure 12-21 Mitral valve quantification (MVQ) showing the aor-
tomitral angle of 95.9 degrees. Patient at increased risk for develop-
ment of systolic anterior motion (SAM) after mitral valve repair surgery. 
A, anterior; Ao, aorta; P, posterior; PM, posteromedial.

Amplatzer
devices

Figure 12-22 Patient with multiple paravalvular leaks. Percutaneous 
intervention successfully deploying three Amplatzer devices.
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the tips of the MV leaflets, and FS is considered representative of global 
LV systolic function in symmetrically contracting left ventricle.

With 2DE, multiple tomographic cuts can be obtained and utilized 
to calculate ventricular volumes using a variety of formula such as 
Simpson's rule.105 Using the ventricular volumes, EF can be calculated 
using the standard formula:

where LVEDV = LV end-diastolic volume, and LVESV = LV end-
 systolic volume.

During intraoperative TEE, it is most convenient to monitor a single, 
TG SAX view at the level of the midpapillary muscles. Once the end-
diastolic and end-systolic endocardial areas have been delineated with 
the help of tracing software, contractility may be estimated using the 
fractional area change (FAC), with normal values in the range of 60%:

where LVEDA = LV end-diastolic area, and LVESA = LV end-systolic 
area.

Isovolumic Phase Indices
The standard isovolumic phase index, dP/dt, cannot be obtained 
using TEE. Some information on the isovolumic phase, however, 
can be gathered by measuring the length of the pre-ejection period. 
The pre-ejection period is the time between the onset of the Q wave 
on the ECG and the opening of the AV on M-mode echocardiogra-
phy. The usefulness and limitations of pre-ejection period, as well as 
of the other systolic time intervals, have been extensively reviewed 
elsewhere.106,107

The maximal acceleration of blood flow in the aorta is another mea-
surement related to the isovolumic phase of contraction.108 Maximal 
blood flow acceleration occurs in the early part of LV ejection and can 
be measured by Doppler echocardiography. It is determined using 
transthoracic echocardiography by placing a Doppler transducer in the 
suprasternal notch and aiming the ultrasound beam at the AV. A variety 
of studies have demonstrated that maximum blood flow acceleration, 
sampled in this manner, provides information on LV contractility.109–111 
However, the currently available TEE imaging planes are not suitable 
for this type of measurement.

The circumferential fiber-shortening rate (Vcf) is an index of 
 contractility that incorporates a time-related element and seems to be 
less preload dependent than EF:

where EDC and ESC are the end-diastolic and end-systolic circumfer-
ences of the left ventricle, respectively, measured at the TG SAX view; 
LVET is the LV ejection time obtained from a Doppler analysis of the 
left ventricular outflow tract (LVOT). Its value in normal individuals is 
1.2 ± 0.1 circumferences/sec.

Strain, Strain Rate
The recent technologic advances in signal processing in Doppler 
(Doppler tissue imaging [DTI] and Doppler strain echocardiography) 
and ultrasound (2D speckle tracking imaging [STI]) enable measure-
ment of tissue velocity and deformation in one or two dimensions, 
which provide high-quality, precise, and objective information regard-
ing regional and/or global myocardial function in real time, decrease 
the subjectivity of the interpretation, and increase the diagnostic 
accuracy.

Myocardial Structure and Motion
Myocardial fibers are organized in layers, forming a leftward helix in 
subepicardium, which transitions to a rightward helix in subendo-
cardium (Figure 12-23). Because LV muscle volume remains constant 
during the cardiac cycle, this myocardial fiber arrangement results in 
longitudinal (along the major axis) and circumferential (tangent to 

the periphery) thinning and radial (along the minor axis) thickening 
 during systole, with opposite directed changes in diastole.112

This 3D global cardiac motion cannot be appreciated during conven-
tional TEE imaging, in which only radial motion (inward endocardial 
excursion and myocardial thickening in ME or TG views), related to 
midmyocardium function, is evaluated. Longitudinal (ME views) and 
circumferential motion (TG views) are difficult to evaluate. However, 
both radial and longitudinal motions are important. In systole, radial 
thickening predominates; 40% radial thickening is accompanied by 
14% longitudinal shortening.104 On the other, the first myocardial layer 
affected by ischemia is the subendocardium, which provides for longi-
tudinal motion.113 The subjective evaluation of regional LV motion is 
also limited during conventional TEE because the passive motion of a 
noncontracting segment, due to tethering to adjacent segments, can-
not be reliably excluded. Many of these limitations can be overcome by 
assessing myocardial deformation (strain).

Deformation
Myocardial strain (S or ) is the (systolic) deformation of a myocardial 
fiber, normalized to its original length:

where L
o
 is the baseline (end-diastolic) length, and L

1
 is the end-systolic 

length.105

By definition, strain is positive when the systolic dimension increases 
(the myocardial fiber lengthens or thickens) and negative when the 
systolic dimension decreases (the myocardial fiber shortens or thins). 
Therefore, radial thickening is associated with positive strain (L

1
 >L

0
), 

whereas longitudinal shortening and circumferential thinning are 
associated with negative strain (L

1
 < L

0
). Radial strain relates to motion 

from the endocardium to the epicardium; circumferential strain relates 
to motion along the circumference (curvature) of the left ventricle; and 
longitudinal strain relates to motion from the base to the LV apex.

Echocardiographically measured strain is measured in relation 
to time (t) and is called Lagrangian strain: (t) = [L(t) − L(t

o
)]/L(t

o
), 

where L(t
o
) is the end-diastolic shape. For a 2D object, there is nor-

mal deformation (the motion is normal to the borders of the object 
and occurs along both the x-axis and y-axis) and shear deforma-
tion (motion occurs parallel to the borders of the object). For a 3D 
object, such as a myocardial segment, there are three normal strains 
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Figure 12-23 Myocardial architecture consists of helical (left-handed 
in epicardium and right-handed in endocardium) and circumferential 
(in midmyocardium) layers of myocardial fibers. This fiber arrangement 
results in longitudinal (mitral annulus to apex), radial (epicardium to 
endocardium), and circumferential (tangentially to epicardium) motions 
during systole and diastole. TEE, transesophageal echocardiogram.
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(along the x-, y-, z-axes), and six shear strains (along the combinations 
of the different axes).114 Because fiber contraction causes myocardial 
deformation, strain is a measure of myocardial contractile function. 
Echocardiographic deformation can be measured from velocity gradi-
ent using DTI115 (or non-Doppler tracking of speckles [STI]).116

Strain rate (SR) reflects how fast regional myocardial deformation 
(strain) occurs, that is, strain rate expresses the speed of deformation:

where t is the time duration of this deformation (Figure 12-24).
Echocardiographic strain measurements with either technique 

have been validated against sonomicrometry116,117 or magnetic reso-
nance118,119 imaging (MRI), with r values of 0.96 for strain and 0.94 
for strain rate.120 For normal myocardium, strain rate reflects regional 
contractile function because it is being relatively independent of HR, 
whereas systolic strain reflects changes in SV.121,122 Evaluated with DTI 
or tagged cardiac MRI, LV regional strains increased from base to apex 
and from endocardium to epicardium.114,123,124 Normal values are −16% 
to −24% (longitudinal strain), +48% (radial strain), and −20% (cir-
cumferential strain).125–127 Some have found significantly greater strain 
values in women than in men.128 Longitudinal right ventricular strain 
and strain rate values are inhomogeneous and greater than those of 
the left ventricle.127 Strain and strain rate offer complementary infor-
mation, and both should be measured and evaluated. For example, 
 prolonged contraction may yield normal strain despite low strain rate. 
Consequently, strain rate is considered more sensitive than strain in 
revealing myocardial disease.

Strain rate showed good correlation with +dP/dt during isovolumic 
contraction (r = 0.74) and with −dP/dt during isovolumic relaxation 
(r = 0.67).129 Strain is load dependent117,128 and is not less load-insensi-
tive than EF, FS, and other traditional indices of systolic function. For 
example, acute hypovolemia induced by withdrawal of 500 mL blood 
from healthy subjects led to decreased longitudinal DTI strain (−28% 
± 8% to −21% ± 4%), whereas strain rate remained unchanged (−1.5 
± 0.35/sec to −1.4 ± 0.4/sec).130 Similarly, STI strain is preload and 
afterload dependent; longitudinal strain decreased after hemodialysis 
in patients with end-stage renal disease (−18.4% ± 2.9% to −16.9% ± 
3.2%),131 and radial strain increased immediately after surgery after AV 

replacement for AS (from 22.7% ± 2% to 23.7% ± 1.8%) and decreased 
(23.1% ± 3.5% to 21% ± 3.8%) after valve replacement for aortic 
regurgitation (AR).132 However, others have shown that longitudinal 
DTI strain (recorded in healthy subjects) remained unchanged during 
preload manipulation (baseline −18% ± 3%, increased preload with 
Trendelenburg −18% ± 3%, reduced preload with venodilator −17% 
± 3%), whereas myocardial velocities were affected.133 Discrepancies in 
the previous findings are explained by study design, techniques used for 
strain measurement, and degrees of preload manipulation. However, it 
would be “safer” not to consider strain as a load-independent param-
eter of systolic function.

Principles of Doppler Tissue Imaging and Doppler Strain
As discussed earlier, a shift in frequency is caused when transmitted 
ultrasound is reflected off a moving target (Doppler effect). In conven-
tional echocardiography, Doppler algorithms are set up to interrogate 
returning signals from the blood pool only using high gain settings 
(to amplify the low-amplitude signal of the fast moving blood), and 
a high-pass filter (to reject the “noise” generated by the slow-moving 
myocardium). Modification of these filter settings (reduction of gain 
amplification and bypass of the high-pass wall filter) will reject data 
from moving blood and permit recording of the myocardial motion 
signal, which is stronger (approximately 40 dB higher amplitude) but 
slower (<25 cm/sec), respectively, thus enabling DTI and measurement 
of strain.134 The principles of DTI, together with applications and limi-
tations, have been reviewed recently and are partially summarized in 
the Diastolic Function section later in this chapter.135

For DTI strain, color DTI is obtained as in conventional CFD, with a 
color sector positioned over the myocardial wall of interest. The mean 
myocardial velocities are computed using autocorrelation analysis, dis-
played in blue if directed away from and in red if directed toward the 
transducer, and are superimposed on a grayscale 2D tomographic view 
(Figure 12-25A).136 While in color DTI mode, placement of a sample 
 volume (see later step-by-step explanation) over the myocardial area of 
interest (see Figure 12-25B) will calculate the deformation parameters 
strain rate (SR; see Figure 12-25C) and strain (see Figure 12-25D) from 
within this sample volume:

Strain is derived by temporal integration of strain rate.
Strain rate and strain can resolve tethering to a functioning neigh-

boring segment that causes a segment with impaired function to give 
the false impression of contraction. This can be graphically simulated 
by the example of a towed car; although the engine of the towed car is 
not functioning, the car has velocity. When no velocity gradient exists 
within the interrogated segment, there will be no deformation and 
strain rate (and strain) will be zero.

Strain and strain rate calculated from myocardial velocity gra-
dients have been validated over a wide range of strain values using 
sonomicrometry in animals117,137 and 3D tagged MRI in humans.118,138 
However, systolic strain correlates with MRI better in healthy than dis-
eased individuals.139 DTI strain and strain rate are strong noninvasive 
indices of LV contractility122; DTI strain and strain rate increased with 
dobutamine, decreased with esmolol, and correlated well with peak LV 
elastance in experimental settings.

DTI strain is time consuming, technically demanding, and does 
have important limitations. Reverberation or dropout artifacts from 
neighboring structures can affect the measured velocity gradient and 
interfere with calculation of deformation parameters. Most impor-
tant, DTI strain is a Doppler technique and can display deformation 
along a single dimension only, that of the ultrasound plane. Therefore, 
the displayed value (strain rate and strain) may not relate to the true 
(longitudinal, radial, or circumferential) deformation. In ME views, 
when the ultrasound beam is parallel to the myocardial wall, the actual 
(longitudinal) velocity can be accurately measured, but the velocity of 
radial (transverse) deformation will be zero because radial motion will 
be perpendicular to the ultrasound beam. With any angle  deviation 
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Figure 12-24 Illustrative example of estimation of strain and strain rate 
of midinferior and midanterior left ventricular segments using M-mode. 
L0, end-diastolic length; L1, end-systolic length; t, systolic time interval. 
SAX, short axis; TG, transgastric.
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from 0 degrees, the contribution of radial deformation to the mea-
sured velocity increases.140 As a result, when using TEE, longitudinal 
strain and strain rate should be recorded only from ME views, and 
radial strain and strain rate from TG views. Furthermore, if the angle 
between the Doppler and motion plane is greater than 20 degrees, the 
true myocardial velocity gradient (and the calculated strain and strain 
rate) will be underestimated.137 At an angle of 45 degrees, the measured 
DTI strain is zero.117 This becomes more problematic in the presence 
of RWMAs.141 Because of this angle dependency, DTI should be used 
primarily to assess longitudinal deformation parameters.

Step-by-Step Guide on How to Obtain Doppler Strain
The echocardiographic system must have a preset function to image 
and measure tissue velocity to obtain Doppler strain parameters. Of 
importance is optimal quality of 2D imaging and clear distinction 
between blood pool and myocardium (this may be facilitated by using 
second harmonic imaging, if available). High frame rates are required 
(usually >100 frames/sec) to show the subtle changes in myocardial 
velocity. This is accomplished by narrowing the sector width over the 

myocardial wall of interest. Optimal ECG tracings with clear definition 
of QRS and P are essential, as well as PW or CW Doppler of transmitral 
and aortic flows (for timing of onset and end of systole).  These tempo-
ral recordings should be concurrent with strain data acquisition.

First, DTI should be activated.135 The TEE probe then is manipu-
lated in such a way that myocardial motion and ultrasound planes 
are parallel to each other (or at an angle  20 degrees). The examina-
tion sequence should be standardized and the views labeled because 
the narrow sector removes neighboring structures used for identi-
fication. An adequate Nyquist limit is chosen, usually about ±20 cm/
sec, to avoid aliasing while increasing spatial and temporal resolution. 
Next, the sector width and depth are optimized. The operator has two 
options: either a conventional sector width, which enables side-by-
side comparison of diametrically opposite segments/walls, or a narrow 
 sector (with the option of shallow depth), which maximizes the frame 
rate (DTI strain is optimal at >180 frames/sec). The ventilator may be 
switched off during acquisition of images, which are then reviewed and 
digitally stored. At least three beats (in sinus rhythm) or up to eight 
beats (in arrhythmia) should be captured and digitally stored.142 TEE 
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Figure 12-25 Doppler strain and strain rate. A, Activation of Doppler tissue imaging (DTI) function allows imaging of myocardial velocities in color, 
here with M-mode (from the inferior wall in a midesophageal two-chamber view). The velocities are directed away from the transducer in systole (and 
colored blue) and toward the transducer in diastole (and colored red). B, Spectral display of myocardial velocities from within sample volumes (insert 
panel at left) demonstrates a velocity gradient ( V). Basal (V1) velocity is greater than apical (V2) as the inferior wall shortens along its long axis. C, The 
velocity gradient ( V) of these points is used to calculate strain rate (SR). D, Integration of SR over time ( t) derives strain.
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images used for Doppler strain are the three standard ME views (for 
LAX myocardial deformation) and the basal and mid-TG and mid-
SAX views. Selection of these tomographic planes is dictated by the 
requirement for parallel orientation between the motion plane under 
examination and ultrasound direction (as described earlier). Addition 
of an M-mode line to the color DTI velocities will display a vertical 
line of color tissue velocity pattern along the M-mode beam with good 
temporal resolution (see Figure 12-25A).143

Further analysis is performed either on the initial echocardiographic 
system or on a dedicated workstation. Currently, Doppler strain tech-
niques are proprietary software and analyze digitally stored images 
from the same system only. An appropriately sized sample volume (6 × 
10 mm) is placed on the desired LV region, keeping in mind that larger 
sample volumes result in “smoothing” of the strain signals, whereas at 
the same time, temporal and spatial resolution decrease. The size of the 
sample volume determines the length (L

o
) over which the velocity gra-

dient is calculated. To keep the ROI within the myocardial borders, L
o
 

is typically 10 mm for longitudinal data sets and 5 mm for radial data 
sets.144 “Drift compensation” is a default setting that corrects for drift 
(i.e., when myocardium does not return to its original length at end-
diastole) in the strain curves but can introduce error in the evaluations 
and should be taken into account as well. Because strain is the temporal 
integral of strain rate, strain is a “smoother” curve than strain rate. The 
strain rate curve should be inspected because a noisy strain rate curve 
indicates suboptimal tracking of the ROI and drift; if this is the case, it 
is better to reposition the sample volume.

The sample volumes are placed along the length of the myocar-
dial wall (basal, mid, and apical segments) toward the endocardial 
surface (ME views) or in the middle of the myocardium (TG views) 
and should “track” (travel with) the segment throughout the cardiac 
cycle. The operator should verify that this happens by scrolling frame 
by frame and observing the concurrent motion of the sample volume 
with the myocardial segment. From each sample volume, strain rate, 
strain, and timing of peak values with respect to QRS are calculated 
(Figure 12-26). The reproducibility of strain measurements is reported 
to be less than 15%.142 The suggested measurements and calculations 
are shown in Table 12-8.

Principles of Speckle-Tracking Imaging and 2D Strain
Interactions of ultrasound with myocardium result in reflection and 
scattering. These interactions generate a finely gray-shaded, speckled 
pattern. This speckled pattern is unique for each myocardial region and 
relatively stable throughout the cardiac cycle. The speckles function as 
acoustic markers; they are equally distributed within the myocardium 
and change their position from frame to frame in accordance with 

the surrounding myocardial deformation/tissue motion. In STI, the 
speckles within a predefined ROI are followed automatically frame by 
frame, and the change in their geometric position (which corresponds 
to local tissue movement) is used to extract strain, strain rate, velocity, 
and displacement. Because these acoustic markers can be followed in 
any direction, STI is a non-Doppler, angle-independent technique for 
calculation of cardiac deformation along two dimensions. Therefore, 
radial and longitudinal deformation can be measured in the ME views, 
and radial and circumferential deformation in the TG SAX views.140

Although considered as the only scientifically sound methodology 
for measuring cardiac deformation,141 this non-Doppler technique also 
has limitations: (1) decreased sensitivity because of applied smoothing; 
(2) incorrect calculation of deformation, which is produced by erro-
neous tracking of stationary reverberations (when tissue moves, the 
speckle interference pattern may not move in exact accordance with 
tissue motion)143; (3) the necessity of clear visualization of the endocar-
dial border for reliable radial and transverse tracking; and (4) under-
sampling in tachycardia because the optimal frame rate should be less 

Strain Echocardiography Measurements and 
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Figure 12-26 Measurement in Doppler strain echocardiography includes: (A) peak systolic (SRS), early diastolic (SRD) and late diastolic (SRA) strain 
rate (SR); and (B) end-systolic strain ( ). Strain recorded after aortic valve closure (AVC) is called postsystolic strain (PSS).
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than 100 frames/sec.140 Equally important, STI algorithms require that 
the entire myocardium is visualized throughout the cardiac cycle. Echo 
dropout and mitral annulus calcification attenuate myocardial appear-
ance in the TG or ME views, respectively, and do not allow adequate 
tracking of echocardiographic speckles.

Shear Strain and Torsion
The myocardial architecture of the epicardial and endocardial fibers 
will produce shear strain during the cardiac cycle (deformation parallel 
to the reference plane as the myocardial layers slide on each other; see 
Figure 12-23). This results in the base and the apex of the heart rotating 
in opposite directions. From a TEE perspective, the base rotates clock-
wise (preceded by an early systolic counterclockwise rotation because 
of earlier activation of subendocardial fibers) and the apex counter-
clockwise (preceded by an early systolic clockwise rotation). Torsion 
of the ventricle is the difference in apical and basal rotation, similar 
to wringing a towel dry.104 As a result, during the cardiac cycle, there 
is a systolic twist and an early diastolic untwist of the left ventricle 
along its long axis because of opposite-directed apical and basal rota-
tions. Rotation angles and torsion can be measured with STI,145,146 and 
measurements correlate well with sonomicrometry and tagged MRI. 
Because basal and apical rotations are in opposite directions, some-
where between them there exists a level (the ”equator“) where rotation 
changes from one direction to the other.146

LV torsion occurs mainly by the counterclockwise apical rotation. 
Torsion is considered the mechanical link between systolic and dia-
stolic function: systolic twisting stores elastic energy, which, released 
during the isovolumic phase of diastole, produces untwisting,  generates 
intraventricular pressure gradients, and allows LV filling to proceed at 
low filling pressure.104 During systole in healthy subjects, LV torsion 
increases and LV volume decreases; however, the relation between 
rapid untwisting (uncoiling) and increasing volume is nonlinear dur-
ing diastole. Initiation of untwisting is an early and key mechanism that 
promotes early diastolic relaxation and early diastolic filling,  possibly 
more important than recoil of systolic basal descent.147

LV torsion is preload dependent and increases with inotropy.148 
Approximately 40% of LV untwisting occurs during the isovolu-
mic relaxation period, reaching a maximum just after MV opening, 
when approximately 20% of the SV had entered the left ventricle. By 
the peak of transmitral early filling (E wave), approximately 80% to 
90% of untwisting is completed and essentially finished by the end 
of transmitral filling E wave, with the subsequent LV volume increase 
because of expansion in the short and long axes. LV systolic torsion 
and rapid untwisting increase significantly with exercise, storing addi-
tional potential energy that is released as diastolic suction increases. 
That is why the heart can increase the diastolic filling rate despite the 
shortened diastolic period during tachycardia. Patients with hyper-
trophic cardiomyopathy showed delayed untwisting that was not sig-
nificantly augmented with exercise.149 This explains the inability of 
patients to increase filling during exercise without a significant increase 
in left atrial pressure (LAP). The magnitude of torsion depends criti-
cally on the measurement level relative to LV base or other reference 
point. A limitation of STI in recording torsion is the in-out motion of 
the image plane as the left ventricle moves along its longitudinal axis. 
Selection of reproducible anatomic landmarks is important for measur-
ing (and reporting) reproducible values. At the basal level, the fibrous 
mitral ring is used for orientation and reproducible image planes are 
easier to obtain. For apical recordings, the image plane should be just 
basal to the level with luminal closure at end-systole (there should be a 
recognizable apical cavity at end-systole).

Step-by-Step Guide on How to Perform Speckle 
Tracking Imaging
The technique of non-Doppler strain analysis has been described for 
ambulatory cardiac patients.140,150 As compared with DTI, STI is less 
demanding and is closer to standard imaging (no Doppler is required 
and is performed at normal frame rate). The steps to perform STI in 
the anesthetized cardiac surgical patient are similar and are described in 
detail later. For the time being, analysis and measurements of 2D speckle 

strain parameters are possible off-line only, in a dedicated workstation 
(EchoPAC; GE Vingmed, Holton, Norway). As of this time, analysis is 
possible only on digitally acquired and stored images of the same ven-
dor (there is no “cross talk” between systems from different vendors).

The operator starts by acquiring 2DE images of the left ventricle, 
which are digitally stored. Three ME views (4-chamber, 2-chamber, and 
LAX) and three TG views (basal, mid, and apical) are acquired with a 
frame rate between 40 and 80 per second, with adequate sector width 
and depth to image both endocardium and epicardium. In the anesthe-
tized patient, it is better to stop ventilating to avoid image translation. 
Equally important is to acquire optimal quality 2D images and elimi-
nate any myocardial areas with echo “dropout” (no speckles, no analy-
sis). Timing of systole is based on the ECG-R wave, and end-systole is 
defined using M-mode tracings of the AV or PW Doppler of the trans-
AV flow. This interval is used by the software to define the systolic time; 
therefore, it is practical to initiate postprocessing in an ME LAX view, in 
which the AV is seen, and then move to the other ME and TG views. In 
addition, it is important to acquire images rapidly and ensure that heart 
rate (and rhythm), as well as hemodynamics, remain stable. Otherwise, 
the  systolic interval needs to be redefined before each strain analysis.

In each LV view stored, the operator manually traces the LV endo-
cardium in a systolic frame, where it is best defined/imaged. Based on 
this initial endocardial tracing, the software generates an ROI, which 
encompasses the entire thickness of the cardiac wall between the LV 
epicardium and endocardium. This ROI may be adjusted manually by 
the operator so that the inner border is tracing the endocardium and 
the ROI “covers” the entire myocardium throughout the cardiac cycle. 
After approval of the software-generated myocardial wall delineation, 
speckle tracking analysis is done from within this region for one car-
diac cycle at a time. In each view the LV myocardium is automatically 
divided into six segments, and the tracking quality is scored as either 
acceptable or unacceptable. If more than two segments have unaccept-
able quality, redefinition of the ROI or choosing a different beat should 
be done. Most of the time, the more important reasons for unaccept-
able segments are myocardial dropout and poor-quality 2D imaging; 
neither can be corrected postprocessing.

If tracking quality is acceptable, the operator approves the sampled 
segments and the software provides various deformation parameters 
for each segment: strain, strain rate, velocity, displacement, and rota-
tion (torsion).140,151 Examples of non-Doppler strain measurements are 
seen in Figure 12-27. Because acquisition of 2D images (in the ME and 
TG views) is standard procedure during a comprehensive TEE exami-
nation, appropriately stored, good-quality 2D images can be analyzed 
off-line (provided that the analysis system is of the same manufacturer) 
and provide STI parameters.

A three-click method (Automated Function Imaging [AFI]), 
whereby the operator “anchors” three points, at each side of the mitral 
annulus and at the apex of the left ventricle (in the ME views), further 
 simplifies the process of tracking and analyzing peak systolic strain 
based on 2D strain. The computerized assessment is able to present 
the data in parametric (color), anatomic M-mode, strain curves, and 
“bull's-eye” displays. The usefulness of Automated Function Imaging 
is that deformation data are produced in an effortless manner and are 
comprehended more easily by an inexperienced operator.

The differences between Doppler and non-Doppler strain measure-
ments are summarized in Table 12-9.140 Deformation values are shown 
in Table 12-10.152

Correlation of Strain between Doppler Tissue Imaging 
and Speckle Tracking Imaging
If either DTI or STI measures deformation accurately, the respective strain 
values should correlate and give identical values. In 30 patients without 
AMI, longitudinal strain values differed only by 0.6% ± 6.0% (r = 0.53; P 
< 0.001), and radial strain values differed by 1.8% ± 13.4% (r = 0.46; P < 
0.001).138 Using receiver operating characteristic curves, STI showed greater 
area under the curve to discriminate among dysfunctional segments than 
DTI strain. Similarly, DTI and STI values were identical in healthy subjects, 
as well as in patients with cardiomyopathy.120,123,125,127
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The diagnostic ability of STI (performed with TTE) in patients 
undergoing dobutamine stress testing was less in the right and left cir-
cumflex territory than in the anterior circulation.153 Contrary to DTI, 
STI depends on image quality. Poor imaging will result in decreased 
speckled appearance and poor tracking of the myocardium.

Right Ventricular Function. Assessment of RV function is impor-
tant; however, the complex geometric shape and thin wall structure 
of the right ventricle do not allow quantification with conventional 
2D and M-mode techniques. In the experimental setting, systolic 
strain values obtained by DTI, in either inflow or outflow tract, were 
found to be comparable with those obtained by sonomicrometry (a 
method by which the actual length change is measured), whatever the 
RV loading conditions were.154 RV longitudinal function is dominant 
over SAX function; and RV inflow tract, represented by the basal RV 
free wall, is the major contributor in global RV systolic and diastolic 
function. Therefore, measurement of longitudinal RV inflow deforma-
tion127 offers valuable insights to global RV function. DTI longitudinal 
strain measurements showed an insignificant decline with age (average 
value of 31%, in 54 healthy adults).155 In laboratory experiments with 
opened pericardium, increased afterload after PA constriction resulted 
in a shift of myocardial shortening from early-mid to end-systole or 
even diastole (postsystolic shortening [PSS]), whereas a reduction in 
preload caused by inferior vena cava occlusion induced earlier systolic 
shortening.154 However, in healthy ambulatory subjects, DTI strain of 
RV inflow (recorded from the basal segment, lateral to the tricuspid 
annulus) did not change with preload or afterload increase.156 DTI and 
STI RV peak systolic strain values correlate well (r = 0.73), with DTI 
values always being greater, overestimating peak systolic strain rate by 
0.64%.157 The correlation for strain rate was better (r = 0.90).

Deformation in the Operating Room. DTI strain is a sensitive 
means for detecting and localizing myocardial ischemia, as opposed to 
myocardial velocities. Intraoperative TEE measurements of DTI strain 
are comparable with transthoracic assessment, and pericardiotomy 
does not affect them.158 As is expected, Doppler strain measurements 
are not easily obtained in the radial direction because of Doppler angle 
and translation cardiac motion.159 DTI strain is better suited for the 
study of longitudinal cardiac deformation. DTI strain was found to 
be superior to myocardial velocity measurements in detecting and 
assessing regional myocardial ischemia during off-pump LAD revascu-
larization. DTI strain demonstrated systolic lengthening of the apical 
septum and reduced longitudinal shortening of the midseptum dur-
ing interrupted LAD flow. These changes occurred with concomitant 
deterioration of wall motion and were confined to the LAD territory, 
whereas there were no changes in the basal septum, supplied by the 
right  coronary artery.160 At the same time, DTI velocities remained 
unchanged in the apical septum during interrupted LAD flow, prob-
ably explained by traction from the basal segments.

Rotation and Twist. Apical rotation (12.2 ± 3.8 degrees) repre-
sents the dominant contribution to LV twist (73% ± 15%) and reflects 
LV twist over a wide range of hemodynamic conditions, making it a 
noninvasive, feasible clinical index of LV twist.148 Estimation of LV 
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m-I

Inferior Anterior

a-I
a-A

m-A a-A
m-A

Figure 12-27 Speckle tissue imaging (STI). Longitudinal strain (A) and transverse strain (B) from a midesophageal four-chamber left ventricular 
view. White dotted line represents the global (average) longitudinal strain. Each myocardial segment is color coded. Longitudinal strain is abnormal 
in basal inferolateral (b-IL) segment (longitudinal expansion). Transverse strain is normal in only basal and midinferoseptal (IS) segments (transverse 
thickening). Circumferential (C) and radial (D) strain from a transgastric midpapillary short-axis view of the left ventricle. White dotted line represents 
the global (average) circumferential strain. Deformation is uniform (as compared with A and B). b-A, basal anterior; a-A, apical anterior; a-I, apical 
inferior; b-I, basal inferior; m-A, midanterior; m-I, midinferior.

PW, pulsed wave.

Strain Echocardiography: Imaging Modalities

Doppler Tissue Imaging Speckle Tracking Imaging

Technique Manipulation of Doppler 
signal 

Strain is calculated from 
velocity gradients, 
measured against a fixed 
reference (transducer)

Tracking of acoustic 
markers 

myocardium are tracked 
frame by frame

Strain is directly measured 
from tracking of 
acoustic markers 
(speckles)

Display Color map (±M-mode)
PW at a specific space 

(regional values only)

Color map
Spectral display (regional 

and global values)
Measurements From color map (off-line):

From PW (real-time):

Limitations Only deformation parallel 
to ultrasound beam is 
measured

Affected by translation and 
tethering

Requires high frame rate

Requires lower frame 
rate (time between 
collection of consecutive 
image frames  10 
milliseconds)—
interpretation may be 
more reliable if tissue 
contains some stronger 
scattering structures

Off-line implementation 
(not real time)

Different image resolution 
in axial and lateral 
beam directions 
(long vs. radial in 
midesophageal and 
radial vs. circumferential 
in transgastric views)

Dependent on optimal 
imaging

Basal motion through 
image plane may 
result in poor spatial 
resolution

TABLE 
12-9
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Deformation Values

References Strain Mode Clinical Point

Reisner, 2004126 STI n = 12
global longitudinal S = −24.1% ± 

2.9%
global longitudinal SR = −1.02 ± 

0.09/sec

n = 27 post-MI
global longitudinal S = −14.7% 

± 5.1%
global longitudinal SR = −0.57 

± 0.23/s

WMS correlated 
well with global 
longitudinal  
S and SR

Cut-off:
global longitudinal  

S < −21%
global longitudinal  

SR < −0.9/sec for 
detection of post-MI 
patients

Jamal, 2002322 DTI n = 14
Regional longitudinal S
basal: −18% ± 5%
mid: −21% ± 8%
apex: −20% ± 9%
Regional longitudinal SR
basal: −1.1 ± 0.4/sec
mid: −1.3 ± 0.5/sec
apex: −1.3 ± 0.3/sec

n = 40 post-MI
Regional longitudinal S  

(WMS = 2)
basal: −10% ± 6%
mid: −12% ± 6%
apex: −11% ± 9%
Regional longitudinal SR
basal: −0.7 ± 0.3/s
mid: −0.8 ± 0.4/sec
apex: −0.8 ± 0.5/s
Regional S (WMS = 3)
basal: −4% ± 4%
mid: −7% ± 6%
apex: −6% ± 6%
Regional SR
basal: −0.4 ± 0.2/sec
mid: −0.6 ± 0.3/sec
apex: −0.6 ± 0.4/sec

Cutoff:
S < −13%
SR < −0.8/sec for 

infarcted segments

Serri, 2006123 DTI n = 45
longitudinal S
−19.12% ± 3.39%

STI n = 45
longitudinal S
−18.92% ± 2.19%

Bogaert, 2001114 MRI tagged n = 87
longitudinal S −17%
Radial S 38%
Circumferential S −40%

Kowalski, 2001127 DTI n = 40
longitudinal S −20%
longitudinal SR −1.5–2.0/sec
Radial S 46%
Radial SR 3/sec

Higher long S and SR for 
RV wall

Inhomogeneous values 
for RV

Hurlburt, 2007128 STI n = 60
longitudinal S = −18.4% ± 4% (male)
−20.8% ± 4.3% (female)
circumferential S = −20.9% ± 4.3% 

(male)
−25.4% ± 6.3% (female)
radial S = 35% ± 10.2% (male)
40% ± 15.6% (female)

Andersen, 2004133 DTI n = 32
longitudinal S = −17.93% ± 2.65%

Abali, 2005130 DTI n = 101
longitudinal S = −28% ± 8%
longitudinal SR = −1.5 ± 0.35/sec

Zhang, 2005328 DTI n = 720 segments
longitudinal SR = −1.58 ± 0.38/sec

Kukulski, 2003319 DTI n = 20
longitudinal S = −18.9% ± 3.7%
radial S = 25% ± 14%

Andersen, 2003124 DTI n = 55
Mean longitudinal SR = −1.5 ± 0.3/sec

Basal longitudinal SR −1.8 ± 
0.6/sec

Midlongitudinal SR −1.4 ± 0.3/
sec

Apical longitudinal SR −1.4 ± 
0.3/sec

Simmons, 2002158 DTI n = 13 (septum)
longitudinal S = −0.17% ± 0.04%
n = 11 (inferior)
longitudinal S = −0.13% ± 0.04%

Mizuguchi, 
2008330

STI n = 30
longitudinal S = −22% ± 2.1%
radial S = 73.2% ± 10.5%
circumferential S = 22.1% ± 3.4%
Tor = 19.3 ± 7.2 degrees

TABLE  
12-10
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twist from apical rotation eliminates the requirement of two separate 
recordings, one for the base and one for the apex, and possible calcu-
lation problem because of beat-to-beat variation in rotation, as well 
as the move-through of the LV image plane. In patients with chronic 
ischemia but preserved LVEF, rotation and twist were similar to healthy 
subjects; but in those with depressed LVEF, apical rotation and twist 
were reduced.148

In patients with diastolic dysfunction (DTI E  < 8 cm/sec), peak LV 
twist is increased in early-stage diastolic dysfunction, mainly because 
of more vigorous and increased LV apical rotation.161 It currently is 
unknown whether the mechanism of LV twisting and untwisting is 
independent of the underlying myocardial relaxation in patients with 
diastolic heart failure, or whether it is dependent on filling pressure 
(decreased twist with increased filling pressure).161

Systolic twist was depressed and diastolic untwisting prolonged in 
patients with anterior wall myocardial infarction (MI) and abnor-
mal LV systolic function. These abnormalities were related to reduced 

 apical rotation and associated with the reduction of apical circumfer-
ential strain.162 In contrast, systolic twist was maintained in patients 
with anterior wall MI and LVEF greater than 45%. This is a result of the 
mild reduction of circumferential strain in the apex that may affect LV 
twist behavior in a mild manner.

Ventricular Synchronization
In the normal heart, electrical activation of the ventricles occurs after 
atrial contraction, spreads quickly (within 40 milliseconds) in both 
ventricles via conduction through the Purkinje fibers, and is associated 
with synchronous regional mechanical contraction of both ventricles. 
In mechanical dyssynchrony, there is delay in activation of the ventricles 
(interventricular dyssynchrony), or there is delay within the different 
LV segments or regions (intraventricular dyssynchrony; Figure 12-28). 
Typically, there is a prolonged QRS complex on the  surface ECG. A 
classic type of dyssynchrony is left bundle branch block, where there 
is early electrical activation of the interventricular septum and late  

Deformation Values—Cont'd

References Strain Mode Clinical Point

Helle-Valle, 
2005146

STI n = 29
Basal rotation 4.6 ± 1.3 degrees
Apical rotation −10.9 ± 3.3°
Torsion −14.5 ± 3.2 degrees

Opdahl, 2008148 STI n = 18
Basal rotation −5.9 ± 1.3 degrees
Apical rotation 12.2 ± 3.8 degrees
Torsion 17.8 ± 3.7 degrees

N = 9 (EF > 50%)
Basal rotation −6 ± 3 degrees
Apical rotation 13.6 ± 2.1 

degrees
Torsion 19.1 ± 4.1 degrees

N = 18 (EF < 50%)
Basal rotation −4.8 ± 2.9 degrees
Apical rotation 7.6 ± 3 degrees
Torsion 11.6 ± 3.9 degrees

Takeuchi, 2007162 STI N = 15
Radial S

base
 = 52.8% ± 11.5%

Radial S
apex

 = 26.5% ± 13.5%
Circumferential S

base
 = −16.2% ± 3.4%

Circumferential S
apex

 = −20.6% ± 3.3%
Torsion = 9.3 ± 3.6 degrees

WMI = 16 (EF > 45%)
Radial S

base
 = 35.8% ± 10.7%

Radial S
apex

 = 16.5% ± 9%
Circumferential S

base
 = −13.7% 

± 4%
Circumferential S

apex
 = −13.5% 

± 4.1%
Torsion = 9.8 ± 4 degrees

WMI = 14 (EF < 45%)
Radial S

base
 = 27.4% ± 10.3%

Radial S
apex

 = 12.8% ± 5.4%
Circumferential S

base
 = −10.7% ± 5.1%

Circumferential S
apex

 = −7.3% ± 2.6%
Torsion = 5.6 ± 2.6 degrees

Teske, 2008157 DTI n = 22
RV longitudinal S = −30% ± 7.6%
RV longitudinal SR = −1.77 ± 0.55/sec

STI
RV longitudinal S = −29.4 ± 5.6
RV longitudinal SR = −1.75 ± 

0.55
Chow, 2008152 STI n = 27

RV global longitudinal S = 26.3% ± 
2.9%

RV global longitudinal SR = 1.33 ± 
0.23/sec

TABLE 
12-10

DTI, Doppler tissue imaging; MI, myocardial infarction; RV, right ventricle; S, strain; SR, strain rate; STI, speckle tracking imaging; WMS, wall motion score.

Figure 12-28 NS figure dyssynchrony. Left, Interventricular delay: 20 milliseconds. Right, Interventricular delay: 180 milliseconds.
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activation of the inferolateral LV segments. The early septal  contraction 
causes inferolateral stretching and late inferolateral contraction pro-
ducing septal stretching. That is, one wall exerts forces on the con-
tralateral wall and results in abnormal systolic performance, because 
the early septal contraction does not contribute to ejection because it 
occurs when LV pressure is low. Therefore, dyssynchrony is not innoc-
uous, produces progressive dilation and distortion of the left ventricle, 
disrupts MV geometry, and results in inefficient LV systolic perfor-
mance, increased LVESV, and wall stress, delayed relaxation, and mitral 
regurgitation. LV dyssynchrony has emerged as an important concept 
in patients with congestive heart failure. It is present in a significant 
proportion of patients with heart failure with left bundle branch block 
and in patients with normal QRS duration. Presence of LV dyssyn-
chrony has been used to predict response to cardiac resynchronization 
treatment (CRT) in patients with end-stage heart failure.

CRT (by biventricular pacing) results in reverse remodeling, where 
LV size and function progressively improve over time, with better 
results in nonischemic patients,163 and reduces mitral regurgitation by 
improving temporal coordination of mechanical activation of the pap-
illary muscles.164 CRT is indicated for patients with severe heart failure 
(NYHA Class III or IV), widened QRS greater than 120 milliseconds, 
and LVEF less than 35%. However, mechanical dyssynchrony may also 
exist in patients with depressed LV function and a narrow QRS. As a 
result, 25% to 35% of patients undergoing CRT fail to improve, and 
this may be because of widened QRS being a suboptimal marker for 
dyssynchrony. Additional factors associated with lack of response to 
CRT are ischemic disease with scar tissue that prohibits reverse remod-
eling, subsequent MI after CRT, or suboptimal lead placement.

Optimization of the techniques used to detect dyssynchrony is 
important to identify those patients who will respond to CRT because 
it appears that patients with minimal or no dyssynchrony have a lower 
probability of response and a poor prognosis after CRT.

Different echocardiographic modes have been used to detect 
dyssynchrony165:
 1. M-mode with the cursor across the septal and inferolateral 

(posterior) segments. A delay between the opposing segments 
peak  systolic excursion, usually longer than 130 milliseconds, 
was found to be fairly predictive for response to CRT (defined 
as >15% decrease in LVESV and improvement in clinical out-
come).166 However, because of unsatisfactory reproducibility167 
and lack of clear definition of systolic excursion of both septal 
and posterior walls, M-mode measurements (which are a single-
dimensional assessment of LV dyssynchrony) are supplemental 
means to other echocardiographic modes, such as DTI.

 2. DTI of longitudinal myocardial velocities has been the principal 
method in recent studies and the preferred echocardiographic 
approach. With color DTI, the direction of motion is color-coded 
and is used to identify the transition from inward to outward 
motion in opposing LV segments. Placement of sample volumes in 
basal, septal, and lateral LV segments produces a spectral display of 
mean myocardial velocities. The time delay between systolic myo-
cardial excursion is measured (two-site method), and peak systolic 
delay longer than 65 milliseconds is predictive of clinical response 
to CRT and reverse remodeling.168 Subsequent investigators used 
four or six basal segments as well. A “dyssynchrony index” is the 
standard deviation of the 12-segment times to peak regional myo-
cardial systolic velocity; greater than 32/6 milliseconds has been 
proposed to be the best predictor of response to CRT.169 An auto-
mated color-coding of time-to-peak systolic velocity termed  tissue 
synchronization imaging has also been developed. Myocardial 
systolic velocity spectra can be produced by real-time PW DTI. 
However, the technique is considered time consuming and sus-
ceptible to artifacts because of breathing, patient movement, and 
translation. The major limitation of DTI techniques is that they 
cannot differentiate a passively moving segment because of tether-
ing from an actively contracting one.

 3. Cardiac deformation (stain) can differentiate active myocar-
dial contraction or deformation from passive motion because of 

translation or tethering and has also been used to study dyssyn-
chrony.170 Longitudinal (the systolic deformation as imaged in the 
ME views) or radial (representing radial thickening as seen in TG 
views) strain can be challenging because it is affected by increased 
Doppler angle, whereas reproducibility of measurements is limited 
by the poor signal-to-noise ratio. Some believe that DTI velocities 
are far better than strain parameters in detecting dyssynchrony 
amenable to CRT.171 Deformation studied with speckle-tracking 
imaging is a newer modality, which promises to bypass the limita-
tions of DTI deformation.172 Radial synchrony by STI is indepen-
dent of clinical and echocardiographic parameters.173

 4. The full-volume mode is capable of capturing the entire left 
 ventricle in four beats.174 With the use of integrated software 
programs, a 3D model of the left ventricle can be created within 
minutes, allowing the imager to view the 3D dynamics of the 
entire ventricle, including the timing of regional wall motion 
independently of its direction (Figure 12-29). Consequently, 
3DE is considered an alternative approach to TDI for the quan-
tification of LV dyssynchrony, showing good correlation against 
phase analysis of gated SPECT images.175,176 Regional wall motion 
 patterns can be visualized and quantified with semiautomatic 
contour tracing algorithms.177 Its major limitation stems from 
the relatively low frame rate.

Optimal AV delay is defined as the one allowing completion of the 
atrial contribution to diastolic filling resulting in the most favorable 
preload before ventricular contraction. A too-short AV delay will inter-
rupt the late diastolic wave (A), whereas a too-long AV delay will result 
in suboptimal LV preload. Despite these concerns, LV resynchroniza-
tion is by far more important.178

Diastolic Function
Evaluation of diastolic function requires the assessment of the LV 
 pressure-volume relation during diastolic filling. This relation can 
only be measured hemodynamically. Echocardiographic assessment of 
 diastolic function attempts to evaluate diastolic filling by evaluating 
patterns and time of flow, such as from the LA into the left ventricle or 
pulmonary veins into the LA. The main determination of flow is the 
pressure differences in the two chambers.179 The early diastolic pres-
sure difference between the LA and the left ventricle mainly reflects 
the rate of LV relaxation. Thus, if filling is delayed, impaired relax-
ation usually is present. It is important to remember that other factors, 
such as chamber and myocardial compliance, LV loading conditions, 
ventricular interaction, and pericardial constraint, also can influence 
rates of LV filling. Diastolic function may be evaluated using left atrial 
size, Doppler analysis of MV inflow and pulmonary vein flow, color 
M-mode propagation velocities, and tissue Doppler analysis of the MV 
annulus.180–182

Indices for Evaluation
Left Atrial Size
Left atrial size is most accurately measured in the two- and four-cham-
ber views.100 It should be noted that although the Doppler velocity and 
time-interval measurement reflect filling pressures at the time of analy-
sis, left atrial size measurements reflect cumulative effects over time.182 
Left atrial enlargement may occur in the absence of diastolic dysfunc-
tion. If left atrial enlargement is present, this measurement must be 
used in conjunction with other indices of LV diastolic function to 
interpret its significance.

Transmitral Doppler Analysis
Transmitral Doppler spectrum may be measured using PW Doppler. 
Typically, the PW Doppler gate is positioned at the tip of the MV leaf-
lets in an ME four-chamber view.182 Normally, transmitral spectrum 
consists of an early diastolic phase (E-wave) and a late diastolic com-
ponent associated with atrial contraction (A-wave; Figure 12-30A). 
The velocity sweep speeds of 25 to 50 mm/sec should be used initially 
to evaluate respiratory variations in flow, as may be observed with 
pulmonary or pericardial disease, after which it may be increased to  
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100 mm/sec. The peak E- and A-wave velocities, A-wave duration, and 
E-wave deceleration time (DT) should be determined. The E-wave DT 
is measured from the peak of the E-wave until the actual or extrap-
olated intersection with zero. In addition, the isovolemic relaxation 
time (IVRT) may be measured by placing a CW cursor in the LVOT to 
simultaneously measure aortic ejection and ventricular inflow. Normal 
values are listed in Table 12-11. Generally, with increasing age, there is 
a decrease in E-wave velocity and E/A ratio and an increase in A-wave 
velocity and DT.

Mitral E-wave velocities are primarily determined by early  diastolic 
LA-LV pressure gradient, which is primarily influenced by both left 
atrial preload and LV relaxation.183 The A-wave velocity is affected 
by LV compliance and left atrial contractile function.182 Finally, the 
E-wave DT is influenced by LV relaxation, LV diastolic pressures after 
MV opening, and LV compliance. With normal diastolic function, the 
E/A MV inflow ratio is between 0.8 and 1.5, with an E-wave DT of 
greater than 140 milliseconds. With impaired relaxation, there is an 
increase in the A-wave velocity and the E/A ratio becomes less than 0.8 
(see Figure 12-30B). The E-wave DT is usually longer than 200 milli-
seconds. Further worsening in diastolic function results in increases in 
LAP. This increased LAP increases the E-wave velocity. This increased 
E-wave velocity results in a “pseudonormalization” of the E/A ratio 
(see Figure 12-30C). Further progression to restrictive cardiomyopa-
thy results in the rapid increase in ventricular pressure during early 

 diastole with resultant shortened early diastolic filling. This is charac-
terized by an E/A wave ratio greater than 1.5 and an E-wave DT less 
than 140  milliseconds (see Figure 12-30D).

Pulmonary Venous Flow Analysis
The pulmonary veins may be imaged from a number of views, as described 
earlier. The location of the vein may be optimized by CFD. Ideally, a 2- to 
3-mm PW Doppler sample volume is placed more than 0.5 cm into the 
pulmonary vein, ensuring that the direction of pulmonary blood flow 
is parallel to the Doppler beam. The normal pulmonary venous trac-
ing consists of a large positive systolic wave (i.e., flow toward the LA), 
a smaller diastolic wave, and a negative atrial wave (Figure 12-31). The 
systolic wave may have both an S1 and S2 component. The S1 compo-
nent is associated with a “suction” effect of left atrial relaxation, whereas 
the S2 component is related to the pushing of blood by the right ventricle 
across the pulmonary circulation.184 The peak systolic (S) and diastolic 
(D) velocities should be measured, as well as the atrial reversal (Ar) veloc-
ity and duration. If both S1 and S2 components of the pulmonary systolic 
flows are present, the S2 velocity should be used for calculations because 
S1 is related to atrial relaxation. After measurements of the transmitral 
Doppler spectrum, the difference between the Ar duration and A-wave 
duration should be calculated. The atrial systole component of the pul-
monary venous flow (i.e., Ar) velocity usually is less than 35 cm/sec, and 
its duration is usually less than the transmitral E-wave duration.

Figure 12-29 Parametric imaging of the left ventricle. Lateral wall shows severe timing delay in contraction, but only mild decrease in excursion. 
This technology can be helpful in optimizing ventricular synchrony.
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A B

C D

Figure 12-30 Transmitral flow and diastolic dysfunction. A, Normal transmitral spectrum consists of an early diastolic phase (E wave) and a late 
diastolic component associated with atrial contraction (A wave). The E-wave velocity is usually larger than the A-wave velocity. B, Delayed relaxation. 
With delayed relaxation, the A wave becomes smaller than the E wave. C, Pseudonormalization. With worsening diastolic dysfunction, left atrial pres-
sure increases with a concomitant increase in the E-wave velocity. Although there is an increase in the E-wave deceleration time, differentiation of 
the pseudonormalization pattern from normal is dependent on additional indices of diastolic function. D, With the restrictive pattern, the E wave 
becomes dominant with a rapid deceleration time.

Data expressed as mean ± standard deviation (SD; 95% confidence intervals).
*SD not available.
Ar, atrial reversal; DT, deceleration time; IVRT, isovolemic relaxation time; PV, pulmonic valve; S/D, systolic/diastolic.
Adapted from Nagueh SF, Appleton CP, Gillebert TC, et al: Recommendations for the evaluation of left ventricular diastolic function by echocardiography, J Am Soc Echocardiogr 22:107–133, 2009;
Klein AL, Burstow DJ, Tajik AJ, et al: Effects of age on left ventricular dimensions and filling dynamics in 117 normal persons, Mayo Clin Proc 69:212–224, 1994.

Normal Values for Doppler Diastolic Measurements

Age (yr)

Measurement 16–20 21–40 41–60 > 60

IVRT (msec) 50 ± 9
(32–68)

67 ± 8
(51–83)

74 ± 7
(60–88)

87 ± 7
(73–101)

E/A ratio 1.88 ± 0.45
(0.98–2.78)

1.53 ± 0.40
(0.73–2.33)

1.28 ± 0.25
(0.78–1.78)

0.96 ± 0.18
(0.6–1.32)

DT (msec) 142 ± 19
(104–180)

166 ± 14
(138–194)

181 ± 19
(143–219)

200 ± 29
(142–258)

A duration (msec) 113 ± 17
(79–147)

127 ± 13
(101–153)

133 ± 13
(107–159)

138 ± 19
(100–176)

PV S/D ratio 0.82 ± 0.18
(0.46–1.18)

0.98 ± 0.32
(0.34–1.62)

1.21 ± 0.2
(0.81–1.61)

1.39 ± 0.47
(0.45–2.33)

PV Ar (cm/sec) 16 ± 10
(1–36)

21 ± 8
(5–37)

23 ± 3
(17–29)

25 ± 9
(11–39)

PV Ar duration (msec) 66 ± 39
(1–144)

96 ± 33
(30–162)

112 ± 15
(82–142)

113 ± 30
(53–173)

Septal e  (cm/sec) 14.9 ± 2.4
(10.1–19.7)

15.5 ± 2.7
(10.1–20.9)

12.2 ± 2.3
(7.6–16.8)

10.4 ± 2.1
(6.2–14.6)

Septal e /a  ratio 2.4* 1.6 ± 0.5
(0.6–2.6)

1.1 ± 0.3
(0.5–1.7)

0.85 ± 0.2
(0.45–1.25)

Lateral e  (cm/sec) 20.6 ± 3.8
(13–28.2)

19.8 ± 2.9
(14–25.6)

16.1 ± 2.3
(11.5–20.7)

12.9 ± 3.5
(5.9–19.9)

Lateral e /a  ratio 3.1* 1.9 ± 0.6
(0.7–3.1)

1.5 ± 0.5
(0.5–2.5)

0.9 ± 0.4
(0.1–1.7)

TABLE  
12-11
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As Nagueh et al182 summarized, “S1 velocity primarily is influenced by 
changes in LAP and left atrial contraction and relaxation, whereas S2 is 
related to SV and PW propagation in the pulmonary tree. D velocity is 
influenced by changes in LV filling and compliance and changes in paral-
lel with mitral E-wave velocity. Pulmonary venous Ar velocity and dura-
tion are influenced by LV late diastolic pressures, atrial preload, and left 
atrial contractility. A decrease in left atrial compliance and an increase in 
LAP decrease the S velocity and increase the D velocity, resulting in an S/D 
ratio less than 1, a systolic filling fraction less than 40%, and a shortening 
of the DT of D velocity, usually less than 150 milliseconds. With increased 
left ventricular end-diastolic pressure (LVEDP), Ar velocity and duration 
increase, as well as the time difference between Ar duration and mitral 
A-wave duration.” Increases in LAP result in a blunting of the systolic 
component of pulmonary venous flow compared with diastolic pulmo-
nary venous flow. With greater increases in LVEDP, the Ar velocity exceeds 
35 cm/sec and the duration becomes greater than 30 milliseconds com-
pared with the transmitral E-wave duration (see Figure 12-31B).

Color M-Mode Flow Propagation Velocity (Vp)
Mitral-apical propagation velocity may be measured using color 
M-mode imaging. A clear view of LV inflow is obtained. CFD map-
ping is superimposed on the LV inflow, and the color mapping is 
adjusted to a displayed and aliased signal in the center of the ventricu-
lar inflow.185 The M-mode scan line is displayed extending through 
the MV leaflet opening to the LV apex. V

p
 is determined by measuring 

the slope of the aliasing velocity from the mitral inflow to approxi-
mately 4 cm into the LV cavity during early systole (Figure 12-32A). 
A V

p
 greater than 50 cm/sec is considered normal.182 This early filling 

wave is driven by the pressure gradient between the LV base and apex, 
which represents a suction force attributed to LV restoring forces and 
relaxation. A decrease in V

p
 serves as a semiquantitative marker of LV 

diastolic dysfunction (see Figure 12-32B). In most cases of diastolic 
dysfunction, other indices of diastolic function are present; if these 
indices are inconclusive, Vp may provide useful information concern-
ing estimation of LVEDP.

Figure 12-31 Pulmonary venous tracing. A, The normal pulmonary venous tracing is characterized by flow into the left atrium (toward the trans-
ducer) during both systole (S) and diastole (D) with a small flow reversal during atrial systole. The systolic component, which occurs immediately after 
the QRS complex, consists of both of an S1 and S2 component. The S1 component represents the suction effect during atrial relaxation, whereas 
the S2 component represents flow as a result of right ventricular systole. Flow during diastole (D) is normally less than systolic flow. Atrial contraction 
produces an atrial reversal wave (Ar) immediately before ventricular systole. B, With worsening left ventricular diastolic function, there is an increase 
in Ar velocity and duration. There is a markedly increased pulmonary venous Ar velocity at 50 cm/sec and its prolonged duration at greater than 
200 milliseconds in comparison with mitral A (late diastolic) velocity. (B, From Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA, 
Waggoner AD, Flachskampf FA, Pellikka PA, Evangelista A.et al: Recommendations for the evaluation of left ventricular diastolic function by echocar-
diography. J Am Soc Echocardiogr 22:107–133, 2009.)
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A B

Figure 12-32 Color M-mode propagation velocity. A, Normal. The color M-mode slope of the left ventricular inflow is greater than 50 cm/sec. 
B, With decreased diastolic function, there is a decrease in the M-mode propagation slope.
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Tissue Doppler
Spectral Doppler usually is used to determine blood-flow velocities. 
Because these velocities are relatively high and the amplitude of the 
Doppler signal is low, high-amplitude/low-velocity ultrasound signals 
usually are ignored. In contrast, during tissue Doppler examination, the 
primary interest is in the high-amplitude/low-velocity ultrasound sig-
nals created by the myocardium; low-amplitude/high- velocity  signals are 
ignored. DTI of the MV annulus may be used to judge diastolic func-
tion.186 Most modern ultrasound machines have presets optimized for 
tissue Doppler analysis to include the high-amplitude/low-velocity sig-
nals that normally are excluded. The sample volume should be positioned 
with 1 cm of the septal and lateral annular insertion points and should 
cover the longitudinal excursion of the mitral annulus in both systole 
and diastole.182 Normally, this DTI wave consists of two diastolic compo-
nents: one in early diastole (e ) and one in late diastole (a ; Figure 12-33). 
Measurements should be taken at both points and the results averaged. 
The septal e  wave generally is lower than the lateral e -wave velocity. The 
peak e  and a  velocities should be determined, and the e /a  ratios, as 
well as the E/e  ratios, should be calculated. These two signals are in the 
opposite direction of MV inflow. The major determinants of e  veloc-
ity are LV relaxation,  preload, systolic function, and LV minimal pres-
sure. These indices may not be accurate with heavy annular calcification, 
mitral stenosis (MS), prosthetic MVs or annuli, or constrictive pericardi-
tis. Because preload has minimal effect on e  velocity, the E/e  ratio is 
useful to correct for E-wave velocities in the presence of diastolic dys-
function. Normal values for these parameters are listed in Table 12-11. 
Septal E/e  ratios less than 8 and septal e  velocities greater than 8 cm/sec 
usually indicate normal LV filling pressures, whereas septal E/e  ratios 
greater than 16 and septal e  velocities less than 8 cm/sec (lateral e  veloc-
ity < 8.5 cm) usually indicate increased LV filling pressures.180,182

Classification of Diastolic Dysfunction
There are three primary stages of diastolic dysfunction: impaired relax-
ation, pseudonormalization, and restrictive cardiomyopathy, which may 
be classified using the indices presented (Figure 12-34).182 In patients 
with mild diastolic dysfunction (impaired relaxation), the mitral 
E/A ratio is less than 0.8, DT is more than 200 milliseconds, IVRT is 
100 milliseconds or longer, systolic is greater than diastolic pulmonary 
venous flow, annular e  velocity is less than 8 cm/sec, and the E/e  ratio 
is less than 8. In most of these cases, the LAP is not increased. With 
the progression to moderate diastolic dysfunction, there are mild-to-
moderate increases in LV filling pressures. With these increases in LAP, 
the early diastolic LA-LV pressure gradient increases, which results in 
a pseudonormalization of the E/A ratio (0.8 to 1.5). This ratio may 
decrease by more than 50% with Valsalva. Other supporting data for 
the diagnosis of moderate diastolic dysfunction include an increase of 
the E/e  ratio to 9 to 12, e  less than 8 cm/sec, a pulmonary venous A

r
 

velocity greater than 30 cm/sec, diastolic pulmonary venous blood flow 

 velocity greater than systolic, and A
r
-A duration 30 milliseconds or lon-

ger. Finally, severe diastolic dysfunction (restrictive LV filling) may be 
diagnosed with E/A ratio of 2 or more, DT less than 160 milliseconds, 
IVRT 60 milliseconds or less, pulmonary venous systolic filling fraction 
40% or less of the diastolic fraction, mitral A-flow duration shorter 
than the Ar duration, and average E/e  ratio greater than 13 (or septal 
E/e   15 and lateral E/e   12).

Intravascular Pressures
Various echocardiographic techniques have been used to gauge intra-
cardiac or intravascular pressures. Based on the Doppler shift  principle, 

Septal e
Lateral e

LA volume

Septal e  8
Lateral e  10
LA 34 mL/m2

Septal e  8
Lateral e  10
LA 34 mL/m2

Septal e  < 8
Lateral e  < 10
LA 34 mL/m2

E/A  0.8
DT 200 ms
Avg. E/e  8
Ar-A 0 ms

E/A 0.8–1.5
DT 160–200 ms
Avg. E/e  9–12
Ar-A 30 ms

E/A 2
DT 160 ms
Avg. E/e  13
Ar-A 30 ms

Normal
function

Delayed
relaxation

Normal function,
athlete’s heart,
or constriction

Pseudo-
normalization

Restrictive
filling

Figure 12-34 Classification of diastolic dysfunction. A, late diastolic 
transmitral velocity; Ar-A, difference between pulmonary venous atrial 
reversal duration and transmitral A wave duration; DT, E-wave decelera-
tion time; E, early diastolic transmitral velocity; e early diastolic tissue 
Doppler velocity; LA, left atrial.

A B

Figure 12-33 Tissue Doppler measurements. A, Normal tissue Doppler spectrum. e  is both greater than a  and more than 8 cm/sec. B, With 
 worsening left ventricular diastolic function, there is a decrease in e  velocity.
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blood-flow velocity can be used to determine pressure gradients. 
The modified Bernoulli equation describes the relation between  pressure 
gradients and blood-flow velocities. When flow acceleration and vis-
cous friction variables of blood are ignored and flow velocity proximal 
to a fixed obstruction is significantly less than flow velocity after the 
obstruction, the following formula applies:

where P
1
 − P

2
 is the pressure gradient across an obstruction, and V is 

the velocity distal to the obstruction. With this formula, the pressure 
gradient across a fixed orifice can be calculated.

Determination of Intravascular Pressures
The velocity of a regurgitant valve is a direct application of pressure 
 gradient calculations because it represents the pressure decline across that 
valve, and, therefore, can be used to calculate intracardiac pressure. For 
example, tricuspid regurgitation (TR) velocity reflects systolic pressure 
differences between the right ventricle and RA. RV systolic pressure can be 
obtained by adding RA pressure (estimated or measured) to 4(TR veloc-
ity)2. In the absence of RVOT obstruction, PA systolic pressure will be the 
same as right ventricular end-systolic pressure (RVESP). For example,

Similarly, pulmonary regurgitation (PR) velocity represents the diastolic 
pressure difference between the PA and the right ventricle. Therefore, 
PAEDP = RVEDP + 4(PR end–diastolic velocity)2. Note that RVEDP is 
equal to RAP (estimated or measured). Mitral regurgitation (MR) veloc-
ity represents the systolic pressure difference between the left ventricle 
and the LA. In patients without LVOT obstruction, systolic blood pressure 
essentially is equal to LV systolic pressure; therefore, LAP is equal to SBP 
− 4(MR)2. Finally, aortic regurgitation (AR) velocity reflects the diastolic 
pressure gradient between the aorta and the left ventricle. Note also that 
LVEDP can be estimated by various diastolic filling patterns from mitral 
and pulmonary venous flow  velocity patterns. In summary,

where PAP represents pulmonary artery pressure, RAP is right atrial 
pressure, SBP represents systolic blood pressure, and DBP is diastolic 
blood pressure. Stevenson187 compared six different echocardiographic 
techniques to measure PA pressure. When compared with direct mea-
surements, some of these techniques yielded highly accurate correla-
tions (r = 0.97), but they were not always applicable in all patients.

Cardiac Output
M-Mode Echocardiographic Measurement
Early in the development of echocardiography, Feigenbaum et al188 
compared echocardiographic and angiographic volumes in an attempt 
to show that M-mode echo measurements were related to actual ven-
tricular size. They cubed single M-mode echocardiographic dimensions 

and correlated them with their angiographic equivalents. Although 
reasonably good correlations were obtained, they never intended to use 
M-mode ventricular diameters for the actual clinical measurements of 
ventricular volumes.

Two-Dimensional Echocardiographic Measurement
SV is calculated as the difference between end-diastolic volume (EDV) 
and end-systolic volume (ESV). The ASE has recommended that the dia-
stolic dimension coincide with the Q wave on the ECG. The end-systolic 
dimension is best measured at the time of the peak downward motion of 
the posterior endocardium. When TEE was utilized to obtain ventricu-
lar dimensions, correlations between echo and indicator dilution varied 
from r = 0.72 in patients undergoing cardiac surgery to r = 0.97 in criti-
cally ill patients.189 In patients undergoing CABG, SV was derived from 
2D SAX views using echocardiography.190 Comparisons of echo-derived 
cardiac index with simultaneous thermodilution-derived cardiac index 
yielded a correlation coefficient of 0.80 (see Chapter 14).

Doppler Measurements
Flow across the orifice is equal to the product of the cross-sectional 
area (CSA) of the orifice and the sum of the flow velocities. Because 
flow velocity is not constant throughout a flow cycle, the sum of all 
of the flow velocities during the entire ejection period is integrated to 
measure total flow.191,192 This summation of flow velocities in a given 
period is called the velocity–time integral (VTI). The VTI is represented 
by the area enclosed within the baseline and spectral Doppler signal. In 
essence, the VTI is the area under the curve of the Doppler signal and 
represents the distance transversed by an object during a given period.

Once VTI is determined, then SV and CO can be calculated:

In using these equations, there are a number of assumptions, includ-
ing: (1) laminar blood flow in the area interrogated; (2) a flat or blunt 
flow velocity profile, such that the flow across the entire CSA interro-
gated is relatively uniform; and (3) Doppler angle of incidence between 
the Doppler beam and the main direction of blood flow is less than 20 
degrees, so the underestimation of the flow velocity is less than 6%.

A number of Doppler methods have been attempted. Probably the 
most popular and accepted utilize the LVOT. Other methods using 
the mitral, tricuspid, and pulmonic orifices have been attempted with 
variable results. Their respective accuracy is dependent on the angle 
between the insonated Doppler signal and blood flow. It should be 
noted, however, that the major determinant of variability in estimat-
ing SV by the use of any technique is the accurate measurements of the 
CSA. The CSA for a circular orifice such as the LVOT is:

where D represents the diameter obtained by 2D imaging. Therefore, 
any error in diameter measurement would be squared in the final 
results. A number of methods have been suggested for measuring the 
diameter of the AV orifice. In the absence of AV disease, the diameter at 
the level of the aortic root either at the level of the sinuses of Valsalva 
or immediately above them has been used to define the aortic orifice 
area. However, in the presence of AS, the aortic orifice area should be 
measured at the level of the LVOT, immediately underneath the AV 
insertion. If the LVOT diameter is used as the aortic CSA to obtain 
determinations of CO, changes in the diameter of the aortic root will 
be minimized throughout the cardiac cycle (systole vs. diastole).

A second source of variability in measuring aortic flow involves the 
proper recording of reproducible Doppler signals. If the LVOT is chosen 
as the CSA, the VTI should be obtained from the Doppler signal at this 
level. For this purpose, the systolic forward flow must be obtained from 
either a deep TG or TG LAX view. The sample volume of the pulsed 
Doppler should be placed in the high portion of the LVOT exactly at the 

2
1 2P P 4(V)

If TR velocity(TR VEL) 3.8m/sec and right atrial  

pressure(RAP) 10mm Hg,

then

2RVESP (TR VEL) 4 RAP

2
4(3.8) 58mm Hg 10mm Hg

RVESP PA systolic 68mm Hg

2PAP systolic RVESP 4(TR) RAP

2PAP diastolic 4(PR) RAP

2
LAP SBP 4(MR)

2LVEDP DBP 4(AR)

SV CSA VTI

CO SV HR

2CSA (D/2)
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same level where the diameter was measured. Occasionally, the Doppler 
signal is difficult to obtain and the morphology of the spectrum may be 
similar to a triangle with a spike at the peak velocity rather than a round 
“bell-shape” flow signal. Under such circumstances, it is inappropriate 
to estimate the VTI because underestimations or overestimations are 
likely to result. If attention is given to proper recording techniques, the 
interobserver variability in measuring the aortic VTI in healthy subjects 
should be less than 5%.

When the results of various studies are compared, it is important 
to know the method of calculating the VTI and the CSA, as well as 
where the Doppler sampling volume was located. Because PW Doppler 
provides a spectral display of instantaneous velocities, mean veloci-
ties or velocity modes are utilized for the integration of flow velocity. 
The measurement of the mitral orifice diameter probably should be 
repeated at various cosines. It has been well established that the size of 
the mitral orifice varies with varying flows. The importance of the sam-
ple volume location has been demonstrated in several studies.133 The 
SV is underestimated when the sampling volume is placed at the mitral 
leaflet tips and overestimated when placed at the mitral annulus.

Using TEE, Roewer et al193 calculated SV in 27 surgical patients. 
A comparison of Doppler-determined CO values with those obtained 
by thermodilution yielded an excellent correlation (r = 0.95). LaMantia 
et al,194 who performed a similar study in 13 cardiac surgical patients, 
found only a modest correlation (r = 0.68). Other investigations have 
used PA Doppler flow velocity integrals and estimations of the ves-
sel area to perform off-line calculations of SV and CO.195 Muhiudeen 
et al196 found that transmitral Doppler CO did not correlate with that 
obtained by thermodilution and PA Doppler CO correlated only weakly 
(r = 0.65) with that obtained by thermodilution. They concluded that 
transesophageal Doppler has significant limitations at the off-line 
monitor of CO. In contrast, Savino et al195 found good agreement and 
correlation (r = 0.93) between transesophageal PA Doppler and ther-
modilution CO. They were, however, unable to visualize the main PA in 
24% of patients. In addition, the method was tedious and not suitable 
for online analysis with current equipment and software.

In 50 cardiac surgery patients, CO obtained by thermodilution 
was compared with deep TG PW Doppler through the LVOT.197 Of 
these patients, seven were excluded from analysis because Doppler 

 measurements could not be obtained. Good correlation in measure-
ments was obtained with a bias of 0.015 L/min with 29% error. The 
authors estimated that these Doppler estimates of CO were 92% sensi-
tive and 71% specific for detecting more than 10% change in cardiac 
output.

The use of 3DE may increase the accuracy of CO measurements. 
Because geometric variability is more easily compensated in these mea-
surements, ESV and EDV may be calculated and CO may be determined. 
Culp et al198 compared 3DE determinations of CO with thermodilution 
during the prebypass period in 20 patients undergoing cardiac surgery. 
In their study, the mean bias was 0.27 L/min with a ±35% limit of agree-
ment. They observed a good correlation between these two measure-
ments; however, there were significant bias and wide limits of agreements 
between the measurements. Off-line analysis of 3DE images may be used 
to estimate CO. In a study of 40 patients undergoing heart transplanta-
tion, 3DE reconstruction of LVEDV and LVESV were estimated, allowing 
for calculation of SV and CO.199 These CO measurements were corre-
lated closely with compared thermodilution-derived measures, with a 
mean bias of 0.06 L/min and a standard deviation of 0.4 L/min. Notably, 
however, each measurement required approximately 3 minutes per case 
and poor image quality precluded analysis in four patients. Transthoracic 
3DE determination of SV was highly correlated to catheterization data.200 
These 3D datasets tended to underestimate the SV by 7.5 mL, or 17%.

As described earlier, homogenous laminar flow and a cylindrical 
outlet are assumed during Doppler measurements. This, unfortunately, 
may not be the case. Three-dimensional color-Doppler echocardiogra-
phy may be used to more accurately define the CSA of either the LVOT 
or MV, as well as more accurately describe the blood flow through these 
areas. In 3D color Doppler determination of CO, multiple 2DE slices 
with their associated Doppler data are obtained through a particular 
surface. Flow data may be computed using Gaussian control surface 
theory.201 Gaussian theory states that for a curved surface, the flow 
passing through the surface is equal to the sum of all velocity compo-
nents normal to the surface (Figure 12-35).

In a group of 47 postcardiac transplantation patients, CO was deter-
mined by thermodilution, as well as 2D and 3D Doppler echocar-
diography through both the LVOT and the mitral value.202 The 3D 
measurement provided a lower bias and narrower limits of agreement 
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Figure 12-35 Calculation of flow 
using Gaussian control surface the-
ory. A, One of two orthogonal cut 
planes of real-time three-dimensional 
Doppler echocardiographic volume 
with sampling curve placed at level 
of aortic valve (AV). B, Third plane 
as if viewed from left ventricular (LV) 
cavity, with region of interest (ROI), 
Doppler signal within LV outflow tract 
(LVOT), outlined. C, Flow rate–time 
curve generated by integration of 
Doppler signals within ROI, at level 
of sampling curve, over course of sys-
tole (green). SV, stroke volume. (From 
Pemberton J, Ge S, Thiele K, et al: 
Real-time three-dimensional color 
Doppler echocardiography over-
comes the inaccuracies of spectral 
Doppler for stroke volume calcula-
tion. J Am Soc Echocardiogr 19:1403–
1410, 2006, by permission.)
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both in the LVOT measurements (−1.84 ± 16.8 vs. −8.6 ± 36.2 mL) and 
in the MV inflow position (−0.2 ± 15.6 vs. 10.0 ± 26 mL).

Assessment of Preload
End-Diastolic Dimensions
Whereas in conventional hemodynamics, preload often is estimated by 
measuring left-heart filling pressures (pulmonary capillary wedge pres-
sure [PCWP], LAP, or LVEDP), in echocardiography, it can be deter-
mined by measuring LV end-diastolic dimensions or calculating LVEDPs. 
In M-mode echocardiography, a single ventricular diameter is obtained, 
whereas in 2DE, one or multiple tomographic cuts are recorded. It has 
been proposed that end-diastolic dimensions provide a better index 
of preload than the PCWP. When PCWP and EDV, derived from SAX 
areas at the level of the papillary muscles, were compared as predictors 
of  cardiac index in patients undergoing CABG surgery, a strong correla-
tion was observed between end-diastolic area (EDA) or EDV and car-
diac index, whereas no significant correlation was found between PCWP 
and cardiac index.203 Konstadt et al204 compared TEE SAX images with 
images generated directly from the cardiac surface during cardiac sur-
gery. There was a close correlation between EDA and end-systolic areas 
and area EFs derived from the two methods (r = 0.88 and 0.94).

In a study of 32 patients during cardiovascular surgery, Beaupre 
et al205 provided evidence for the clinical value of intraoperative TEE 
for monitoring LV SAX dimension (preload) changes. They compared 
SAX area changes with simultaneous PCWP changes obtained from 
PA catheters. Their results showed that estimates of SV derived from 
SAX area changes were consistent with thermodilution data in 91% 
of patients. In contrast, EDA changes correlated with PCWP changes 
in only 23% of patients. Because LV compliance changes dramatically 
during cardiovascular surgery, PCWP is an inadequate guide to LV 
preload.

Clements et al206 studied 14 patients during resection of abdominal 
aortic aneurysms. At multiple times during surgery, echocardiograms 
and first-pass radionuclide studies were recorded simultaneously. The 
correlation between echocardiographic and radionuclide estimates was 
excellent; however, virtually no correlation was seen between  estimates 

from either of these techniques and PA pressures. Thus, TEE (but not 
the pulmonary artery catheter [PAC]) provides the anesthesiologist 
with a direct, quantitative method to assess LV preload and ejection. 
However, if severe RWMAs are present, information from a single cross 
section may not be  adequate for estimating these parameters.

TEE is often, for practical reasons, limited to a single SAX view at the 
level of the papillary muscles. Some evidence suggests that SAX EDAs 
measured at this level correlate reasonably well with measurements 
obtained by on-heart echocardiography and with EDVs measured 
simultaneously using radionuclides. However, Urbanowicz et al's207 
findings were in disagreement with these conclusions. Using a com-
bined radionuclide and thermodilution technique, these investigators 
found that the correlation coefficient between the LVEDA by TEE and 
the LVEDV was only 0.74. In addition, they noted discordant changes 
in four of nine patients. Overall, it has been shown that despite vari-
able loading conditions, changes in LV SAX area reflect changes in LV 
pressure or compliance factors. There are two main echocardiographic 
signs of decreased preload. First, decrease in EDA (<5.5 cm2/m2) invari-
ably reflects hypovolemia. It is, however, difficult to set an upper limit 
of EDA below which hypovolemia can be confirmed. This is partic-
ularly true in patients with impaired contractility in whom a com-
pensatory baseline increase in preload makes the echocardiographic 
diagnosis of hypovolemia difficult. The second sign is obliteration of 
the end-systolic area (“the kissing ventricle sign”) that accompanies the 
decrease in EDA in severe hypovolemia.

Geometric assumptions applied to the LV allow estimation of 
 volumetric measurements based on 2D measurements. Although in 
the elliptically shaped “normal” left ventricle these approximations 
provide the imager with an acceptable approximation of LV volumes, 
this no longer holds true for the “pathologic” ventricle. Unfortunately, 
patients with impaired ventricular function (in whom EF is of great 
interest) are precisely the ones with altered geometry. In addition, the 
placement of the 2D plane can be subject to positioning errors that 
may lead to chamber foreshortening, which even in a normally con-
figured left ventricle can lead to measurement errors. Studies compar-
ing LV volumes and mass measured by 3DE, 2DE, and MRI, which is 
the gold standard, showed significantly better correlation between 3DE 
and MRI than between 2DE and MRI (Figure 12-36).208–210

Figure 12-36 Model of left ventri-
cle created from full-volume data set. 
The model represents a cast of the 
left ventricular cavity providing the 
echocardiographer both end-systolic 
and end-diastolic volumes.
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Jenkins et al211 compared LV measurements obtained by 2DE and 3DE 
with MRI-derived measurements in 110 patients. 3D measurements were 
performed both online using tracing and off-line using edge detection. 
They found that although all echocardiographic measurements under-
estimated LV volumes, the EF estimates were similar. The correlation 
between MRI and online 3DE was better than 2DE; however, the off-line 
3DE provided the best correlation with MRI-derived volumes.

Left Atrial Pressure
The indices used to estimate LAP are discussed in detail in the ear-
lier section describing the evaluation of diastolic dysfunction. The 
current recommendation suggests different algorithms for the evalu-
ation of LAP based on EF.182 These recommendations are summarized 
in Figures 12-37 and 12-38. Mitral inflow patterns may be used with 
reasonable accuracy to estimate LAP in patients with depressed EFs. 
If the E/A ratio is less than 1 and the E wave is 50 cm/sec or less, LAP 
probably is normal; if E/A pressure is greater than 2 and the DT is less 
than 150 millisecond, the LAP probably is increased. In the intermedi-
ate E/A ratios or a high E-wave velocity, other indices must be consid-
ered as well. Signs consistent with normal LAP include E/e  less than 
8, E/Vp less than 1.4, pulmonary venous systolic pressure greater than 
diastolic velocity, Ar-A less than 0 milliseconds, and systolic PA pres-
sure less than 30 mm Hg. However, if E/e  is more than 15, E/Vp is 2.5 
or more, pulmonary venous systolic is less than diastolic velocity, Ar-A 
is greater than 30 milliseconds, and systolic PA pressure is greater than 
35 mm Hg, increased LAP should be suspected.

With normal EF, the primary measurement to be considered is the E/e  
ratio (see Figure 12-38). If the septal, lateral, or average E/e  is less than or 
equal to 8, then the LAP is normal.212 If the septal E/e  is greater than or 
equal to 15, lateral E/e  is 12 or more, or the average E/e  is greater than 
or equal to 13, then the LAP is considered increased. For intermediate 
values of E/e  ratio, other factors associated with diastolic function must 
be considered. Left atrial volume greater than 34 mL/m2, Ar-A duration longer than 30 milliseconds, PA systolic pressure greater than 35 mm 

Hg, and the ratio of the IVRT/T
E e‘ less than 2 (which is defined as the 

time difference between the QRS to E-wave interval and the QRS to e ) 
are supportive of increased LAP. If more than one of these conditions 
is present, a conclusion of greater LAP may be made with greater con-
fidence. Left atrial volume less than 34 mL/m

2
, Ar-A duration less than 

0 milliseconds, PA systolic pressure less than 30 mm Hg, or the ratio of 
the IVRT/T

E e‘ greater than 2 are supportive of normal LAP.

Valvular Evaluation
Aortic Valve Evaluation
Two-dimensional TEE interrogation provides information on valve 
area, leaflet structure, and mobility. The valve is composed of three 
fibrous cusps (right, left, and noncoronary) attached to the root of 
the aorta. Each cusp has a nodule, the noduli Arantii, in the center 
of the free edge at the point of contact of the three cusps. The spaces 
between the attachments of the cusps are the commissures, and the 
circumferential connection of these commissures is the sinotubular 
junction. The aortic wall bulge behind each cusp is known as the sinus 
of Valsalva. The sinotubular junction, the sinuses of Valsalva, the valve 
cusps, the junction of the AV with the ventricular septum, and ante-
rior MV leaflet comprise the AV complex. The aortic ring is at the level 
of the ventricular septum and is the lowest and narrowest point of this 
complex. The three leaflets of the AV are easily visualized, and vegeta-
tions or calcifications can be identified on basal transverse imaging or 
longitudinal imaging.

Aortic Stenosis
AS may be caused by congenital unicuspid, bicuspid, tricuspid, or 
quadricuspid valves; rheumatic fever; or degenerative calcification of 
the valve in the elderly.213,214 Valvular AS is characterized by thickened, 
echogenic, calcified, immobile leaflets and usually is associated with 
concentric LV hypertrophy and a dilated aortic root (Figure 12-39). 
The valve leaflets may be domed during systole; this finding is suffi-
cient for a diagnosis of AS215 (see Chapter 19).

E/e  8
(Sept, lat, or avg)

9 E/e  14 Sep E/e  15
or

Lat. E/e  12
or

Avg. E/e  13

E/e

Normal LAP Elevated LAP

LA vol 34 mL/m2

Ar-A 0 msec
Valsalva  E/A 0.5

PAS 30 mm Hg
IVRT/T -e  2

LA vol 34 mL/m2

Ar-A 30 msec
Valsalva  E/A 0.5

PAS 35 mm Hg
IVRT/T -e  2

Figure 12-38 Evaluation of left atrial pressure (LAP) in normal 
ejection fraction. A, late diastolic transmitral velocity; Ar-A, difference 
between pulmonary venous atrial reversal duration and transmitral A 
wave duration; DT, E-wave deceleration time; E, early diastolic transmi-
tral velocity; e‘, early diastolic tissue Doppler velocity; IVRT, isovolemic 
relaxation time; LA, left atrial; lat, lateral; PAS, pulmonary artery systolic 
pressure; Sept, septal.

E/A 1 and
E 50 cm/sec

1 E/A 2, or
E/A 1 and E 50 cm/sec

E/A 2,
DT 150 msec

Mitral E/A

Normal LAP Elevated LAP

E/e  8
E/Vp 1.4

S/D 1
Ar-A 0 msec

Valsalva  E/A 0.5
PAS 30 mm Hg

IVRT/TE e  2

E/e  15
E/Vp 2.5

S/D 1
Ar-A 30 msec

Valsalva  E/A 0.5
PAS 35 mm Hg

IVRT/TE e  2

Figure 12-37 Evaluation of left atrial pressure (LAP) with depressed 
ejection fraction. A, late diastolic transmitral velocity; Ar-A, difference 
between pulmonary venous atrial reversal duration and transmitral 
A wave duration; D, diastolic pulmonary venous velocity; DT, E-wave 
deceleration time; E, early diastolic transmitral velocity; e‘, early 
 diastolic tissue Doppler velocity; IVRT, isovolemic relaxation time;  
S, systolic pulmonary venous velocity.
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The quantification of AS is summarized in Table 12-12. Aortic 
valve area (AVA) may be measured by planimetry (Figure 12-40).216 
A cross-sectional view of the AV orifice may be obtained by using 
the ME AV SAX view, which corresponds well to measurements of 
AVA obtained by transthoracic echocardiography and cardiac cath-
eterization, assuming the degree of calcification is not severe. The 
 severity of AS may be quantified using CW Doppler echocardio-
graphy (Figure 12-41).217 The evaluation of severity, however, may be 
limited by difficulty aligning the ultrasonic beam with the direction 
of blood flow through the LVOT. This limitation may be overcome 
by using either a deep TG or TG LAX view. Because severe  stenosis 
limits AV opening, the imaging of the actual AV orifice may be chal-
lenging. Superimposition of a CFD spectrum over the calcific AV 
may guide accurate CW cursor placement. Normal Doppler  signals 

across the AV have a velocity less than 1.5 m/sec and have peak signals 
during early systole. With worsening AS, the flow velocity increases 
and the peak signal is later in systole. These high velocities will limit 
the use of PW Doppler and necessitate the use of either CW or high-
pulse-repetition frequency Doppler.

The higher velocity central jet is characterized by a high-pitched 
audio sound, as well as a fine feathery appearance on the Doppler sig-
nal; this usually is less dense than the thicker parajets that are distal 
to the valve. Peak and mean transvalvular gradients may be calculated 
using the peak and mean velocities of the signals, respectively. Peak 
gradients measured by Doppler ultrasonography tend to be higher 
than those measured in the cardiac catheterization laboratory because 
Doppler-determined peak gradients are instantaneous, whereas those 
reported by the cardiac catheterization laboratory are peak-to-peak 
systolic pressure differences. In addition, Doppler determinations of 
peak gradient may overestimate gradient because of pressure recov-
ery effects. As blood flows past a stenotic AV, the potential energy of 
the high-pressure left ventricle is converted into kinetic energy; there 
is a decrease in pressure with an associated increase in velocity. Distal 
to the orifice, flow decelerates again with both conversion of this loss 
of kinetic energy into heat, as well as a reconversion of some kinetic 
energy into potential energy with a corresponding increase in pressure. 
This increase in pressure distal to the stenosis is the pressure recovery 
effect.218 Although usually minor, these differences in the observed gra-
dient become more significant with a small aorta and moderate AS.219

A B

Figure 12-39 Aortic stenosis. A, Both midesophageal aortic valve (AV) long-axis and short-axis views are presented. The AV is stenotic, thickened, 
and calcific with significant valvular restriction. B, Three-dimensional reconstruction. The AV is viewed from the ascending aorta.

Figure 12-40 Aortic valve stenosis by planimetry. Right, Normal aortic valve. Left, Aortic valve with stenosis. Because there is not significant 
 calcification of the valve, planimetry may be used.

Adapted from Baumgartner H, Hung J, Bermejo J, et al: Echocardiographic assessment of 
valve stenosis: EAE/ASE recommendations for clinical practice. J Am Soc Echocardiogr 
22:1–23, 2009.

Summary of Aortic Stenosis

Aortic 
Sclerosis

Mild Moderate Severe

Aortic jet velocity (m/sec) 2.5 2.6–2.9 3.0–4.0 >4.0
Mean gradient (mm Hg) <20 20–40 >40
Aortic valve area (cm2) >1.5 1.0–1.5 <1.0

TABLE  
12-12
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LV dysfunction may either underestimate the severity of AS if 
gradients are used or may overestimate the severity if AVA is used 
(see later for measurements of AVA). LV dysfunction may severely 
decrease the rate of outflow through the left ventricle and AV.  
If resistance through the AV is constant, the pressure gradient gen-
erated across the AV is directly related to the CO: A low CO is asso-
ciated with a low pressure gradient across the AV. Stated differently, 
a given severity of AS will result in a higher gradient across the AV 
with normal ventricular function compared with a lower gradient 
with decreasing ventricular function. The evaluation of AV gradi-
ent must be considered in the context of LV function. Although 
measurements of AVA factor CO in the measurement, AVA may 
nonetheless vary with flow rates.220 Although this effect is not clini-
cally significant with normal LV function, it becomes more pro-
nounced with LV dysfunction because a minimum blood flow is 
required to maximally open the AV. Differentiation between severe 
AS with resultant LV systolic dysfunction from moderate AS with 
another cause of LV dysfunction may be made with dobutamine 
stress testing. The former state will not result in changes in AVA 
with improved cardiac function, whereas the latter will result in a 
significant increase in AVA with improved function.

Alternatively, AVA may be calculated using the continuity equation 
by comparing blood flow through the LVOT with blood through the 
AV. As discussed in more detail earlier, SV may be estimated by multi-
plying the CSA of a particular orifice by the VTI over one cardiac cycle 
through that orifice. The continuity equation states that the calculated 
SV should be equal independent of the site where it is measured: What 
goes in must come out. When estimating the severity of AS, SV through 
the LVOT and the AV is usually measured. The Doppler spectrum of 
the AV and LVOT is displayed using either a deep TG or TG LAX view 
using continuous and PW Doppler, respectively. The VTI through each 
of these structures is calculated. The diameter of the LVOT is measured 
in a ME LAX view. Remember,

where the continuity equation states:

Substituting the SV equation into the continuity equation,

Rearranging the terms,

Because the LVOT is essentially cylindrical, the CSA
LVOT

 may be esti-
mated by

Because CSA
LVOT

, VTI
LVOT

, and VTI
AV

 are known, the CSA
AV

 or AVA may 
be calculated.

Multiple sources of error may affect the calculation of AVA using the 
continuity equation.221 LVOT measurements may vary from 5% to 8%; 
therefore, when it is squared in the continuity equation, this may become 
a large source of error. Because the accuracy of the SV measurement 
through the LVOT assumes laminar flow, any sources of turbulence will 
affect results. In the presence of aortic insufficiency, the required high 
systolic velocities may result in a skewed velocity profile.

Although multiplane TEE planimetric estimations of AVA may be 
flawed by heavy aortic valvular calcification, measurements using the 
continuity equation are accurate compared with Gorlin-derived val-
ues.222,223 In a study using TEE, Stoddard et al224 reported good corre-
lation between AVA measurements using the continuity equation and 

SV CSA * VTI

LVOT AVSV SV

LVOT LVOT AV AVCSA * VTI CSA * VTI

AV LVOT LVOT AVCSA CSA * VTI / VTI

2
LVOT LVOTCSA (radius )

A

C

B

Figure 12-41 Determination of severity of aortic stenosis. 
A, Doppler spectrum through a stenotic aortic valve (AV). A contin-
uous-wave (CW) Doppler curser is placed across the left ventricular 
outflow tract (LVOT) and AV in this deep transgastric view. A high-
velocity jet is appreciated, which is consistent with severe aortic 
stenosis. B, Pulse-wave Doppler through the LVOT. C, Measurement 
of diameter of LVOT. The aortic valve area (AVA) may be calculated 
using the continuity equation. PW, pulse wave; SV, stroke volume; 
VTI, velocity-time integral.
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planimetry; however, they reported a steep learning curve for the acqui-
sition of a suitable TG LAX view that adequately aligns flow through 
the AV with the ultrasound beam.

AS severity should be described by maximum velocity, mean gradi-
ent, and AVA. Aortic velocity allows classification of stenosis as mild 
(2.6 to 2.9 m/sec), moderate (3.0 to 4.0 m/sec), or severe (>4 m/sec).221 
Normal AVA is 3.0 to 4.0 cm2. AVA consistent with mild AS is greater 
than 1.5 cm2. An AVA of 1.0 to 1.5 cm2 is consistent with moderate AS, 
and an area less than 1 cm2 is consistent with severe disease.221,225

Aortic Regurgitation
AR may be caused by annular dilation, destruction of the annular sup-
port, or pathology of the aortic valvular cusps. Regurgitation secondary 
to annular dilation is characterized by a dilated aortic root, AV leaflets 
of normal appearance, and a centrally directed retrograde flow through 
the LVOT. Valvular lesions that may result in AR include leaflet vegeta-
tions and calcifications, perforation, or prolapse. These lesions may be 
seen on transverse imaging across the AV. Signs that may be associated 
with AR include high-frequency diastolic fluttering of the MV, prema-
ture closing of the MV, or reverse doming of the MV.226,227

Leaflet movement (excessive, restricted, or normal), origin of jet 
(central or peripheral), and direction of regurgitant jet (eccentric or 
central) should be determined to provide insight into the underlying 
pathology.228 Bicuspid valve and TV prolapse are associated with exces-
sive valve mobility and eccentric jet direction and origin. Annular dila-
tion, rheumatic disease, sclerosis, and perforation are associated with 
normal or reduced cusp mobility and a central jet.

Physiologic changes that alter the estimated severity of AR include 
aortic diastolic pressure, LVEDP, heart rate, and LV compliance.229 
The severity of AR may be underestimated in the presence of eccen-
trically directed jets. In addition, several technical factors affect per-
ceived severity of regurgitation as well, including severe malalignment 
of ultrasonic planes with blood flow, the presence of a prosthetic MV 
interfering with ultrasound penetration, gain settings, and PRF.

CFD traditionally has been the major method of assessing the sever-
ity of valvular regurgitation (Figure 12-42). In addition to providing the 
regurgitant jet area, the origin and width of the jet and the spatial ori-
entation should be carefully defined. These parameters are dependent 
on technical factors. The severity of the regurgitant jet may be overes-
timated if the gain is too high or the Nyquist limits are too low. Ideally, 
these Nyquist limits should provide an aliasing velocity of approxi-
mately 50 to 60 cm/sec and a color gain that just eliminates the random 
color speckle from nonmoving regions.230 Furthermore, excessive deg-
radation of frame rate may be encountered if the CFD field is too large.

The criteria for qualitative grading of AR are summarized in Table 12-13. 
Aortic regurgitant flow through the outflow tract is  characteristically a 

high-velocity, turbulent jet extending through the LVOT and LV dur-
ing diastole. The severity of AR may be assessed by examining the area, 
width, and distal extent of the jet by CFD measurements. Unfortunately, 
determination of the severity of AR by measurements of regurgitant jet 
areas alone has been questioned and probably is useful only for distin-
guishing mild from severe regurgitation.231 A more accurate determina-
tion of AR may be made by examination of the ratio of the proximal 
jet width within the LVOT to the outflow tract width (w

J
/w

LVOT
).232,233  

A w
J
/w

LVOT
 value of 0.25 discriminates mild from moderate regurgitation, 

and a value of 0.65 discriminates moderate from severe regurgitation.230

The vena contracta is the narrowest portion of a regurgitant jet that 
usually occurs at or immediately upstream from the valve. It usually is 
characterized by high-velocity, laminar flow and is slightly smaller than 
the regurgitant orifice.230 A vena contracta diameter less than 0.3 cm is 
consistent with mild AR, and a diameter greater than 0.6 cm is con-
sistent with severe aortic insufficiency. It should be noted, however, 
that jet shape may influence the estimation of the severity of regurgita-
tion. An eccentric jet may be confined to a wall of the LVOT and, thus, 
may appear very narrow, underestimating the severity of regurgitation. 
Similarly, central jets may expand fully in the LVOT and may overesti-
mate the severity of regurgitation.

Doppler characteristics of the regurgitant flow may be used to esti-
mate the degree of AR (Figure 12-43). A very faint signal density is 
associated with mild AR, whereas a denser signal may represent more 
retrograde flow. In addition, the pressure half-time or slope of the AR 
jet may be determined. A normally functioning AV will maintain a 
large gradient during diastole between the aorta and the left ventricle. 
With a small degree of AR, there will be a small volume of blood enter-
ing the left ventricle through the AV, resulting in a slow increase in LV 
pressure during diastole. Doppler measurements will show a regurgi-
tant flow of high velocity, which is maintained during most of diastole  

Figure 12-42 Color-flow Doppler spectrum of a regurgitant aortic 
valve. Midesophageal aortic valve long-axis view. An aortic regurgitant 
jet is visualized in the left ventricular outflow tract. The vena contract is 
less than 3 mm, which is consistent with mild regurgitation.

*At Nyquist limits of 50 to 60 cm/sec.
CSA, cross-sectional area; LVOT, left ventricular outflow tract.
Adapted from Zoghbi WA, Enriquez-Sarano M, Foster E, et al: Recommendations for 

evaluation of the severity of native valvular regurgitation with two-dimensional and 
Doppler echocardiography. J Am Soc Echocardiogr 16:777–802, 2003.

Quantification of Aortic Regurgitation

Mild Moderate Severe

1+ 2+ 3+ 4+

Left atrial size Normal Normal or dilated Usually dilated
Aortic cusps Normal or 

abnormal
Normal or abnormal Abnormal/

flail or wide 
coaptation 
defect

Jet width in 
LVOT*

Small in 
central 
jets

Intermediate Large in central 
jets; variable 
in eccentric 
jets

Continuous-
wave jet 
density

Incomplete 
or faint

Dense Dense

Jet deceleration 
rate (pressure 
half-time, 
msec)

Slow > 500 Medium 200–500 Steep < 200

Vena contracta 
width (cm)*

<0.3 0.3–0.60 0.6

Jet width/LVOT 
width (%)*

<25 25–45 46–64 65

Jet CSA/LVOT 
CSA (%)*

<5 5–20 21–59 60

Regurgitant 
orifice area 
(cm2)

<0.10 0.10–0.19 0.20–0.29 0.30

Regurgitant 
volume  
(mL/beat)

<30 30–44 45–59 60

Regurgitant 
fraction (%)

<30 30–39 40–49 50

TABLE  
12-13
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(corresponding to a long pressure half-time). As aortic regurgitant flow 
becomes more severe, there is a more rapid equilibration between aortic 
and LV diastolic pressure, with the nadir of the gradient at end- diastole. 
As pressures equilibrate, driving pressure across the AV decreases and 
Doppler-derived AR velocities decrease over the diastolic period. This 
pattern of AR flow is characterized by a short pressure half-time.

Pressure half-time measurements have been validated as a measure 
of AR.234 A pressure half-time of less than 200 milliseconds is consistent 
with severe AR, whereas a pressure half-time of greater than 500 mil-
liseconds is consistent with mild AR.230 The accuracy of this technique 
may be influenced by physiologic variables.235 A greater systemic vas-
cular resistance increases the rate of decline, whereas reduced ventricu-
lar compliance will increase the rate of intraventricular pressure rise, 
which will also affect the diastolic slope without affecting valvular com-
petence. In a given patient, however, pharmacologic manipulation of 
afterload or inotropy may result in changes in AR slopes and pressure 
half-times that are contradictory to other measures of regurgitation.

Proximal isovelocity surface area measurements (PISA) and flow 
convergence are usually secondary techniques for the evaluation of the 
severity of AR; their calculation is discussed in more detail in the Mitral 
Regurgitation section later in this chapter. PISA provides accurate 

quantification of the severity of AR.236 Furthermore, aortic diastolic 
flow reversal may provide an indication of the severity of regurgitation. 
With increasing AR, both the duration and velocity of the flow veloc-
ity increase; holodiastolic reversal is consistent with at least moderate 
AR.237 Finally, the SV calculation through the LVOT may be compared 
with either the MV or pulmonary valve, assuming there is no more 
than minimal regurgitation of these latter valves. The difference in SV 
will be equal to the regurgitant volume.

Mitral Valve Evaluation
The mitral valve consists of two leaflets, chordae tendineae, two papil-
lary muscles, and a valve annulus. The anterior leaflet is larger than the 
posterior and is semicircular; however, the posterior MV leaflet has a 
longer circumferential attachment to the MV annulus.238 The poste-
rior valve leaflet may be divided into three scallops: lateral (P1), middle 
(P2), and medial (P3). The leaflets are connected to each other at junc-
tures of continuous leaflet tissue called the anterolateral and posterome-
dial commissures. Primary, secondary, and tertiary chordal structures 
arise from the papillary muscle, subdividing as they extend and attach-
ing to the free edge and several millimeters from the margin on the 
ventricular surface of both the anterior and posterior valve leaflets.239 
The annulus of the MV primarily supports the posterior MV leaflet, 
whereas the anterior MV leaflet is continuous with the membranous 
ventricular septum, AV, and aorta.

Mitral Stenosis
The most common cause of MS is rheumatic heart disease; other causes are 
congenital valvular stenosis, vegetations and calcifications of the leaflets, 
parachute MV, and annular calcification. In addition to structural valvular 
abnormalities, MS may be caused by nonvalvular causative factors such 
as intra-atrial masses (myxomas or thrombus) or extrinsic constrictive 
lesions.240,241 Generally, MS is characterized by restricted leaflet movement, 
a reduced orifice, and diastolic doming (Figure 12-44).242 The diastolic 
doming occurs when the MV is unable to accommodate all the blood 
flowing from the LA into the ventricle, so the body of the leaflets separates 
more than the edges. In rheumatic disease, calcification of the valvular and 
subvalvular apparatus, as well as thickening, deformation, and fusion of 
the valvular leaflets at the anterolateral and posteromedial commissures, 
produce a characteristic fish-mouth-shaped orifice.243 Other characteris-
tics that may be associated with chronic obstruction to left atrial outflow 
include an enlarged LA, spontaneous echo contrast or smoke (which is 
related to low-velocity blood flow with subsequent rouleaux formation by 
red blood cells244), thrombus formation, and RV dilation.

The leaflets, annulus, chordae, and papillary muscles may be assessed 
in the ME four-chamber, commissural, two-chamber, and LAX views. 

Figure 12-43 Continuous-wave (CW) Doppler determination of 
aortic regurgitation severity. Continuous retrograde flow from the 
aorta into the left ventricle through a regurgitant aortic valve may be 
demonstrated with CW Doppler. In this example, the flow velocity mildly 
degrades during diastole, yielding a shallow slope. This low slope value 
is consistent with mild aortic insufficiency.

A B

Figure 12-44 Mitral stenosis. A, Midesophageal four-chamber view. The mitral valve is severely stenotic with severe calcification of the annulus and 
leaflets, which is associated with severe left atrial dilation. B, Three-dimensional reconstruction in another patient with rheumatic heart disease. There 
is significant commissural fusion with severe leaflet restriction.
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If there is significant annular calcification, the TG views may be neces-
sary to assess the subvalvular apparatus. Because of the propensity for 
thrombus formation, the entire LA and appendage should be carefully 
interrogated for thrombus.

Because planimetry of the MV orifice is not influenced by assump-
tions of flow conditions, ventricular compliance, or associated valvu-
lar lesions, its use is the reference standard for the evaluation of mitral 
valve area (MVA) in MS.221 This orifice opening is best visualized in the 
TG basal SAX view and is measured best in mid-diastole. Although at 
times technically difficult, care should be taken to image the orifice at 
the leaflet tips. Severe calcification of the MV may interfere with MVA 
determination, and in patients with significant subvalvular stenosis, 
underestimation of the degree of hemodynamic compromise may 
occur when determining MVA by planimetry.215

Doppler Assessment of Mitral Valvular Stenosis
A transmitral Doppler spectrum is measured along the axis of trans-
mitral blood flow, which usually may be obtained in an ME four- or 
two-chamber view (Figure 12-45). Transmitral valve flow is character-
ized by two peaked waves of flow away from the transducer. The first 
wave (E) represents early diastolic filling, whereas the second wave (A) 
represents atrial systole. Transvalvular gradient may be estimated using 
the modified Bernoulli equation245: pressure gradient = 4 × velocity2. 
Because peak gradient is heavily influenced by left atrial compliance 
and ventricular diastolic function, the mean gradient is the relevant 
clinical measurement.221 The values obtained through this method 
have high correlation with those obtained using a transeptal puncture 
during cardiac catheterization.246 The high velocities that may occur 
with MS limit the use of PW Doppler echocardiography; CW Doppler 
echocardiography should be utilized.

Normally, with MV opening during early diastole, there is a tor-
rential increase in transmitral flow, which rapidly decreases to zero 
during diastasis when the left atrial and LV pressures equilibrate. 
With MS, a gradient between the left atrium and ventricle may be 
maintained for a longer period. This sustained pressure differen-
tial maintains flow between the atrium and ventricle, decreasing 
the slope of this early transmitral flow. The rate of decline of the 
E-wave velocity may be described by its pressure half-time, which 
is the time interval from the peak E-wave velocity to the time when 
the E-wave velocity has declined to half of its corresponding peak 
pressure value. The pressure half-time is inversely proportional to 
the MVA247;

The E-wave may have a bimodal characteristic, with an initial rapid 
decline in transmitral velocity in early diastole compared with the lat-
ter aspect of diastole. In these cases, this latter gentler slope should be 
measured. The advantage of this technique is that it is independent 
of valvular geometry. This formula assumes that the MV is at least 
mildly stenotic. The presence of either mitral regurgitation or AR 
will decrease the accuracy of pressure half-time measurements for the 
determination of MS.248 If there is associated AR, care should be taken 
that the aortic regurgitant jet is not included in the transmitral flow 
measurement.249 Inadvertent inclusion of this AR flow may result in a 
false increase of transmitral velocity, as well as a false decrease in pres-
sure half-time.250 Alternatively, AR may result in a rapid increase in 
diastolic LV pressures, thus decreasing transmitral flow velocity. The 
continuity equation, using either the LVOT or the PA and PISA method 
 (discussed later), may be used as secondary methods for the evaluation 
of the severity of MS.

The assessment of the severity of MS is summarized in Table 12-14. 
The mean transmitral gradient and the MVA as determined by the pres-
sure half-time are the major measurements to be considered; however, 
planimetry may be used if there is discrepancy between these two mea-
sures.221 Determination of the severity of MS by PISA or the continuity 
equation should not be considered as primary indices for evaluation.

Mitral Regurgitation
Mitral regurgitation may be caused by disorders of any component of 
the MV apparatus, specifically, the annulus, the leaflets and chordae, or 
papillary muscles. The mechanism of mitral regurgitation frequently 
is described using the Carpentier classification, which is summarized 
in Table 12-15 and Figure 12-46.251 The classification is based on leaflet 
movement. Type I is associated with normal leaflet movement (Figure 
12-47A, B). The cause of the mitral regurgitation may be secondary to 
annular dilation with poor leaflet coaptation or may be caused by a leaflet 
cleft or perforation. Type II is associated with excessive leaflet movement 
or prolapse (see Figure 12-47C, D). Most commonly, this type of regur-
gitation is caused by chordal rupture. Type III is subdivided into types 
IIIa and IIIb. Type IIIa is restricted leaflet motion both during systole and 
diastole (see Figure 12-47E, F). This type of mitral regurgitation usually is 
caused by processes of the leaflets themselves that interfere with normal 
leaflet function, such as rheumatic MV disease. Type IIIb is restricted leaf-
let motion during systole (see Figure 12-47G, H). The leaflets themselves 
usually are anatomically normal; however, substantial chordal tethering 
may interfere with complete valvular closure during diastole. This type 
of mitral regurgitation commonly occurs with LV dilation, which com-
monly results in restriction of P2 and P3.Mitral valve area 220/pressure half -t ime

Figure 12-45 Transmitral Doppler spectrum. Left, Normal transmitral Doppler flow measured using pulse-wave Doppler. A clean envelope is 
visualized with E-wave velocity greater than the A-wave velocity. Both waves have velocities less than 1 m/sec with a normal deceleration time. Right, 
Transmitral flow in the presence of mitral stenosis. Because of the high gradient, continuous-wave Doppler was used. High-velocity gradients may be 
appreciated, and a longer pressure half-time is consistent with significant mitral stenosis.
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With chronic mitral regurgitation, the annulus and atrium dilate and 
the annulus loses its normal elliptical shape, becoming more circular.252 
Annular dilation, in turn, leads to poor leaflet coaptation and worsen-
ing of valve incompetence. Although increased left atrial and ventricular 
dimensions may suggest severe mitral regurgitation, smaller dimensions 
do not exclude the diagnosis.253 Elongated chords may produce prolapse 
of one or both attached leaflets; if only one leaflet is affected, leaflet 
malalignment may occur during systole. Excessively mobile structures 
near the leaflet tips during diastole may represent elongated chords 
or ruptured minor chords. These structures do not prolapse into the 
atrium during systole. In contrast, ruptured major chords are identified 
as thin structures with a fluttering appearance in the atrium during sys-
tole and are associated with marked prolapse of the affected leaflet; in 
this instance, the valve is said to be “flail.” A flail leaflet generally points 
in the direction of the LA, and this directionality of leaflet pointing is 
the principal criterion for distinguishing a flailed leaflet from severe 
valvular prolapse.254,255 Flail leaflets most commonly are caused by rup-
tured chordae and less commonly by papillary muscle rupture.

Regurgitation also may be caused by papillary muscle infarction in 
association with infarction of the adjacent LV myocardium because of 
a lack of the normal tethering function performed by these structures. 
When the adjacent segment is aneurysmal, the dyskinetic wall motion 
may prevent proper coaptation of the valve by restricting the normal 
movement of the mitral leaflets during systole.256 Prior infarctions may 

be indicated by thinning of the myocardium, atresia of the papillary 
muscles, and dyskinetic wall segments. Atretic papillary muscles are 
identified by their diminutive size and increased echocardiographic 
density on SAX imaging. This shrinkage in papillary muscle size may 
result in retraction of chordae and subsequent mitral regurgitation. 
Papillary muscle rupture typically appears as a mass (papillary muscle 
head) that prolapses into the LA during systole and is connected to 
the leaflet only by its attached chords. In addition to these structural 
abnormalities, mitral regurgitation is suggested by LV volume over-
load, a dilated hypercontractile left ventricle, a high EF, and systolic 
expansion of the LV.257

In patients with recent endocarditis, vegetations may be attached to 
the leaflets or chords. With rheumatic valve disease, thickening and/or 
calcification of the leaflets, restriction of leaflets, and a variable degree 
of shortening and thickening of the subvalvular apparatus may be 
identified. Ischemic mitral regurgitation usually is from LV remodeling 
and enlargement after prior MI. Myxomatous degeneration produces 
 ballooning and scalloping of the valve leaflets, as well as localized areas 
of thinning and thickening, which can be seen echocardiographically.

Qualitative Grading Using Color-Flow Doppler
The diagnosis of mitral regurgitation is made primarily by the use of 
color-flow mapping. Because flow is best detected when it is parallel to 
the ultrasonic beam and because some mitral regurgitation jets may 
be thin and eccentric, multiple views of the LA should be interrogated 
for evidence of mitral regurgitation. It is important to remember that 
the regurgitant flow disturbances are 3D velocity fields with complex 
geometry, which must be sampled from multiple imaging planes to 
provide an accurate estimate of the maximal spatial extent of the CFD 
signal. It is common to detect trivial degrees of mitral regurgitation 
that extend just superior and posterior to the MV leaflet. Mitral regur-
gitation is detected more frequently by TEE compared with transtho-
racic imaging, and the degree of regurgitation is often graded as being 
more severe using TEE.258,259

Eccentric jet direction provides corroborative evidence of structural 
leaflet abnormalities, which may include leaflet prolapse, chordal elon-
gation, chordal rupture, or papillary muscle rupture (Figure 12-48). 
For example, a jet that is directed laterally along the posterior wall of 
the LA is associated with anterior leaflet prolapse. Similarly, a jet that 
is directed medially behind the anterior mitral leaflet is associated with 
prolapse of the posterior leaflet.

Atrioventricular valve regurgitation is graded semiquantitatively 
on a scale of 0 to 4+, where 0 is no regurgitation, 1+ is mild, 2+ is 
moderate, 3+ is moderate-severe, and 4+ is severe regurgitation; the 
grading is summarized in Table 12-16. The most common method 
of grading the severity of mitral regurgitation is CFD mapping of 
the LA. With the Nyquist limits set at 50 to 60 cm/sec, jet areas less 
than 4 cm2 or 20% of the left atrial size are usually classified as mild, 
whereas jets greater than 10 cm2 or 40% of the atrial volume are clas-
sified as severe.230 The area of the Doppler jet may be influenced by 
technical factors such as gain setting, carrier frequency of the trans-
ducer, imaging of low-velocity flows, differentiation of regurgitant 

From Carpentier A: Cardiac valve surgery-the “French correction.” J Thorac Cardiovasc 
Surg 86:323–337, 1983.

Carpentier Classification of Mitral Regurgitation

Leaflet Motion Causative Factors

Type I Normal Annular dilation
Leaflet perforation

Type II Excessive (prolapsed) Chordal elongation or rupture 
Papillary muscle elongation or 
rupture

Type IIIa Restricted leaflet 
motion during 
systole and diastole

Leaflet and chordal thickening, 
e.g., rheumatic heart disease

Type IIIb Restricted leaflet 
motion during 
systole

Left ventricular enlargement

TABLE  
12-15

Type I Type II Type IIIa Type IIIb

Figure 12-46 Schematic representation of Carpentier classification of mitral regurgitation. (From Adams D: Available at: mitralvalverepair.org. 
Accessed March 17, 2010.)

Adapted from Baumgartner H, Hung J, Bermejo J, et al: Echocardiographic assessment of 
valve stenosis: EAE/ASE recommendations for clinical practice. J Am Soc Echocardiogr 
22:1–23, 2009.

Quantification of Mitral Stenosis

Mild Moderate Severe

Valve area (cm2) >1.5 1.0–1.5 >1.5
Mean gradient 

(mm Hg)
<5 5–10 >10

TABLE 
12-14
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from displacement flow, complexities in jet geometry such as mul-
tiple jets and vortex flow, temporal variation of jet size during sys-
tole, and differences between machines in color-Doppler display.260 In 
addition, jet direction should be considered when grading regurgita-

tion because eccentric jets that cling to the atrial wall (Coanda effect) 
have a smaller area than central (free) jets with similar regurgitant 
volumes and regurgitant fractions.261–263 An alternative method of 
grading mitral regurgitation is based on the vena contracta width.264 
A vena contracta width less than 0.3 cm is associated with mild mitral 
regurgitation, whereas a width greater than 0.7 cm is associated with 
severe mitral regurgitation.230

CW Doppler integration may also be used in the assessment of the 
severity of mitral regurgitation.265 A peak velocity that occurs during 
early systole and is directed toward the LA can be appreciated with 
mitral regurgitation, and the intensity of this recording may be pro-
portional to the severity of regurgitation.266 A dense full signal is associ-
ated with severe mitral regurgitation, whereas an incomplete and faint 
signal is associated with less severe regurgitation.

Pulmonary Vein Flow Pattern. Pulmonary vein flow imaged by 
TEE provides useful information regarding regurgitant severity.267 
Normally, pulmonary venous flow consists of a phase of retrograde 
flow during atrial systole and two phases of antegrade flow during ven-
tricular systole and diastole (Figure12-49). Because systolic pulmonary 
venous flow is driven by right ventricular systole, systolic antegrade pul-
monary venous flow usually is greater than diastolic antegrade pulmo-
nary venous flow. With mitral regurgitation, there is increased LAP 
during ventricular systole, which may either reduce antegrade systolic 
pulmonary venous flow or cause reversal of systolic flow in cases of 
severe regurgitation.

A

D

G H

E F

B C

Figure 12-47 Carpentier classification of mitral regurgitation. A and B, Midesophageal four-chamber and three-dimensional reconstruction. 
With type I mechanism, the mitral valve leaflets coapt at the plane of the mitral valve; however, because of the large annular diameter, there is poor 
leaflet coaptation. The three-dimensional reconstruction clearly demonstrates a large cleft in the posterior leaflet between P1 and P2. C and D, 
Midesophageal long-axis and three-dimensional reconstruction. Type II mechanism: Flailed P2 segment. E and F, Type IIIa: Midesophageal four-
 chamber and three-dimensional reconstruction. Rheumatic heart disease results in restricted leaflet motion during both systole and diastole. G and H, 
Type IIIb: Midesophageal two-chamber and three-dimensional reconstruction. Ventricular dilation results in tethering of the P2 and P3  component of 
the posterior leaflet with result restriction of leaflet motion during systole.

Figure 12-48 Eccentric mitral valve regurgitant jet. An eccentric 
mitral regurgitant jet is seen being directed anteriorly. If the area alone 
of the jet is used to estimate the degree of regurgitation, the severity of 
regurgitation will be underestimated.
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It is important to interrogate both right and left pulmonary veins. 
With eccentric jets, flow reversal may be more prominent in the pul-
monary veins toward which the jet is directed; however, central mitral 
regurgitation also may result in discordant pulmonary venous flow 
patterns.268 Although discordant flow primarily occurs with eccen-
tric mitral regurgitant jets with systolic reversal primarily in the right 
upper pulmonary vein, some patients with central regurgitation also 
may have discordant pulmonary venous flows.

Proximal Isovelocity Surface Area. In addition to these pre-
viously discussed indices of mitral regurgitation, regurgitant flow 
convergence and flow volume may be used to assess the degree of 
regurgitation (Figure 12-50).269 Quantification of mitral regurgita-
tion by PISA assumes that as blood flows toward a regurgitant lesion, 
flow converges radially. This convergence occurs along increas-
ing isovelocity hemispheres converging on the regurgitant lesion. 
Color Doppler may be used to identify these hemispheres of increas-
ing velocity proximal to the lesion (identified by aliasing), and flow 
may be determined. Before performing the PISA calculations, a well-
defined hemisphere must be imaged. This may be performed by 
either reducing the Nyquist limits or by shifting the CFD mapping 
baseline toward the direction of flow. The flow through this well-
defined hemisphere is:

where r is the radius of the hemispheric spheres,

where v
n
 is the Nyquist limit.

Because flow through these isovelocity spheres equals flow through 
the regurgitant lesion,

where ROA is the area of the regurgitant orifice area, and V
o
 is the 

 maximal regurgitant velocity. Solving for ROA yields:

Because the regurgitant volume is equal to the area of the regurgitant 
lesion multiplied by the VTI of the regurgitant velocity (VTI

regurg
),

If the base of the hemisphere is not flat (i.e., 180 degrees), then a 
 correction for wall constraint should be performed by multiplying by 
the ratio of the adjacent angle formed by the wall and 180 degrees.230

Flow (surface area of the hemisphere) (velocity at the hemisphere)

2If surface area hemisphere 2 r

2
nthen flow hemisphere is 2 vr

2
n o2 v ROA Vr

2
n oROA 2 v / Vr

2
regurg regurg n oRegurgitant volume VTI (ROA) VTI (2 v / V )r

*At Nyquist limits of 50–60 cm/sec.
Adapted from Zoghbi WA, Enriquez-Sarano M, Foster E, et al: Recommendations for evaluation of the severity of native valvular regurgitation with two-dimensional and Doppler 

echocardiography. J Am Soc Echocardiogr 16:777–802, 2003.

Summary of Mitral Regurgitation

Mild Moderate Severe

1+ 2+ 3+ 4+

Left atrial size Normal Normal or dilated Usually dilated
Color-flow jet area* Small central jet (<4 cm2 or <20% LA 

area)
Large central jet (>10 cm2 or >40% LA) or 

variable-sized wall impinging jet
Pulmonary venous flow Systolic dominance Systolic blunting Systolic flow reversal
Continuous-wave jet contour Parabolic Usually parabolic Early peaking triangular
Continuous-wave jet density Incomplete or faint Dense Dense
Vena contracta width (cm) <0.3 0.3–0.69 0.7
Regurgitant orifice area (cm2) <0.20 0.20–0.29 0.30–0.39 0.40

TABLE  
12-16

Figure 12-49 Pulmonary venous flow with severe mitral regurgita-
tion. The systolic component of the pulmonary venous tracing, which 
occurs immediately after the QRS wave, indicates flow away from the 
left atrium (away from the transducer). This pulmonary systolic venous 
reversal is consistent with severe mitral regurgitation.

Figure 12-50 Determination of mitral regurgitation by proximal 
isovelocity surface area. Assuming normal hemodynamics, you may 
estimate the regurgitant orifice area of the mitral regurgitant volume. 
The Nyquist limit should be set for approximately 40 cm/sec, and the 
radius of the proximal isovelocity surface area (PISA) shell in centimeters 
(r) is measured. The regurgitant orifice area (ROA) in square millime-
ters (mm2) is approximately equal to r2/2. In this case, the PISA radius 
is approximately 0.9 cm, which would yield an ROA of approximately 
0.4 mm2.
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The PISA method of determining mitral regurgitation is time-
consuming; however, it has been validated as a method of identify-
ing patients with severe mitral regurgitation.270 Generally, it is most 
accurate for a central jet compared with an eccentric one. Because the 
hemispheric radius is squared, care must be taken to ensure and mea-
sure a well-defined shell. If the Nyquist limits are set for 40 cm/sec and 
assuming that the patient has “normal” systolic blood pressures (the 
difference between the systolic LV pressure and LAP is approximately 
100 mm Hg), the calculation of ROA may be estimated to be: 271

where r is the radius of the PISA shell in centimeters.

Tricuspid Valve
The TV consists of three leaflets, an annular ring, chordae tendineae, 
and multiple papillary muscles.272 The anterior leaflet is usually the 
largest, followed by the posterior and septal leaflets. Chordae arise 
from a large single papillary muscle, double or multiple septal papil-
lary muscles, and several small posterior papillary muscles, attached to 
the corresponding walls of the right ventricle.

Intrinsic structural abnormalities of the TV that can be well charac-
terized by TEE include rheumatic tricuspid stenosis, carcinoid involve-
ment of the TV, TV prolapse, flail TV, Ebstein's anomaly, and tricuspid 
endocarditis. Rheumatic involvement of the TV, which is typically 
seen with concomitant MV involvement, is characterized by thicken-
ing of the leaflets (particularly at their coaptation surfaces), fusion of 
the commissures, and shortening of the chordal structures, resulting 
in restricted leaflet motion.273 Carcinoid syndrome results in a diffuse 
thickening of the TV (and PV) and endocardial thickening of right-
heart structures, which may result in restricted TV motion (mixed 
stenosis and regurgitation) of the TV.274 The bulky and redundant tri-
cuspid leaflet tissue seen in TV prolapse is associated with billowing 
of leaflet tissue superior to the tricuspid annular plane into the RA. 
In patients with an overtly flail TV, the disrupted leaflet tissue wildly 
prolapses into the RA, exhibiting high-frequency systolic vibrations. 
Destructive processes such as infective endocarditis, valve trauma 
induced by inadvertent endomyocardial biopsy of the tricuspid appa-
ratus, and spontaneous rupture of chordae may all result in a partially 
flail TV apparatus.

Supravalvular, valvular, or subvalvular restriction may cause tricus-
pid stenosis. The most common cause of tricuspid stenosis is rheumatic 
heart disease, whereas less common causes include carcinoid syndrome 
and endomyocardial fibrosis. Tricuspid stenosis is characterized by a 
domed thickened valve with restricted movement. TR may be second-
ary to annular or RV dilation, pathology of the leaflets, or subvalvular 
apparatus. CW Doppler measurements of the inflow velocities across 
the TV can be used to estimate the mean diastolic TV gradient with 
the modified Bernoulli equation.275 Optimal alignment of the Doppler 
cursor parallel to tricuspid inflow can be difficult to achieve from TEE 
imaging windows. Often alignment can be achieved, however, by posi-
tioning the probe deep within the stomach such that the RV apex is 

imaged at the top of the sector scan. Alternatively, probe positioning at 
more rostral levels can display the TV adjacent to a basal SAX view of 
the AV (multiplane crystal orientation 25 to 30 degrees), which may be 
suitable for CW Doppler interrogation.

Evaluation of the severity of TR frequently is required in patients 
with severe MV disease, severe LV systolic dysfunction and secondary 
right-heart failure, or RV dysfunction caused by long-standing pulmo-
nary hypertension. The quantification of TR is summarized in Table 
12-17. The severity of TR can be estimated by the apparent size (area in 
a given imaging plane, volume reconstructed in 3D) of the color-flow 
disturbance of TR relative to RA size.276 A central jet area of less than 
5 cm2 is consistent with mild regurgitation, whereas a jet area greater 
than 10 cm2 is consistent with severe regurgitation.230 A vena contracta 
width greater than 0.7 cm is consistent with severe regurgitation.277 The 
apparent severity of TR is exquisitely sensitive to right-heart loading 
conditions. Thus, during the intraoperative evaluation of TR, PA and 
RA pressures should be kept near levels observed in the awake resting 
state. The hepatic veins can be interrogated from deep gastric position-
ing of the TEE probe to further assist the evaluation of the hemody-
namic significance of TR. The presence of blunted systolic hepatic vein 
flow is associated with moderate regurgitation, and retrograde systolic 
flow is associated with hemodynamically severe TR.

Myocardial Ischemia Monitoring
Regional Wall Motion and Systolic Wall Thickness
Echocardiography has been used for decades in assessing RWMAs 
associated with myocardial ischemia.278 The ability to reliably detect 
RWMAs is clinically relevant because of its diagnostic and therapeu-
tic implications. Consequently, it is important to note that RWMAs 
detected by TEE always must be interpreted within the clinical con-
text because not every RWMA is diagnostic for myocardial ischemia. 
Myocarditis, ventricular pacing, and bundle branch blocks can lead to 
wall motion abnormalities that potentially can lead to mismanagement 
of the patient.

When describing RWMAs, common classifications should be used 
to describe the anatomic localization and degree of dysfunction so 
that communication is possible between echocardiographer and 
nonechocardiographer, as well as documentation of ongoing disease 
course. A 16-segment model of the left ventricle has been published 
by the ASE (see Figure 12-20).279 This model subdivides the left ven-
tricle into three zones (basal, mid, and apical). The basal (segments 1 
to 6) and midventricular zones (segments 7 to 12) are further subdi-
vided into six segments each, whereas the apical zone consists of only 
four (segments 13 to 16). Another model published by the American 
Heart Association Writing Group on Myocardial Segmentation and 
Registration for Cardiac Imaging has added a 17th segment to the 
model. The 17th segment represents the apical cap of the previously 
described 16- segment model.92

By understanding coronary anatomy, the echocardiographer can 
make assumptions regarding localization of a potential coronary artery 
lesion based on the region of abnormal wall motion. Using the ASE 

2ROA /2r

*At Nyquist limits of 50–60.
PISA, proximal isovelocity surface area.
Adapted from Zoghbi WA, Enriquez-Sarano M, Foster E, et al: Recommendations for evaluation of the severity of native valvular regurgitation with two-dimensional and Doppler 

echocardiography. J Am Soc Echocardiogr 16:777–802, 2003.

Quantification of Tricuspid Regurgitation

Mild Moderate Severe

Right atrial size Normal Normal or dilated Usually dilated
Tricuspid valve leaflets Usually normal Normal or abnormal Abnormal/flail or wide coaptation defect
Jet area − central jets (cm2)* <5 5–10 >10
Continuous-wave jet density Soft and parabolic Dense, variable contour Dense, triangular with early peaking
Vena contracta width (cm)* Not defined Not defined, but <0.7 >0.7
PISA radius (cm)* 0.5 0.6–0.9 >0.9
Hepatic vein flow Systolic dominance Systolic blunting Systolic reversal

TABLE  
12-17
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model, the segments 1, 2, 7, 13, 14, and 17 are in the distribution ter-
ritory of the LAD artery. Segments 5, 6, 11, 12, and 16 are associated 
with the circumflex artery, and segments 3, 4, 9, 10, and 15 belong to 
the right coronary artery. This segmental distribution can be variable 
among patients because of the variability of the coronary arteries. In 
addition to defining a system that defines anatomic segments of the left 
ventricle, it is important to grade segment thickening and excursion.

Wall Motion
The simplest assessment of wall motion is performed by “eyeballing” 
the motion of the individual segments of the left ventricle as described 
earlier in the ASE model. This qualitative assessment is classified as 
being either normal, hypokinetic, akinetic, dyskinetic, or aneurysmal. 
Subsequently, a numeric score of 1 to 5 can be assigned. A wall motion 
index can be derived by dividing the total score by the number of seg-
ments observed. A score of 1 would represent a normal ventricle; the 
higher the score, the more abnormal the ventricle. This score can be 
used to predict outcome after cardiac surgery and risk-stratify patients 
for adverse cardiac events.280–282

In addition to movement, the normal myocardium thickens dur-
ing systole. Wall thickening can be assessed qualitatively, or it can be 
quantitatively evaluated by calculating systolic wall thickening from 
the  following equation:

where PSWT = percentage of systolic wall thickening; SWT = end-sys-
tolic wall thickening; and DWT = end-diastolic wall thickening. The 
degree of thickening also can be used to assess overall function of the 
observed segment. A thickening greater than 30% is normal, 10% to 
30% represents mild hypokinesia, 0% to 10% is severe hypokinesia, no 
thickening is akinesia, and if the segment bulges during systole, dyski-
nesia would be present.

Diagnosis of Ischemia
The precise sequence of functional changes that occur in the myocar-
dium after interruption of flow has been studied in models of acute isch-
emia, including percutaneous transluminal coronary angioplasty.283–285 
Abnormalities in diastolic function usually precede abnormal changes 
in systolic function. Normal function is critical for LV filling and is 
dependent on ventricular relaxation, compliance, and atrial contrac-
tion. Diastolic ventricular function can be assessed by monitoring 
the rate of filling associated with changes in the chamber dimensions 
(see earlier). Regional systolic function can be estimated by echocar-
diographic determination of wall thickening and wall motion during 
 systole in both LAX and SAX views of the ventricle. The SAX view of 
the left ventricle at the papillary muscle level displays myocardium per-
fused by the three main coronary arteries and is, therefore, very useful. 
However, because the SAX view does not image the ventricular apex, 
and this is a common location of ischemia, the LAX and longitudinal 
ventricular views are also clinically important.286

Although wall thickening is probably a more specific marker of isch-
emia than wall motion, its measurement requires visualization of the 
epicardium, which is not always possible. Alternatively, by observing 
the movement of the endocardium toward the center of the cavity dur-
ing systole, systolic wall motion can almost always be assessed. As the 
myocardial oxygen supply/demand balance worsens, graded systolic 
wall motion abnormalities progress from mild hypokinesia to severe 
hypokinesia, akinesia, and finally, dyskinesia.287 Normal contraction is 
defined as greater than 30% shortening of the radius from the center 
to the endocardial border. Mild hypokinesia refers to inward contrac-
tion that is slower and less vigorous than normal during systole, with 
radial shortening of 10% to 30%. Severe hypokinesia is defined as less 
than 10% radial shortening. The precise distinction between varying 
degrees of hypokinesia can be difficult. Akinesia refers to the absence 
of wall motion or no inward movement of the endocardium during 
systole. Dyskinesia refers to paradoxic wall motion or movement out-
ward during ventricular systole (see Chapter 18). These measurements 
of regional wall motion obviously are based on the determination of 

the center of the ventricular cavity. Unfortunately, because of cardiac 
translation, this center may move during the cardiac cycle. Two ref-
erence systems have been used: fixed reference and floating reference. 
Because of its relative simplicity and the fact that in most situations the 
impact of translation is minimal, the fixed-reference system generally 
is used. In conditions of significant translation, such as after CPB, the 
more cumbersome floating system may be more appropriate.288

Relation to Other Monitors
Clinical studies have indicated that RWMAs occur earlier and are a more 
sensitive indicator of myocardial ischemia than the abnormal changes 
detected with an ECG or PAC.289–295 In one study, 30 patients undergo-
ing percutaneous transluminal coronary angioplasty were simultane-
ously monitored with 12-lead ECGs and echocardiography.292 All the 
patients had isolated obstructive lesions in their LAD coronary arter-
ies, stable angina, normal baseline ECGs, normal baseline myocardial 
function with no prior history of infarction, and no angiographic evi-
dence of collateralization. In the study, all patients experienced devel-
opment of RWMAs approximately 10 seconds after coronary artery 
occlusion. Electrocardiographic changes occurred in 27 of 30 patients 
approximately 22 seconds after coronary occlusion.

Smith et al291 evaluated 50 patients at high risk for myocardial isch-
emia during peripheral vascular or cardiac surgery with TEE and a 
multilead ECG. In their study, 6 patients had repolarization changes 
diagnostic of ischemia and 24 had new evidence of RWMAs. ECG 
repolarization changes always were accompanied by a corresponding 
RWMA. In 50% of the patients who experienced ST-segment changes, 
the RWMAs had occurred minutes before. Three patients with evi-
dence of new RWMAs developed perioperative MIs; however, only one 
patient of the three had evidence of ST-segment changes.

The value of PCWP monitoring for ischemia also has been compared 
with changes in regional LV function assessed with TEE. In one study, 
PCWP, 12-lead ECG, and LV wall motion were evaluated in 98 patients 
before CABG at predetermined intervals.293 Myocardial ischemia was 
diagnosed by TEE in 14 patients. In 10 of the 14 patients, ischemia 
was associated with repolarization changes on the ECG. An increase 
of at least 3 mm Hg in PCWP was tested as an indicator for ischemia 
and was sensitive only 33% of the time, with a positive predictive value 
of only 16%. Overall, most studies indicate that the sensitivity of wall 
motion analysis for detection of myocardial ischemia generally is supe-
rior to that of the ECG or PCWP (see Chapters 14 and 18).

Limitations
Although TEE appears to have many advantages over traditional intra-
operative monitors of myocardial ischemia, there remain potential 
limitations as well. The most obvious limitation of TEE monitoring 
is the fact that ischemia cannot be detected during critical periods, 
such as induction, laryngoscopy, intubation, emergence, and extuba-
tion. In addition, the adequacy of RWMA analysis may be influenced 
by artifact.296 The ultrasound system itself or the particular tangential 
section being imaged can produce artifacts.

The septum, in particular, must be given special consideration with 
respect to wall motion and wall thickness assessment.296,297 The septum 
is composed of two parts: the lower muscular portion and the basal 
membranous portion. The basal septum does not exhibit the same 
degree of contraction as the lower muscular part. At the most supe-
rior basal portion, the septum is attached to the aortic outflow tract. 
Its movement at this level is normally paradoxic during ventricular sys-
tole. The septum is also a unique region of the left ventricle because it 
is a region of the right ventricle as well, and is, therefore, influenced by 
forces from both ventricles. In addition, sternotomy, pericardiotomy, 
and CPB have been found to alter the translational and rotational 
motion of the heart within the chest, which may cause changes in 
 ventricular septal motion.297

For these reasons, use of a floating reference system in the intraop-
erative period is recommended. Consequently, the exact imaging plane 
for wall motion assessment is critical. The SAX view of the left ventricle 
at the level of the midpapillary muscles is used to ensure constant inter-
nal landmarks as reference (anterior and posterior papillary  muscles) 

PSWT SWT DWT/SWT 100
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and to ensure monitoring of the muscular septal region. It must be rec-
ognized that, although myocardial blood flow from the coronary arter-
ies is best represented at the SAX midpapillary muscle level, there may 
be other myocardial regions that are underperfused and not adequately 
represented in one echocardiographic imaging plane.298 One solution 
to this problem is to frequently reposition the probe to view other cross 
sections of the heart.

Another potential problem of RWMA assessment is evaluation 
of the uncoordinated contraction that occurs as a result of a bundle 
branch block or ventricular pacing. In these situations, the system used 
to assess RWMAs must compensate for global motion of the heart 
(usually done with a floating frame of reference) and evaluate not only 
regional endocardial wall motion but also myocardial thickening.

Not all RWMAs are indicative of myocardial ischemia or infarc-
tion. Clearly, under normal conditions, all hearts do not contract in 
a homogenous and consistent manner.299 It is reasonable to assume, 
however, that most of the time an acute change in the regional con-
traction pattern of the heart during surgery is likely attributable to 
myocardial ischemia. An important exception to this rule may apply 
in models of acute coronary artery occlusion. In these models, it has 
been established that myocardial function becomes abnormal in the 
center of an ischemic zone, but it is also true that the myocardial 
regions adjacent to the ischemic zones become dysfunctional as well. 
Several studies have reported that the total area of dysfunctional 
myocardium commonly exceeds the area of ischemic or infarcted 
myocardium.300,301 The impairment of function in nonischemic tissue 
has been thought to be caused by a “tethering effect” (Figure 12-51). 
Tethering, or the attachment of noncontracting tissue that is nor-
mally perfused, probably accounts for the consistent overestimation 
of infarct size by echocardiography when compared with postmor-
tem studies.302

Another limitation of RWMA analysis during surgery is that it does 
not differentiate stunned or hibernating myocardium from acute isch-
emia, nor does it differentiate the cause of ischemia between increased 
oxygen demand and decreased oxygen supply.303 Finally, it should 
be noted that areas of previous ischemia or scarring may become 

unmasked by changes in afterload and appear as new RWMAs.304 This 
is particularly important in vascular surgery, in which major abrupt 
changes in afterload occur.

Outcome Significance
Data regarding the significance of intraoperative detection of RWMAs 
suggest that transient abnormalities unaccompanied by hemodynamic 
or ECG evidence of ischemia may not represent significant myocardial 
ischemia and usually are not associated with postoperative morbidity.305 
Hypokinetic myocardial segments appear to be associated with mini-
mal perfusion defects compared with the significant perfusion defects 
that accompany akinetic or dyskinetic segments. Hence, hypokinesia 
may be a less predictive marker for postoperative morbidity.291,306,307

Intraoperative detection of new or worsened and persistent RWMAs 
during peripheral vascular surgery has been reported to be associ-
ated with postoperative cardiac morbidity by several investigators. 
The occurrence of new RWMAs during vascular surgery appears to be 
common; however, most of the time, they are transient and clinically 
insignificant305–307 New RWMAs that are recognized to persist until 
the conclusion of surgery, in contrast, imply acute perioperative MI. 
Intraoperative RWMAs, therefore, may be spurious, reversible with or 
without treatment, or irreversible. The former may be associated with 
clinically insignificant, short periods of ischemia, whereas the latter are 
associated with significant ischemia or infarction.291,306,307

Intraoperative TEE has helped predict the results of CABG  surgery. 
After CABG to previously dysfunctional segments, immediate improve-
ment of regional myocardial function (which is sustained) has been 
demonstrated.308,309 In addition, prebypass compensatory hypercon-
tracting segments have been reported to revert toward normal imme-
diately after successful CABG.310 Persistent RWMAs after CABG appear 
to be related to adverse clinical outcomes, and lack of evidence of 
RWMAs after CABG has been shown to be associated with a postop-
erative course without cardiac morbidity.303

Stress Echocardiography
Dynamic imaging with stress echocardiography was first introduced in 
the late 1970s and has more recently been rigorously evaluated as a 
method to better distinguish viable from nonviable myocardium (see 
Chapter 2). Stress echocardiography uses mechanical, pharmacologic, 
or other stresses to the heart to achieve predetermined peak stress lev-
els. Since the 1990s, stress echocardiography has emerged as a safe and 
sensitive method for the detection of CAD and a cost-efficient alter-
native to scintigraphy. Reversible RWMAs caused by transient myo-
cardial ischemia are the hallmark of atherosclerotic CAD. Among the 
means for initiating the stress response are exercise, atrial pacing, intra-
venous dipyridamole, adenosine, and dobutamine. Exercise and dobu-
tamine cause myocardial ischemia through marked increases in heart 
rate, systolic blood pressure, and contractility. Dipyridamole-induced 
ischemia, in contrast, is mainly caused by blood flow maldistribution, 
with a reduction in subendocardial flow in the regions of myocardium 
supplied by a stenotic coronary artery. Because dipyridamole predomi-
nantly affects the supply part of the supply/demand ratio, flow mal-
distribution may not be severe enough to always induce endocardial 
ischemia. It is not surprising that sensitivity is greater for detecting  
ischemic heart disease with exercise followed by dobutamine, whereas 
specificity is greater with dipyridamole echocardiography. The 
application of stress echocardiography for assessment of periopera-
tive cardiac risk in patients undergoing major vascular surgery has 
been investigated and shown to be a safe and cost-efficient method 
for identifying patients at high and low risk for perioperative cardiac 
events. Srinivas et al's311 meta-analysis has determined that its posi-
tive predictive value compares favorably with dipyridamole-thallium, 
Holter ECG, and radionuclide ventriculography for perioperative risk 
stratification.

A transient imbalance between oxygen supply and demand leads 
to ischemia. Signs of diastolic dysfunction followed by RWMAs occur 
before ECG changes and the clinical symptom of pain. Consequently, 
echocardiography is a useful tool because both diastolic dysfunction 
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Figure 12-51 Tethering effect. Myocardial function becomes abnor-
mal in the center of an ischemic zone, as well as in regions adjacent 
to the ischemic zone. Attachment of noncontracting tissue (the central 
zone) mechanically impairs contraction in normally perfused adjacent 
tissue (zones 1 through 3).
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and RWMAs readily can be diagnosed. Because metabolic balance of 
the myocardium is a dynamic phenomenon, stress testing frequently 
is used to increase oxygen consumption. Although, historically, bicycle 
or treadmill testing has been used to provoke RWMAs, these modes 
of stress can only be performed in patients able to exercise, requiring 
rapid acquisition of sonographic images. Consequently, pharmacolog-
ically induced stress often is preferred. Dobutamine is the preferred 
agent because the effects seen on RWMAs are more pronounced when 
compared with adenosine or dipyridamole.

The test is performed by infusion of dobutamine and increas-
ing the dosage every 3 minutes based on a preset protocol (5, 10, 20, 
30, 40 g/kg/min). The goal is to increase heart rate and metabolic 
demand, thus provoking RWMAs that can be visualized echocar-
diographically. The test is stopped if target heart rate is achieved 
([220 − age] × 0.85); ST depression is greater than 2 mm; and there 
is significant tachyarrhythmia, symptomatic severe hypotension, and 
blood pressure greater than 240 mm Hg systolic or 140 mm Hg dia-
stolic. Serious side effects are rare (1:1000 patients).312 The accuracy 
of dobutamine stress echocardiography consistently is reported to be 
good, with sensitivity and specificity averaging 82% and 81%, respec-
tively.313 These results are comparable with perfusion imaging and 
superior to exercise ECG. As with other forms of stress testing, the 
higher the degree of vascular disease (one- vs. three-vessel disease), 
the more accurate the test.314

Doppler Tissue Imaging– and Speckle Tracking 
Imaging–Derived Strain
DTI-derived strain accurately measures cardiac deformation,118 is sen-
sitive to early ischemia,315 and is useful in assessing myocardial viability 
after MI, better than DTI velocities or visual wall motion scoring.316 
DTI-derived strain in remote from ischemic regions will remain 
 normal, contrary to spectral DTI velocities, which are affected because 
of tethering.117,137

Acute regional ischemia causes a rapid decrease in segmental con-
traction during systolic ejection, with the magnitude of regional short-
ening/thickening reduction in proportion to myocardial blood flow 
reduction. After systole, myocardial relaxation is delayed as postsystolic 
shortening (PSS)/thickening occurs.

DTI strain may be an important supplement to visual assessment 
of regional LV dysfunction. DTI strain and strain rate are more direct 
measures of regional function than tissue velocities, which are influ-
enced by contractile function of other myocardial regions because of 
tethering.117 In 17 patients with LAD disease (>75% obstruction), and 
normal baseline EF and wall motion score (WMS), DTI strain detected 
systolic longitudinal expansion in apical segments (baseline −17.7% ± 
7.2% vs. 7.5% ± 6.5%) or reduced compression in midseptal segments 
(baseline −21.8% ± 8.2% vs. −13.1% ± 4.1%) in nearly all patients dur-
ing balloon occlusion of the LAD. Segments not supplied by the LAD 
did not exhibit any strain changes. DTI strain was more sensitive than 
DTI velocities in detecting regional ischemia; the latter revealed longi-
tudinal expansion in only two thirds of the involved segments.317

DTI strain indices differentiate acutely ischemic myocardium from 
normal and dysfunctional myocardium, even in segments that appear 
visually normal. An acute reduction in regional myocardial blood flow 
induces a local contractile dysfunction within seconds, which alters the 
regional deformation pattern. Consequently, during systole, the radial 
thickening and circumferential/longitudinal shortening of the isch-
emic segment are decreased. In addition, the segmental relaxation is 
considerably impaired during the ischemic insult, and the physiologic 
early diastolic radial thinning and circumferential/longitudinal length-
ening are replaced by ongoing post-systolic thickening and shorten-
ing, respectively. Such consistent changes in early diastolic deformation 
have been proposed as an early marker of regional ischemia.

Postsystolic deformation (or PSS) is an important feature of isch-
emic myocardium. When associated with systolic hypokinesis or akine-
sis, it indicates actively contracting, potentially viable myocardium. In 
view of the findings from experimental and clinical studies, PSS should 

be considered an expression of myocardial asynchrony. A segment that 
does not deform during contraction, when LV pressure increases, but 
does so when LV pressure decreases markedly during isovolumic relax-
ation, is not likely to be passive. DTI can quantify PSS. In an experimen-
tal setting, PSS was recorded during moderate (hypokinetic or akinetic 
myocardium), as well as severe, ischemia (dyskinetic myocardium).318 
During a 50% reduction of LAD flow, hypokinesis was accompanied 
by decreased longitudinal DTI systolic strain (from −12.3% ± 1.1% 
to −6.6% ± 1.3%) and substantial PSS (from 0.9% ± 0.2% to 5.1% ± 
0.9%). Concurrent LV pressure-segment length and LV stress-segment 
length loop analysis indicated that PSS was active. Superimposed after-
load augments those changes in a manner similar to LAD occlusion; in 
both cases, dyskinesis accompanied even more marked PSS.318

In a population of 90 consecutive patients with CAD who under-
went percutaneous transluminal coronary angioplasty of a coronary 
artery with more than 90% obstruction, the baseline strain values in 
the at-risk segments (which had normal WMSs) were similar to those 
observed in control patients (radial: 49% ± 6.9% vs. 56.3% ± 11.7%; 
longitudinal: −21.2% ± 4.5% vs. −23.3% ± 4.7%). At-risk segments 
with abnormal WMSs had decreased strain values (radial: 21.9% ± 
11%; longitudinal: −5.2% ± 4.5%) and increased postsystolic deforma-
tion (radial: 0.18 ± 0.14; longitudinal: 0.32 ± 0.26) as compared with 
normal and at-risk segments with normal WMS. Coronary occlusion 
resulted in a 50% reduction of radial and longitudinal strain, which 
peaked early in diastole, and increased postsystolic deformation in all 
at-risk segments (irrespective of WMS). These changes were reversible, 
and after 2 minutes of coronary reperfusion, segmental deformation 
parameters returned to the preocclusion state. Neighboring segments 
did not exhibit any changes, and presence of collaterals diminished 
the occlusion-associated strain parameter changes (less postsystolic 
strain).319 DTI myocardial velocities changed during coronary occlu-
sion only in segments with abnormal baseline function and had lower 
diagnostic accuracy when compared with strain.320

In the clinical setting, RWMAs may not be detected by DTI myocar-
dial velocities because of tethering and translational effects. Only strain 
and strain rate offer quantitative and objective parameters indicating 
ischemia. As observed during dobutamine-exercise testing, DTI strain 
decreased and PSS markedly increased during ischemia, whereas DTI 
myocardial velocities did not reveal any changes.321

Using STI, global longitudinal strain less than −21% (normal: −24.1% 
± 2.9%) and strain rate less than −0.9/sec (normal: −1.02 ± 0.09/sec) 
had good sensitivity and specificity (92% and 89%, and 92% and 96%, 
respectively) for detection of post-MI patients, with a good linear corre-
lation with WMS index.126 STI-derived circumferential and radial strain 
are sensitive to acute reduction of myocardial perfusion. During bal-
loon occlusion, there were significant decreases in circumferential strain 
(baseline −18.5% ± 7.2% to −10.5% ± 3.8%) and radial strain (baseline 
46.5% ± 19.4% to 35.7% ± 20.8%), as well as prolongation of the time to 
peak circumferential and radial strain.151

Longitudinal deformation parameters are potentially superior to 
visual WMS in identification and quantification of subtle ischemia-
induced changes in regional contractility. When DTI strain parame-
ters were correlated with the coronary angiogram, systolic strain and 
strain rate were significantly reduced in normokinetic segments sup-
plied by a stenosed coronary artery (>70%), but not in normokinetic 
segments supplied by a coronary artery without significant lumen nar-
rowing.322 When compared with myocardial velocities, systolic strain 
and strain rate differentiated abnormal from normal contracting seg-
ments. Infarct-involved segments were differentiated from normal 
myocardium using cutoff values of less than −13% for strain and less 
than −0.8/sec for strain rate.322

DTI radial strain rate agrees well with wall motion and is reduced more 
in hypokinetic and akinetic segments (0.6 ± 0.5/sec and 0.008 ± 0.3/sec, 
respectively) than in normokinetic segments (2 ± 0.6/sec). Strain rate 
reflects changes in WMS induced by dobutamine challenge; it increased 
in those segments that revealed augmented wall motion (from 2 ± 0.7/
sec to 4.7 ± 1.7/sec) and decreased in those segments that showed dete-
riorating or unchanged wall motion (from 2.1 ± 1 to 1.7 ± 0.8/sec).323
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Radial and circumferential STI strain enable distinction among 
normokinetic, hypokinetic, and akinetic segments at rest (defined 
by cardiac MRI), in a highly reproducible manner and with small 
intraobserver and interobserver variability (5.3% ± 2.6% and 8.4% 
± 3.7%, respectively).324 A cutoff value of radial strain less than 29% 
defined hypokinetic from normokinetic segments with sensitivity 
and specificity of 83%, and a cutoff value of radial strain less than 
21% akinetic from hypokinetic segments with sensitivity of 83% and 
specificity of 94%.

Similar discriminatory ability of STI radial strain was found when 
transmurality of MI was analyzed using contrast-enhanced cardiac 
MRI. Radial strain decreased significantly with increased relative hyper-
enhancement: 27.7% ± 8% (normal segments) versus 20.5% ± 9.7% 
(nontransmural infarction segments) versus 11.6% ± 8.5% (transmu-
ral infarction segments). Nontransmural infarction was  distinguished 
from transmural infarction segments by radial strain cutoff value 
greater than 16.5%.325

In an experimental model of acute LAD ischemia/reperfusion, extent 
of infarct correlated well with radial and circumferential STI strain. 
Myocardial segments with more than 50% area of infarct (verified by 
postmortem histology) had lower end-systolic radial and circumferen-
tial strain and longer time to peak strain versus areas with 50% or less 
or no infarct. End-systolic radial strain less than 2% had 88% sensitiv-
ity and 95% specificity for detecting infarcted area larger than 50%.326

The use of STI strain for combined assessment of LAX and SAX car-
diac function may allow differentiation of transmurality of chronic 
infarction and, therefore, overcome DTI strain, which is angle limited 
and can evaluate only longitudinal function reliably. In subendocardial 
infarction, STI radial strain (32.4% ± 20%) and circumferential strain 
(−15.4% ± 6.9%) are preserved, whereas longitudinal strain is reduced 
(−13.2% ± 5.6%). In contrast, in transmural infarcts, both SAX and 
LAX STI strain are significantly reduced (cutoff value for circumferen-
tial strain < −13.6%, sensitivity 73%, specificity 72%).327

Accurate identification of infarcted, nonviable myocardium from 
viable, hypokinetic segments has important clinical implications; 
revascularization benefits only patients with a sufficient amount of 
viable myocardium, whereas it is unlikely to benefit those with trans-
mural MI. In post-MI patients, and in contrast with DTI myocardial 
velocities, longitudinal DTI strain rates of transmural infarcted seg-
ments (−0.51 ± 0.17/sec) were significantly decreased when compared 
with nontransmural (−1.06 ± 0.29/sec), subendocardial (−1.21 ± 0.41/sec) 
and normal segments (−1.58 ± 0.38/sec). Strain rates also were signif-
icantly reduced in subendocardial infarction compared with normal 
segments. A cutoff value of strain rate greater than −0.59/sec identified 
transmural from nontransmural and subendocardial MI, and a cutoff 
value of −0.98/sec > strain rate > −1.26/sec identified a subendocardial 
infarction from normal segments.328

STI radial strain is able to identify myocardial dysfunction and pre-
dict recovery of function using a cutoff value of peak radial strain greater 
than 17.2%. Segments that failed to recover had lower peak radial strain 
(15.2% ± 7.5%) than those that showed functional improvement after 
surgical or percutaneous revascularization (22.6% ± 6.3%). This pre-
dictive value (sensitivity of 70.2% and specificity of 85.1%) was similar 
to that of hyperenhancement by contrast-enhanced MRI.329

Among patients with cardiovascular risk factors but no overt cardiac 
disease, longitudinal strain and strain rate are decreased, and circumfer-
ential strain is increased in those with apparently normal mitral inflow 
velocities (E/A > 1). This may imply that LV systolic function and filling 
are compensated by circumferential shortening at ventricular systole.330

Ischemia-Related Diagnoses
Currently, echocardiography is widely used in patients with ischemic 
heart disease for characterization of cardiac anatomy, as well as for 
analysis of intracardiac flow velocities by Doppler echocardiographic 
modalities. Two-dimensional TEE has been shown to greatly enhance 
the diagnostic potential for detecting life-threatening sequelae of MI, 
such as a ruptured ventricular septum or ruptured papillary mus-
cles.331,332 It also has been recognized that TEE may enable the identifi-
cation of subtle, but potentially significant, problems that complicate 
the management of ischemic heart disease, such as anomalous coro-
nary artery origins333 and atrial infarction. In addition, it is important 
to note that the assessment of right– and left–heart function can be 
accomplished with intraoperative echocardiography. The assessment 
of right– and left–heart damage during intraoperative ischemia moni-
toring is essential because the presence of RV dysfunction may be a 
limiting factor and, thus, influence perioperative treatment strate-
gies334,335 (see Chapters 24 and 34).

Pericardial Disease
The pericardium is a two-layered structure reflecting from a visceral 
layer to a parietal layer approximately 1 to 2 cm distal to the origin of 
the great vessels and around the pulmonary veins. Under normal cir-
cumstances, 5 to 10 mL fluid is contained within the pericardial sack, 
allowing for practically frictionless motion of the heart during the 
 cardiac cycle. The parietal layer of the pericardium is rich on collagen 
fibers, making it a low-compliance structure confining the volume of 
the four cardiac chambers. In other words, a volume increase of one 
chamber requires a reduction of volume within another. Likewise, if 
an increase in volume is seen within the pericardial sack, a reduction of 
chamber volumes must occur.

Pericardial Effusion
Under normal circumstances, the echocardiographer is unable to visu-
alize the fluid film between the two layers. Under pathologic condi-
tions, fluid accumulation can occur, resulting in the development of 
a pericardial effusion. Typical causative factors leading to pericardial 
effusions are listed in Table 12-18.

Most echocardiographers use a qualitative grading system to characterize 
the quantity of the pericardial effusion present (minimal, small, moderate, 
or large). A quantitative score that can be utilized measures the diameter of 
the effusion in two dimensions (Table 12-19). In addition, the effusion can 
either encompass the entire heart (free) or be loculated. Free effusions typi-
cally are seen in medical conditions leading to pericardial effusions, whereas 
loculated effusions are seen after surgery or inflammatory processes. It is 
important that the echocardiographer pay attention to the anatomic rela-
tion of the effusion. A loculated effusion found primarily at the inferior 
aspect of the heart can lead to inadvertent injury of the right ventricle if a 
subxiphoidal approach is chosen for drainage. For the novice echocardiog-
rapher, it can be difficult to differentiate a left-sided pleural effusion from 
a pericardial effusion. A good clue is to identify the descending thoracic 
aorta. Because the reflection of the pericardium is typically anterior to the 
descending thoracic aorta, pericardial effusions generally are seen anterior 
and to the right of the aorta.

Cardiac Tamponade
Cardiac tamponade and pericardial effusion are not synonymous. 
A pericardial effusion is an anatomic diagnosis that may or may not 

Causes of Pericardial Effusions

Idiopathic Infections Inflammatory Postmyocardial Infarction Systemic Disease Malignancy Miscellaneous

Acute Viral Lupus Dressler Uremia Direct After trauma
Chronic Bacterial Rheumatoid arthritis Acute after transmural 

infarct
Cirrhosis Lymphatic obstruction After surgery

Fungal Hypothyroidism Congestive heart failure

TABLE  
12-18
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lead to hemodynamic alterations. Because of the histologic structure 
of the pericardium characterized by a thick fibrous tissue, a constraint 
is exerted on the cardiac chambers within the thorax. Rapid fluid accu-
mulation leads to a sharp increase in pressure within the pericardial sac 
because of its low compliance. On the other hand, slow accumulation 
of fluid can go undetected for long periods of time, resulting in vol-
umes exceeding 1 L (see Chapter 22).

Under normal circumstances, respiratory variation of arterial pres-
sure is less than 10 mm Hg. During mechanical ventilation, inspiratory 
positive pressure leads to impeded right-sided filling of the heart. The 
increase in intrathoracic pressure reduces the capacity of the pulmo-
nary veins and augments the filling of the left side of the heart. During 
expiration, the exact opposite occurs. As the pressure increases within 
the pericardial sac, the total blood volume within the heart becomes 
limited, leading to an exaggerated response to the respiratory cycle. 
If the intrapericardial fluid is not relieved, an equalization will occur 
among diastolic pressures within the heart. Echocardiographically, this 
can be identified as an RV collapse during diastole, as well as an RA 
 collapse during systole. More subtle signs of pericardial tamponade can 
be detected with Doppler-based modalities. A respiratory variation of 
more than 30% in peak transmitral or trans-TV flow velocity repre-
sents a typical finding. This can be achieved by positioning the PW gate 
just at the leaflet tips of the MV or TV. Although frequently a large peri-
cardial effusion is associated with pericardial tamponade, other causes 
also can be responsible for respiratory variation in transvalvular flow 
velocities (e.g., high airway pressures, hematoma). The echocardio-
graphic differentiation between a constrictive pericardial physiology 
and restrictive disease is summarized in Table 12-20.

FUTURE TECHNOLOGIES
Although much intraoperative echocardiographic research has been 
directed toward estimating pressures (e.g., PCWP) and flow (e.g., CO) 
to replace catheter-based techniques, new innovative technologies are 
exploring means of providing information distinct from and comple-
mentary to the traditional measurement of global cardiac hemody-
namics and performance. Novel information can be extracted from the 

complex image analysis of the Doppler and echocardiographic signals 
to provide quantitative measures of endocardial position and excur-
sion, intramyocardial velocity of shortening, and 3D reconstruction 
of cardiac anatomy. These techniques are currently in evolution and 
will need to undergo technical refinement before they become routine 
during intraoperative evaluation. There is the opportunity for clinical 
investigation to define the physiologic significance of the data derived 
by these techniques in the complex and dynamic intraoperative envi-
ronment. These techniques can analyze common pathophysiologic 
problems encountered in the operating room in novel ways to shed 
new insights on clinical decision making. Although it is unlikely that 
these echocardiographic techniques will supplant traditional moni-
toring techniques, when used in concert with a comprehensive hemo-
dynamic assessment of cardiac loading conditions and intracardiac 
blood flow, important information about global cardiac performance, 
regional diastolic and systolic function, and complex 3D relationships 
is likely to emerge. For instance, although existing techniques permit 
reasonable assessment of overall LV systolic function by EF and SV cal-
culations, there may be ways of evaluating LV myocardial shortening 
in relation to systolic wall stress for specific layers of the myocardium, 
which may define the mechanisms of impaired systolic contraction; 
specific spatial or temporal contraction patterns may distinguish myo-
cardial stunning, hibernating myocardium, myocardial edema, myo-
cardial inflammation, or postcardioplegic myocardial dysfunction. 
These are unrealized potential applications that will provide the stimu-
lus for future investigation and development of new echocardiographic 
technologies.

Severity of Pericardial Effusions

Diameter of Effusion Severity

0–0.5 cm Mild
0.6–2 cm Moderate
>2.1 cm Severe

TABLE  
12-19

From Nagueh SF, Appleton CP, Gillebert TC, et al: Recommendations for the evaluation 
of left ventricular diastolic function by echocardiography. J Am Soc Echocardiogr 
22:107–133, 2009.

Differentiation of Constrictive Pericarditis from 
Restrictive Cardiomyopathy

Variable Restriction Constriction

Septal motion Normal Respiratory shift
Mitral E/A ratio > 1.5 > 1.5
Mitral deceleration time 

(msec)
< 160 < 160

Mitral inflow respiratory 
variation

Absent Usually present

Hepatic vein Doppler Inspiratory diastolic flow 
reversal

Expiratory diastolic 
flow reversal

Mitral septal annular e Usually < 7 cm/sec Usually > 7 cm/sec
Mitral lateral annular e Greater than septal e Less than septal e
Ventricular septal strain Reduced Usually normal

TABLE  
12-20
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Decision Making and Perioperative 
Transesophageal Echocardiography

“In the affair of so much importance, wherein you ask my advice,  
I cannot make for want of sufficient premises advise you what to deter-
mine, but if it please I will tell you how.”

—Benjamin Franklin

All too often in medicine, critical decisions are made without the ben-
efit of a thorough consideration of data, evidence, and framework. The 
paucity of clinical outcomes research in echocardiography, especially 
in the perioperative period, dampens the prospects for evidence-based 
decision making. In the absence of evidence-directed practice, decision 
making typically is based on anecdote, clinical impression, and tradition, 

with little effort devoted to the process of reaching an intelligent conclu-
sion. The quantity of information is increasingly abundant in medicine, 
and the operating room is no exception. Its acquisition, interpretation, 
and application for decision making can be cumbersome, distracting, 
and misguided. In the era of increasing information, there is an impera-
tive to develop a systematic process of handling data streams, organiz-
ing ideas and thoughts, defining and prioritizing problems, and effecting 
care through a well-thought-out decision. A formalized approach to 
the acquisition of data and decision making (Figure 13-1) enhances the 
quality of the intraoperative echocardiogram, its interpretation, and the 

KEY POINTS

1. The first step in decision making is to “frame” 
the problem by defining the parameters, 
priorities, and pertinent criteria.

2. The second step is the directed acquisition 
of data, “data collection,” that includes all 
pertinent information, regardless of whether it is 
confirmatory or contradictory. The supplemental 
information from the preoperative evaluation 
should always be taken into consideration.

3. A comprehensive systematic transesophageal 
echocardiography examination permits the 
acquisition and interpretation of both qualitative 
and quantitative echocardiographic data for 
most cardiovascular diseases. The greatest 
risk and source of error are that of omission or 
misinterpretation leading to mismanagement.

4. The decision regarding patient management of 
a specific anatomic abnormality should be an 
evidence-based approach reflecting the severity 
of the lesion, coexisting factors, patient's wishes, 
and the current literature.

5. Intraoperative findings should be objectively and 
effectively characterized and discussed with the 
pertinent clinicians, surgeon, or cardiologist and 
the patient's family.

6. The decision and recommendations should be 
formally communicated through a reporting 
document that is accessible to other healthcare 
providers.

7. A systematic process for learning from the 
results of past decisions (quality improvement 
program) and continued education are critical 
for the future success of any intraoperative 
transesophageal echocardiography program.

1.
2.

3.

Confirm preoperative diagnosis
Diagnose new abnormalities
Influence the conduct of
   cardiopulmonary bypass
Titrate pharmacologic therapy
Placement of cannulas, intra-aortic
   balloon pump

Evaluate:
   Global and regional
      function
   Myocardial ischemia
   Intracardiac masses
   Endocarditis
   Congenital pathology
   Intracardiac air
   Aortic pathology/trauma
   Surgical intervention

Define the purpose for the intraoperative TEE examination

Approach to initial operative TEE examination

Review preoperative studies/reports
Perform a standard, organized comprehensive echo exam
Complete a focused and quantitative evaluation
Assess severity by use of 2D/Doppler/secondary findings

Write preCPB echo report

Decision process 

Framing of clinical problem
Data collection/integration of data
     TEE, patient factors, acuity,
     operative factors,
     current knowledge base
Decision and reassessment

Communication: Discussion with stakeholders
(surgeon/cardiologist/family/colleague)

Learning (feedback, case conferences, specialty
meetings, published literature)

Figure 13-1 An algorithm for the decision-making process. CPB, 
cardiopulmonary bypass; TEE, transesophageal echocardiography.
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 confidence with which the findings are communicated to other members 
of the operative and nonoperative teams. Poor decisions are not made by 
the physician with bad intentions. Poor decisions are more commonly 
the result of individuals relying on limited medical knowledge (a data-
base typically defined by the narrow bounds of their profession), narrow 
framing, and false or tenuous anchors. The echocardiographer who is 
overly confident in the abilities of his or her surgical counterpart may 
be falsely anchored to the prior performances of the surgeon, with little 
or no reliance on a formalized decision-making process. The lack of a 
structured paradigm for decision making is most worrisome when clini-
cians with lesser ability or experience are making the decisions. The least 
accomplished clinicians often have the most inflated estimate of their 
own abilities, thus lending themselves to the vulnerabilities of limited 
skills plus lack of a decision-making process.1

The intraoperative consultant in echocardiography is confronted 
with multiple channels of information (Boxes 13-1, 13-2, and 13-3). 
The broad database that is required to formulate an intelligent deci-
sion includes provider- and patient-specific data. Patient-specific data 
include history and demographics, preoperative diagnostic examina-
tions, admitting diagnosis and comorbidities, the patient's wishes, 
recommendations of referring physicians, and intraoperative data. 
Intraoperative data include hemodynamic data, visual inspection,  surgical  

input, and the transesophageal echocardiographic (TEE) examina-
tion. A systematic TEE examination of the heart and great vessels per-
mits the acquisition and interpretation of qualitative and quantitative 
echocardiographic data applied to intraoperative decision making. The 
provider-specific data are composed of an accumulated database of 
knowledge acquired from training, experience, and continuous medical 
education. Expertise is gained from experience and enhances the rep-
ertoire of experiences from which a practitioner can draw but does not 
alter the cognitive engine and does not immunize the practitioner from 
errors in decision making. Intuition and experience are not reliable pre-
dictors of success. Learning through methods of trial and error and self-
education by exploratory problem solving have little role in the arena 
of cardiac surgery. Heuristic methods of decision making often create a 
systematic and predictable bias. It is acceptable to be wrong. It is unac-
ceptable to be consistently wrong in the same direction. A structured 
process of assessing all the data and weighing various alternatives (cog-
nitive engine) will enable the physician to formulate a concise, orga-
nized approach to problem solving, communicating the findings and 
management alternatives.

Decision making can be encumbered by cognitive and emotional 
attachments that limit clinicians' intellectual flexibility. Poor prob-
lem solving and poor outcome can follow a single poor decision of 
great magnitude. However, the “creep effect” of a series of small poor 
decisions can insidiously lead to a poor outcome. The adherence to a 
poor course of action because of an attachment to the original deci-
sion is common in medicine. “The escalating commitment to a losing 
course of action often begins with small steps” (Roch Parayre, MBA, 
personal communication). In the perioperative setting, this process is 
most vivid in the care of critically ill patients with little or no hope for 
survival. Continued commitment of resources and intervention often 
contribute to patient discomfort and cost without benefit in quality of 
life or longevity. The prior commitment of resources often encourages 
 further commitment and investment in a losing cause. The echocardio-
graphic decisions during surgery may become part of an intraoperative 
sequence of diagnostic and therapeutic interventions in which the best 
course of action is a complete reversal in direction. Repeated attempts at 
repairing a mitral valve (MV) may follow an initial unsuccessful repair. 
The decision to replace the valve instead of repairing it often is not con-
sidered until late in the course. Repeated intervals of cardiopulmonary 
bypass (CPB) and aortic cross-clamping are not without their compli-
cations and associated morbidities. It often is difficult to retain an open 
mind and to consider alternative diagnoses or therapeutic alternatives. 
Effective decision-makers are able, if necessary, to abandon the original 
decision to repair an MV and move toward valve replacement.

An intraoperative TEE examination can correct preoperative inac-
curacies in diagnosis or detect occult disease. With increasing empha-
sis on decreasing preoperative testing, avoiding redundant testing, and 
decreasing costs, accurate diagnoses of disease may not occur until the 
time of surgery. The increased reliance on the intraoperative TEE is fis-
cally wise but places greater responsibility and impact on the intraoper-
ative echocardiographer. The detection of occult disease not appreciated 
during the preoperative evaluation often impacts operative manage-
ment. It is necessary to reframe a problem when the data acquired 
reveal new insights. For example, the detection of mobile atheroma in 
the ascending aorta may influence positioning of an aortic infusion can-
nula or cross-clamp, hence changing circulatory management and the 
operation.2–4 A change in clinical management in respect to otherwise 
asymptomatic and silent findings is often controversial. The change in 
the operation has typically not been discussed with the patient, as the 
findings were unanticipated. The intraoperative diagnosis of moderate 
aortic valve regurgitation (AR) that was not detected before surgery will 
create a clinical challenge for the surgical team regarding administra-
tion of cardioplegia and the decision whether to replace the aortic valve 
(AV). Hence, the decision to proceed with an unplanned aortic valve 
replacement (AVR) relies on the ability of the echocardiographer to 
establish the diagnosis and mechanism of  valvular pathology, define the 
pertinent factors that sway the decision (preoperative symptoms of con-
gestive heart failure [CHF], ventricular size and function,  pulmonary 

BOX 13-1. PATIENT HISTORY AND PHYSICAL 
SIGNS

BOX 13-2. PATIENT DATA

BOX 13-3. OPERATIVE FACTORS
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hypertension), and communicate with the surgeon and the other per-
tinent stakeholders. It is important to realize that the decision to rec-
ommend AVR to a patient is not often guided by the degree of AR but 
rather by the degree of corresponding ventricular dilatation and dys-
function. The finding of moderate AR with normal ventricular systolic 
function and chamber size, normal left atrial pressure, and no preop-
erative history of CHF may sway the operative team to proceed with 
the originally planned surgery and to treat the occult finding medically 
with postoperative afterload reduction and follow-up serial echocardio-
grams. In contrast, in a patient with otherwise unexplained shortness of 
breath, pulmonary hypertension, and a dilated left ventricle (LV), the 
presence of moderate AR typically leads to AVR. The introduction of 
new findings to the operative team warrants a “time-out” approach to 
determine the impact of the findings on the intraoperative care.

CASE STUDY: STENOSIS WITHOUT 
STENOSIS
A patient with a history of syncope was scheduled for an AVR for the 
presumptive diagnosis of aortic stenosis (AS) based on a transthoracic 
echocardiogram (TTE) showing a sclerotic AV, an LV-to-aorta pressure 
gradient of 100 mm Hg, and severe left ventricular hypertrophy. The 
intraoperative TEE confirmed the preoperative findings but added new 
information. Inspection of the valve revealed a mobile but sclerotic 
three-cusp AV with a valve area of 1.1 cm2. The left ventricular outflow 
tract (LVOT) contained an obstructing membrane that contributed 
to the “apparent” transvalvular pressure gradient. The surgeon, con-
fronted with information that significantly altered the operative plan, 
called for an intraoperative “time-out” and contacted the referring car-
diologist who performed the original echocardiogram. After discussion 
among the referring cardiologist, the intraoperative echocardiogra-
pher, and the cardiac surgeon, the patient underwent an AVR and  sur-
gical  excision of the obstructing membrane in the outflow tract.

If a suggestion by the echocardiographer for a proposed course of 
action is rejected or modified, it is counterproductive to interpret the 
disagreement as a personal rejection. The echocardiographer is a con-
sultant who performs, analyzes, and interprets findings in an objective 
manner. The final decision and ultimate responsibility for the opera-
tive plan typically lie with the attending cardiac surgeon, although this 
may be institution dependent.

Decision-Making Process
The process of decision making is, in essence, “deciding how to decide.”5 
What is the primary issue that needs to be addressed? What are the pit-
falls in the decision? What are the consequences of the  decision? What 
tools and resources does the decision maker require? What information 
is needed to make an informed decision? Is there evidence to support 
one decision over another? How much time does the decision-maker 
need to make the decision? Rarely is there a valid reason for not taking 
enough time to make a well-thought-out decision, even in the high-
productivity, high-throughput environment of the operating room. 
Does the decision-maker need help? The authors have applied the 
methods of Russo and Schoemaker5 to decision  making in medicine:
 1. Framing: Framing defines the question and the factors that influence 

or sway the decision maker. Framing sets the vantage point of the 
decision maker and defines the boundaries, parameters, and priori-
ties. By framing a question in the early stages of problem solving, it 
permits focus and bounded rationality. However, the price of focus-
ing on a specific issue may be loss of peripheral vision. Adopting 
a narrowed vantage point can inadvertently impose significant bias 
and limitation. The decision should be addressed from a variety of 
vantage points so that all aspects of the decision can be considered.

Failure to work beyond a single conceptual frame can lead to dif-
ficulties in communication among the different participants of the 
care team. In the setting of a complex MV repair, the intraopera-
tive echocardiographer often is focused on performance of the TEE, 

 successful remedy of hemodynamic disturbances, surgical interven-
tion, and documentation. If the echocardiographer is also the anes-
thesiologist, his or her frame is broadened to include patient safety 
and comfort, vigilance, and maintaining body homeostasis. The sur-
geon's frame includes his or her ability and limitations in achieving a 
competent surgical repair, alternatives in surgical management, and 
the covenant with the patient and family regarding surgical man-
agement (e.g., repair vs. replacement, bioprosthesis vs. mechanical 
prosthesis), patient overall outcome, and his or her reputation as a 
surgeon. The patient's vantage point may differ from those of the 
operative team. The patient wants the mitral regurgitation (MR) to 
be fixed, for the symptoms to be resolved, to return to a “normal rou-
tine,” for the remedy to be long-lasting, and to be able to ride a Harley 
Davidson, which he or she would otherwise have to forfeit if he or 
she was taking lifelong warfarin (Coumadin). Hence, as a decision 
maker, broadening the understanding of the issues and consideration 
of multiple frames will account for the interests of multiple parties.

 2. Data collection: Data collection is aimed at reducing uncertainty. 
Uncertainty is never eliminated and, hence, needs to be managed. 
The perioperative echocardiographer manages uncertainty not 
through pinpoint predictions but by uncertainty estimates. It is 
imperative in the decision-making process to systematically iden-
tify the causes that could lead to decision failure and to quantify 
the likelihood of such causes occurring. A dilated mitral annulus 
with a flail middle scallop of the posterior leaflet and two ruptured 
chordae are associated with a high rate of successful surgical repair. 
However, factors that are likely to affect this outcome include the 
technical ability of the surgeon, a parameter that is difficult to 
 estimate and creates uncertainty in the expected outcome.

The data should include echocardiographic and nonechocar-
diographic data (see Boxes 13-1 through 13-3). The importance 
and impact of TEE decisions have been generally recognized and 
accepted. The ability to make an appropriate decision is predi-
cated on a comprehensive examination. Confirmatory information 
is useful, as is contradictory information. The process of decision 
making also includes defining what information “not to collect.” 
Collecting as much data as possible typically leads to confusion and 
loss of direction in the reasoning process. A common hazard for the 
echocardiographer is the performance of an abridged examination 
because of either increased clinical demands or reliance on a preop-
erative examination. The conclusions drawn from an intraoperative 
examination and associated decisions should not be hurried and 
should be based on all aspects of the examination. Although physi-
cal injury from the TEE examination is a serious matter, the greatest 
risk of TEE is that of errors of omission or  misinterpretation, lead-
ing to mismanagement and poor outcome.6–11

BOX 13-4. DECISION PROCESS
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 3. Decision and implementation: A clinical decision is made based on 
the integration of knowledge, framing, and information (Box 13-4). 
Primary knowledge is “knowing what you know” and “knowing what 
you do not know,” with the latter prompting a practitioner to seek 
assistance. Second-order knowledge is “not knowing what you do not 
know”; hence diagnoses are missed rather than misinterpreted. The 
broader the repertoire of primary knowledge, the more informed is 
the decision maker and the more reliable is the decision.

The echocardiographer is an intraoperative consultant who 
generates vital information that has a direct impact on intraop-
erative care and decision making. As consultants, suggestions and 
recommendations are offered, but rarely does the echocardiogra-
pher dictate the management to the operative team. The decision/
recommendation is shared with the stakeholders (surgeons, perfu-
sionists, nurses, referring cardiologists, postoperative intensivists, 
family and patient) and is communicated verbally and by written 
report. Decisions often are accompanied by discussion and some-
times persuasion. Making a sound decision concerning the surgical 
approach to an anatomic problem can benefit the patient only if it is 
effectively communicated to the operating surgeon. However, clini-
cal judgment must take into account the skill set of the operative 
team and the pitfalls associated with each intervention. Persuading 
a surgeon to proceed with a complex reconstruction may appear to 
be the appropriate course of action according to an echocardiogra-
pher, but it may be the wrong thing to do if the surgeon is unfamil-
iar with the recommended repair (i.e., poor framing).

 4. Learning from knowledge to wisdom: A systematic process for learn-
ing from the results of past decisions is designed to increase the 
decision maker's primary knowledge base and defines an effective 
clinical quality improvement program. The ability to achieve suc-
cess or failure may depend on the ability of the decision maker 
to learn from past decisions and the decisions of others.5 A fund 
of knowledge gained through training, continuous medical educa-
tion, readings, and the performance of echocardiograms on a regu-
lar basis maintain the skills of the echocardiographer. Although it is 
often difficult to obtain feedback regarding the impact of decisions 
on long-term outcome, the increment in effort to seek such insight 
always renders the echocardiographer more prepared for the next 
clinical scenario that shares common cardiovascular themes (wis-
dom). Feedback can be sought from a variety of sources: surgeon, 
cardiologist, outpatient echocardiography data files, among others. 
Participation in quality improvement forums with cardiovascular 
anesthesiologists, cardiologists, and cardiac surgeons who tend to 
follow the patients longitudinally is a useful learning tool.

Although all four processes above are important, the initial framing 
of the problem prompts the subsequent steps of data collection, con-
clusion, and learning. Framing begins by articulating a question. By 
addressing the problem in terms of a specific question, a clinical situa-
tion is framed in a more manageable context. A framing strategy can be 
an effective method to rationally limit decision options and form the 
basis of communication.

Performance of the decision maker is judged based on final out-
come. However, decision making should be based on the information 
the decision maker had at the time of the decision. A significant limi-
tation of measuring performance during uncertainty is that it is often 
judged, not by the decision-making process, but by single case results. 
If the decision is followed by a good outcome, the decision maker often 
is applauded with little regard to the ability to reach an intelligent con-
clusion. A poor outcome does not necessarily imply a poor process or 
poor decision. High-risk surgery leads to poor outcomes in many cases 
despite robust decisions. In medicine, this often leads to individuals 
being reluctant to make any decision at all, knowing that a poor out-
come is likely and that it will be linked to their decision making. The 
reality of performance assessment is that even if the decision to pro-
ceed with therapy is substantiated, a poor outcome often will reflect 
negatively on the abilities of the echocardiographer, anesthesiologist, 
surgeon, and the operative team. Conversely, a good outcome does 
not imply a good process or a good decision.5 The surgeon's decision 
to perform a posterior sliding mitral valvuloplasty and quadrilateral 

resection of the posterior leaflet based on a dilated mitral annulus with 
normal leaflet motion as defined by TEE may result in a  technically 
competent MV repair and good long-term results. The decision to 
 perform a posterior sliding valvuloplasty may or may not have been a 
wise decision. Equally good results may have occurred with the inser-
tion of an annular ring without leaflet resection. The measure of an 
outcome by recording a metric is a valid assessment of quality only if 
the metric is a function of the actions of the provider.12 The outcome 
cannot be random; otherwise, there is no basis for estimating quality.

CASE STUDY: THE REGURGITANT 
CARPENTER
A 48-year-old asymptomatic woman presented for elective MV repair 
secondary to mitral regurgitation. She was otherwise healthy, except for 
mild pulmonary hypertension and rapidly increasing left ventricular 
dimensions. The woman was a union carpenter and absolutely refused 
to be subjected to lifelong anticoagulation. Physical examination was 
notable for a loud holosystolic murmur from the apex to the axilla. 
The lungs were clear. Baseline electrocardiogram (ECG) was normal, as 
were all laboratory blood tests. Preoperative chest wall echocardiogram 
demonstrated severe mitral regurgitation, no segmental wall motion 
abnormalities (SWMAs), and a flail MV. Intraoperatively, after induc-
tion of general anesthesia and tracheal intubation, the TEE was per-
formed and demonstrated a severely dilated left atrium (LA), dilated LV, 
flail and thickened middle scallop of the posterior leaflet with multiple 
ruptured primary and secondary chordae to all scallops of the poste-
rior leaflet, prolapse of the anterior leaflet, and a small perforation. The 
short-axis and bicommissural views of the MV suggested three regur-
gitant orifices. The surgeon was experienced in complex mitral repairs, 
with extensive experience in repairing myxomatous valves and chordal 
transfer. Consultation between the surgeon and the echocardiogra-
pher resulted in the surgeon proceeding with an MV repair, resection 
of excessive leaflet tissue of the posterior leaflet, chordal transfer from 
the anterior leaflet, and patch closure of the perforation, plus a mitral 
annular ring. Separation from CPB was facilitated with epinephrine, 
but the postrepair TEE demonstrated residual moderate central mitral 
regurgitation and residual anterior leaflet prolapse. No systolic anterior 
motion (SAM) of the MV was evident. No gradient existed between the 
LV and the aorta. CPB was reinstituted. The surgeon elected to replace 
the MV with a pericardial bioprosthesis, despite the patient's young 
age. The patient required the transfusion of blood, plasma, and plate-
lets, as well as return to the operating room on the evening of surgery 
because of mediastinal bleeding. The patient emerged from the anes-
thetic and surgery on postoperative day 1 edematous and confused. 
Heart function showed a cardiac index of 2.4 L/min/m2, mild pulmo-
nary hypertension, and bounding peripheral pulses. Neurologic func-
tion recovered fully before discharge on postoperative day 7. Was the 
initial decision to repair the MV a sound decision? Do the poor initial 
results of the operation suggest the decision was a poor one? Would 
it have been wise to attempt a second repair after failing the initial 
attempt? Was the better decision to proceed directly to an MV replace-
ment, decreasing the CPB and aortic cross-clamp times?

INTRAOPERATIVE TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY: INDICATIONS
The first decision by the echocardiographer is whether TEE is indi-
cated. Application of intraoperative TEE in the care of the patient with 
mitral disease is widely accepted. Even in this area, however, there is 
a paucity of data supporting an improved outcome for intraopera-
tive patients cared for with TEE compared with no TEE. The decision 
to perform TEE during cardiac surgery is substantiated by practice 
expectations and consensus opinion. In an attempt to develop an evi-
dence-based approach to this expanding technology, the American 
Society of Anesthesiologists (ASA) and the Society of Cardiovascular 
Anesthesiologists (SCA) cosponsored a task force to develop guidelines 
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for defining the indications for perioperative TEE. Despite the  scarcity 
of outcome data to support the application of TEE in the  perioperative 
period, TEE had rapidly been adopted by cardiac surgeons and car-
diac anesthesiologists as a routine monitoring and diagnostic modality 
during cardiac surgery. In 1996, the task force published their guide-
lines, designed to establish the scientific merit of TEE and justification 
of its use in defined patient cohorts.13 The indications were grouped 
into three categories based on the strength of the supporting evidence/
expert opinion that TEE improves outcome (Box 13-5). Category I indi-
cations suggested strong evidence/expert opinion that TEE was useful 
in improving clinical outcome. Category II indications suggested there 
was weak evidence/expert opinion that TEE improves outcome in these 
settings. Category III indications suggested there was little or no scien-
tific merit or expert support for the application of TEE in these settings 
(see Chapters 12 and 41). These guidelines were further updated in 
2010 to include virtually all adult cardiac surgery (Box 13-6).14

TEE is not without its serious complications. The risks of intraoper-
ative TEE include physical injury to the mouth, dentition, and esopha-
gus, plus the misinterpretation of a finding leading to mismanagement. 
When making the decision of whether to perform an intraoperative 
TEE, the physician should consider the cumulative effects of the indi-
cations and risks. A TEE should not be performed if the appropriate 
equipment, safety precautions, and skilled examiners are not available.

Population-based management decisions are driven by clinical trials, 
cost-effectiveness analysis, and resource allocation. However, few phy-
sicians take care of populations. Most physicians care for individuals. 

Evidence-based practice paradigms based on “population medicine” 
define the most effective management scheme for groups of patient 
cohorts but not every patient. Individual patient decisions by physi-
cians are not always based on evidence. It is not uncommon to make 
these decisions based on “What would I do if it were my mother?” 
with the premise that more information is better. Should every patient 
undergoing repair of an abdominal aortic aneurysm have a dipyrida-
mole or dobutamine stress test? The evidence does not support their 
use. Nonetheless, the practice in many centers is to obtain a nuclear 
stress test before major vascular surgery, even if the patient is asymp-
tomatic. Should every patient undergoing cardiac surgery have an 
intraoperative TEE? The answer is unknown. Despite the reassur-
ances provided by large clinical trials, practitioners do not consistently 
adhere to their recommendations and often rely on tradition, anecdote, 
and  impression in their decision making.

The anchor to a “last case” experience creates bias and is all too prev-
alent in medicine; the experience from the previous case dictates the 
decision making on the subsequent one. If physicians are to remain 
the dispensers of medical care and resources, then they need to be 
cognizant of the effects of their decisions on all patients, not just the 
one lying on the operating room table. It is inappropriate to accrue 
healthcare costs without evidence that such financial investment pro-
vides any healthcare benefit. Unfortunately, the risk of uncertainty and 
 medicolegal liability results in more testing than often is indicated.

INTRAOPERATIVE TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY: PERFORMANCE 
OF THE INTRAOPERATIVE EXAMINATION
A detailed consideration of the TEE data precedes decision making. It 
takes time to consider all variables and make a decision in the operative 
environment. Hasty decisions because of perceived time pressures may 
unduly introduce misconceptions or surgical bias. It typically is more 
detrimental to keep changing or retracting diagnoses and recommen-
dations than it is to take a few extra minutes to assemble the facts and 
present a concise, coherent assessment and plan.

The ability to render a sound conclusion often is predicated on the 
performance of a complete and quantitative echocardiographic exam-
ination. Incomplete and qualitative assessments may be subject to 
missed or inaccurate diagnoses. The complete TEE examination has 
been described through a consensus opinion.15 The exact sequence of 
the comprehensive examination is less important than is adherence to 
it. A common practice is to perform a targeted examination, followed 
by the complete sequenced examination. This method allows for cap-
ture of the most important information should the patient become 
unstable and need rapid initiation of CPB before completion of the 
sequence of images that constitute the comprehensive TEE. The “soft” 
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interpretation of “mild-to-moderate” is not always avoidable. The abil-
ity to “nail down” a diagnosis and establish a quantifiable measure of 
dysfunction allows for serial follow-up and comparison before and 
after treatment. The imperative for quantitative measures is directed at 
producing reproducible conclusions and trackable results.

Aliasing of color-flow Doppler in the LVOT is sensitive for detec-
tion of outflow obstruction but lacks specificity. Altered loading condi-
tions, contractility, obstructive myopathy, and systolic anterior mitral 
motion may produce similar color Doppler findings. Spectral Doppler 
offers distinct advantages to color Doppler by measuring gradients and 
analysis of blood-flow velocity profiles, rendering the interpretation 
of abnormal flow patterns and pressure gradients more reliable and 
quantifiable. A similar approach is applied to assess abnormal blood-
flow velocities across the MV (see Chapter 12).

Time permitting, the echocardiographer is encouraged to document 
in writing the prebypass TEE findings at the time they are discovered. 
It is acceptable to document a finding only to discover later that there is 
poor agreement with the surgical findings. This practice fosters learn-
ing and a systematic process. The process of writing a report ensures a 
formalized approach to evaluating the TEE.

 Cardiac Function and Regional Wall 
Motion Abnormalities
Framing
Ventricular function is a predictor of outcome after cardiac surgery 
and a predictor of long-term outcome in patients with cardiovascular 
disease. Patients with compensated CHF may have severely decreased 
ejection fraction (EF) with minimal symptoms. Regional ventricu-
lar dysfunction most commonly is caused by myocardial ischemia 
or infarction. Hence there is an imperative to detect ventricular dys-
function and institute treatment in an attempt to prevent acute or 
 long-term consequences.

Is ventricular function normal or abnormal? Is the abnormal func-
tion global or regional? What is the coronary distribution that relates to 
an SWMA? Is the ventricle big or small? Is the myocardium thinned or 
hypertrophied? Is the abnormal function new or old? Does the medical 
or surgical intervention improve or decrease ventricular function?

Data Collection
Left ventricular systolic function is assessed echocardiographically 
based on regional and global wall motion. Methods of assessment 
include changes in regional wall thickness, radial shortening with 
endocardial excursion, fractional area change (FAC), and systolic api-
cal displacement of the mitral annulus. Off-line measurements of EF 
can be calculated using Simpson's rule. However, the EF most com-
monly is estimated online from the four-chamber, two-chamber, and 
short-axis images of the LV. Other measures include end-diastolic area 
(EDA), end-systolic area (ESA), and, most recently, three-dimensional 
analysis.

Regional assessment provides an index of myocardial well-being that 
can be linked to coronary anatomy and blood flow. Although the mea-
surement of coronary blood flow is not achieved by TEE, the perfusion 
beds and corresponding myocardium for the left anterior descending, 
left circumflex, and right coronary arteries are relatively distinct and 
can be scrutinized by TEE using multiplane imaging. The transgastric 
and long-axis imaging views of the LV are the most widely used for 
evaluating wall motion abnormalities. Digital archival systems have 
gained popularity for their ability to capture a single cardiac cycle that 
can then be examined more closely as a continuous cine loop. Cine 
loops also can permit side-by-side display of images obtained under 
varying conditions (e.g., prebypass and postbypass). Regional myocar-
dial ischemia produces focal changes in the corresponding ventricular 
walls before changes occur on the ECG.16 Changes progress from nor-
mal wall motion to hypokinesis or akinesis. Dyskinesis, thinning, and 
calcification of the myocardium suggest a nonacute process, likely a 
prior infarction.

Assessment of right ventricular systolic function is more problem-
atic because it is less quantifiable. The crescent-shaped right ventri-
cle (RV) is not amenable to quantitative measures of differences in 
chamber size during the cardiac cycle. Characterization of the RV is 
accomplished by comparing the size of the right ventricular cham-
ber with that of the LV and assessing the relative contractile func-
tion of the right ventricular free wall and that of the interventricular 
septum.

Ventricular failure can be caused by diastolic dysfunction: the com-
promised ability of the ventricle to accommodate diastolic filling. 
Diastolic dysfunction is assessed echocardiographically by examining 
volumetric filling of the ventricle at the mitral or tricuspid valves and 
annular excursion. Normal diastolic filling is biphasic with an early 
(passive) component that exceeds the late (active) inflow velocities. 
Abnormalities of ventricular filling (e.g., impaired ventricular relax-
ation, restriction, constriction) produce characteristic changes in the 
spectral recordings of Doppler inflow velocities. Abnormalities of dia-
stolic function can lend insight into the mechanisms of circulatory 
instability (see Chapter 12).

Discussion
Preexisting ventricular dysfunction suggests increased risk for sur-
gery and poorer long-term outcome. The presence of such  ventricular 
dysfunction may deteriorate intraoperatively, requiring the need for 
marked pharmacologic or mechanical support. A patient with a pre-
operative EF of 10% scheduled for coronary artery bypass grafting 
(CABG) and MV repair is at increased risk for intraoperative ischemia, 
acute heart failure, and difficulty maintaining hemodynamic stabil-
ity during the immediate postbypass period. Anticipating such prob-
lems, consider placement of an intra-aortic balloon pump or femoral 
arterial catheter during the prebypass period (Figure 13-2). The same 
patient is likely to benefit from the administration of inotropic agents 
(see Chapter 32).

A marked decrement or unexpected decrease in global cardiac func-
tion after release of the aortic cross-clamp can be caused by poor myocar-
dial preservation during cross-clamping or distention of the heart during 
bypass. The risk for such incidents can be reduced by the monitoring of 
the electrical activity of the heart and pulmonary artery pressures, as well 
as for distention of the RV and LV. Effective venting of the heart is often 
difficult to discern by visual inspection alone,  especially with the use of 
minimally invasive surgery through small incisions. TEE imaging can 
diagnose ventricular distention produced by AV insufficiency.

Not all preexisting SWMAs benefit from coronary revascular-
ization. Regions of akinesia and dyskinesia usually are the result 
of a myocardial infarction and may reflect nonviable myocardium, 
although “hibernating” myocardium is possible. Hypokinetic seg-
ments generally are viable and may represent active ischemia.17 
Preoperative positron emission tomographic scanning can detect 
hibernating myocardium and may be cost-effective to guide CABG.18–20  
The detection of hibernating myocardium in an area of chronic isch-
emia and regional hypokinesis will direct the surgeon to revascularize 
the corresponding stenosed coronary artery. In contrast, an occluded 
coronary artery with downstream infarction may not benefit from 
revascularization because contractile function may be irreversibly 
lost. However, in this latter scenario, revascularization postinfarc-
tion may provide some benefit in decreasing the risk for ventricular 
 aneurysm formation.21

Diastolic dysfunction is associated with significant increases in mor-
tality during long-term follow-up.22 Characterization of abnormalities 
of diastolic function lends insight into the mechanisms of circulatory 
instability and hypotension. Severe left ventricular hypertrophy with 
a noncompliant LV and hyperdynamic systolic function may produce 
severe heart failure if adequate loading is not achieved. Hemodynamic 
indices obtained from a pulmonary artery catheter (PAC) may be mis-
leading. The findings of a small left ventricular chamber size, blunted 
transmitral filling velocities, and an increased FAC demonstrate the 
cause of the hypotension. The decision to administer volume may be 
appropriate despite the increased pulmonary artery pressures.
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If the intraoperative examination reveals new ventricular dysfunc-
tion, the intraoperative team must determine the cause and severity 
and then plan a treatment. Other causes of SWMAs such as conduction 
abnormalities (left bundle branch block or ventricular pacing) can be 
difficult to distinguish. Is the decrement in function potentially revers-
ible with conservative therapy, or should additional intervention be 
considered? Treatment of myocardial ischemia may include optimizing 
hemodynamics; administering anticoagulants, nitrates, calcium chan-
nel blockers, or -blockers; inserting an intra-aortic balloon pump; or 
instituting CPB and coronary revascularization. The presence of new-
onset SWMAs after separation from CPB is worrisome for myocar-
dial ischemia. Even the patient without coronary artery disease (CAD) 
remains at risk because of hypotension, a shower of air or debris into 
the coronary circulation, or coronary spasm. The patient with CAD 

undergoing CABG may have all the above risks, technical difficulties 
at the anastomotic site, injury to the native coronary artery (e.g., stitch 
caught the back wall or occlusion of the circumflex artery during MV 
surgery), or occlusion of the coronary graft by thrombosis or aortic 
dissection. The coronary arteries, grafts, and anastomoses should be 
carefully inspected for patency and flow. Graft patency in the operating 
room is difficult to determine. Techniques include manual stripping 
and refill, measuring coronary flow by handheld Doppler, or admin-
istration of echo contrast agents (see Chapter 12). Hybrid operating 
rooms have been increasing in number with the intent of providing 
advanced imaging of the coronary circulation at the time of surgery.23 
A new SWMA in the distribution of a new coronary graft can prompt 
the decision-making strategies listed in Table 13-1 (see Chapters 18, 32, 
and 34).

A
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LVEDA = 38.9 cm
LVESA = 32.1 cm

LVESA = 21.1 cm
LVEDA = 27.3 cm

MV annulus = 4.8 cm

Figure 13-2 The prebypass transesophageal echocardiography (TEE) examination may have predictive value for postbypass circulatory 
management. A 63-year-old woman with a medical history of hypertension, congestive heart failure, pulmonary edema, dilated cardiomyopathy, dia-
betes, and obesity was scheduled for coronary artery bypass grafting (CABG) and mitral valve (MV) repair. The preoperative evaluation documented 
moderate-to-severe mitral regurgitation (MR) with reversal of systolic pulmonary vein blood flow velocity. The prebypass TEE midesophageal four-
chamber view showed a markedly dilated left ventricle (LV) and mildly dilated right ventricle (RV) with mildly decreased global dysfunction (A). The 
transgastric view was characterized by severe global dysfunction and an LV end-diastolic diameter of 6.6 cm (A). The fractional area change (FAC) was 
17% [FAC = (left ventricular end-diastolic area [LVEDA] – left ventricular end-systolic area [LVESA])/LVEDA × 100]. Revascularization alone was unlikely 
to significantly improve MV function. The midesophageal bicommissural view of the MV (B) demonstrated marked dilation of the MV annulus (major 
axis = 4.8 cm) and tethering of the leaflets below the valve plane that was caused by LV chamber dilation. A femoral arterial line was inserted for 
monitoring of central aortic pressure and/or possibly placing an intra-aortic balloon pump. The patient underwent a CABG × 3 and MV annuloplasty 
for moderate MR. The separation from bypass was difficult, requiring milrinone, epinephrine, vasopressin, and placement of an intra-aortic balloon 
pump. TEE, which was used to initially confirm the location of the femoral guidewire (C), was later used to position the balloon pump just downstream 
to the left subclavian artery. Worsening of RV function that was characterized by increased central venous pressure, new-onset tricuspid regurgita-
tion, and a hypokinetic RV can be appreciated by ventricular septal flattening and dilation of the RV (D). The LV ejection fraction did not decrease as 
might be expected; after correcting MR, the FAC improved slightly from 17% to 22% after bypass. Cardiac function continued to improve, and the 
counterpulsation device was removed without complication on the first day after surgery. The infusions of milrinone and epinephrine were continued 
for several days.
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Transesophageal Echocardiography as 
a Rescue Device: Management of Marked 
Hemodynamic Instability
Framing
There are many instances during the perioperative period when the 
patient may exhibit progressive, unremitting hemodynamic dete-
rioration or acute cardiovascular collapse. Echocardiography offers 
a versatile modality to quickly and accurately diagnose the cause of 
hypotension and develop management strategies.

The echocardiographer may be summoned to evaluate an unsta-
ble patient in the operating room, intensive care unit, or emergency 
department with little or no preceding knowledge of the patient. 
Typically, there will be no consent for the TEE procedure; occasionally, 
a family member may be available to provide consent on the patient's 
behalf. TEE may need to be postponed in the trauma patient with sus-
pected cervical spine injury or esophageal injury. The trauma patient 
with an unstable cervical spine is at increased risk for spinal cord injury 
with passive movement of the head and neck. Until the cervical spine 
has been documented to be stable, TEE should be avoided and TTE is 
the alternative. The risk for further esophageal injury in patients with 
a penetrating trauma poses an additional challenge. Esophagoscopy 
before TEE is performed in patients with suspected esophageal injury. 
However, delay in diagnosis is not without cost. Time must be used 
efficiently because permanent vital organ injury relates to the mag-
nitude and duration of hypotension and malperfusion. A number of 
issues should be considered to guide the discussion and development 
of rational management strategies.

What is the cause of the hypotension? Does the cardiac or vascular 
pathology detected by TEE explain the decrease in blood pressure? Is 
the heart big or small? Is it full or empty? What is the global function 
of both ventricles? Are there SWMAs? Is there fluid in the pericardium? 
Is the observed decrease in cardiac function the primary cause, or is it 
a consequence of the decreased blood pressure? Is this event related 
to the patient's medical history or current operative procedure? What 
specific parameters of the ventricle may help explain the current epi-
sode of hypotension? What interventions or therapy can be performed 
to improve hemodynamics? Once therapy is initiated, what index or 
parameter should be monitored to guide management?

Data Collection
Clinicians must not underestimate the importance of medical his-
tory, chief complaint, and operative course when attempting to discern 
the causes of hemodynamic instability in the acute setting. Important 
hemodynamic indices include heart rhythm, rate, blood pressure, con-
centration of exhaled carbon dioxide, and central venous or pulmonary 
artery pressure, if available. Echocardiography can be used to develop a 
rational approach based on the critical factors of cardiac performance. 
The determinants of cardiac performance include stroke volume (SV) 
and heart rate (HR), as elucidated by the following equation: CO = SV × 
HR, where CO represents cardiac output. The three components of SV 
that can be affected are preload, afterload, and myocardial contractil-
ity. Although quantitative analysis is possible, qualitative online analy-
sis generally will yield sufficient information to form the basis of initial 
therapeutic intervention. Preload of the ventricle can be determined 

by assessing EDA, afterload can be estimated by assessing the ESA, and 
contractility can be estimated by the velocity of circumferential short-
ening, FAC, or EF. Mechanical causes of hypotension must be consid-
ered (e.g., pericardial effusion).

Discussion
Initial inspection determines heart size and overall contractile func-
tion of both ventricles. Estimates of EDA and EF of the LV provide an 
index of ventricular load and global function. Attention to both right 
and left ventricular size and function helps distinguish between differ-
ent inciting events.

The common causes of intraoperative or perioperative hypoten-
sion include intravascular hypovolemia, myocardial ischemia, myo-
cardial infarction, and systemic vasodilatation, either pathologic from 
infection or inflammation, or iatrogenic from drug administration  
(e.g., vancomycin). Mechanical causes of hypotension typically are 
related to compressive forces impairing the heart's ability to fill or eject 
(e.g., pericardial fluid, tension pneumothorax). The MV is inspected 
for incompetence. Acute mitral regurgitation is rare in the absence 
of myocardial ischemia or infarction. A diagnosis of dynamic LVOT 
obstruction, an uncommon cause during the perioperative period, is 
difficult to establish in the absence of more invasive monitoring such 
as TEE (Figure 13-3). Systemic hypotension with a dilated RV and 
a small, underfilled LV implies either primary right ventricular fail-
ure (e.g., myocardial ischemia or infarction in the distribution of the 
right coronary artery) or secondary right ventricular failure from acute 
increases in pulmonary vascular resistance (e.g., pulmonary embolus 
[Figure 13-4], pneumothorax, or protamine reaction).

Decreased systemic vascular resistance during sepsis or a systemic 
inflammatory reaction is associated with decreased ESA and increased 
ventricular contractility (increased velocity of circumferential shorten-
ing), with concomitant increases in the EF and FAC. The increase in 
cardiac performance can be quantified by measuring the cardiac out-
put (CO). In cases of hypotension associated with a markedly increased 
CO, the treatment of choice would be the administration of a vasopres-
sor, such as phenylephrine or vasopressin. If decreased systemic vascu-
lar resistance and CO are present, administration of a positive inotrope 
having vasopressor actions, such as epinephrine or norepinephrine, 
might be more appropriate.

The distribution of the right coronary arterial system of most patients 
(right dominant system) includes the RV and the posterior descend-
ing coronary artery, which provides blood supply to the inferior and 
inferoseptal walls of the LV. Acute right ventricular dysfunction is not 
uncommon after the release of the aortic cross-clamp. Preservation of the 
RV is less reliable compared with the LV because of its exposure to ambi-
ent room temperature and variability in its coronary circulation. Open-
chamber procedures increase the risk for right ventricular dysfunction 
because of retained intracardiac air. In the supine patient, the right coro-
nary ostium is located in the least-dependent portion of the aortic root, 
predisposing it for the embolization of air bubbles. Air embolization to 
the right coronary artery produces acute ST-segment changes, marked 
global right ventricular dysfunction, and SWMAs of the inferior wall 
of the LV (Figure 13-5). Conservative treatment includes increasing the 
blood pressure to promote coronary perfusion while continuing CPB.

 Pericardial Effusion and Tamponade
Framing
Small effusions are common after cardiac surgery, especially after 
removal of chest tubes. In isolation, pericardial effusion may not require 
surgical intervention. Cardiac tamponade occurs when the pressure 
exerted by the presence of a pericardial effusion (or any structure adja-
cent to the heart) compresses the heart, limits diastolic filling of any of 
the chambers of the heart, and impairs CO. Cardiac tamponade is an 
emergency, necessitating immediate diagnosis and intervention.

Is a pericardial effusion present? If so, does it contribute to cardiac 
dysfunction and the patient's present hemodynamic distress? What is 

Management Strategies for New-Onset Myocardial 
Ischemia after Bypass

Diagnosis Plausible Treatment

Coronary graft occlusion Revise coronary graft
Coronary air emboli Increase coronary perfusion pressure, 

administer coronary dilators
Coronary calcium/atheroma emboli Support circulation
Dissection of the aortic root Repair dissection
Coronary spasm Administer coronary dilators

TABLE 
13-1
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the cause of the effusion (acute or chronic)? Is the pericardial effusion 
the sequelae of another cardiovascular event or process (i.e., aortic dis-
section or cardiac catheterization)? Are there invaginations of the free 
walls of the right atrium (RA), RV, or LA? Is the effusion free flowing 
or loculated? Where is it located? Is echocardiographic assessment con-
sistent with tamponade? What is the coagulation status?

Data Collection
Echocardiography is the standard modality for diagnosis of pericar-
dial fluid. However, the diagnosis of cardiac tamponade is a clinical 
diagnosis based on hemodynamics and the patient's condition. Low CO, 

hypotension, equalization of pressures, and high venous pressures are 
all signs of cardiac tamponade. Echo findings consistent with tam-
ponade include presence of pericardial fluid, compression of the atria, 
compression of the RV, and loss of normal respiratory variability of 
ventricular inflow velocities.

The TEE examination quickly determines whether pericardial effu-
sion is present, the location of the effusion (loculated, free-flowing), 
and impact on chamber filling. Location of the effusion is paramount 
should pericardiocentesis be deemed necessary for acute decompres-
sion. Right atrial and right ventricular collapse are the most sensi-
tive signs of increased pericardial pressure. The effusion need not be a 
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Figure 13-3 Acute intraoperative hemodynamic deterioration. A 65-year-old man with a medical history of hypertension, sleep apnea, and smok-
ing was scheduled for resection of colon cancer. During the bowel resection, the patient had a profound episode of hypotension and new-onset 
hypoxia. Although the patient's hemodynamic condition initially improved after administration of phenylephrine and ephedrine, the patient became 
more hypotensive and hypoxic with evidence of pulmonary edema. Transesophageal echocardiography (TEE) was requested and was emergently 
placed to diagnose the cause of cardiovascular collapse and guide management. The midesophageal four-chamber view showed a moderately 
hypertrophied left ventricle (A). Left ventricular (LV) systole was associated with displacement of the mitral leaflet and chordae down into the outflow 
tract. The resulting defect in leaflet coaptation of the mitral valve (MV) and abnormal chordal position that was noted in A were associated with over-
whelming mitral regurgitation (MR) and LV outflow tract obstruction. B, Administration of inotropes (epinephrine and ephedrine) was discontinued; 
the management strategy was changed to volume resuscitation and pressor administration. The hemodynamics normalized and the examination 
was repeated 10 minutes later (C, D). Displacement of the mitral leaflet and chordae had resolved together with the findings of MR and outflow tract 
obstruction. The patient was believed to have experienced a profound acute decline in the systemic vascular resistance in response to the release of 
vasoactive substances during bowel manipulation. The initial exacerbation of the hemodynamics was created by the relative hypovolemia and use of 
inotrope, leading to dynamic LV outflow tract obstruction. The concomitant episodes of hypoxia and pulmonary edema, which were attributed to the 
severe MR and increased left atrial pressures, resolved with the decrease in MR. The application of TEE was critical in making the correct diagnosis, 
altering management strategies, and initiating the appropriate therapy.
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large circumferential effusion to significantly impact cardiac function. 
Postcardiotomy pericardial clot may be smaller and more compartmen-
talized than a chronic circumferential effusion that may be free flowing. 
Interpreting the clinical significance on cardiac hemodynamics may be 
complicated by factors such as lability of hemodynamics, decreased 
intravascular volume, depressed cardiac function, mechanical ventila-
tion and pulmonary dysfunction, soft-tissue changes, and chest tubes 
that obstruct some of the echocardiographic windows. Doppler is 
used as a complementary method of demonstrating the hemodynamic 
derangements of tamponade and to determine the clinical significance 
of an effusion. The echocardiographer should interrogate the phasic 
respiratory variation of blood flow through the tricuspid valve and MV. 
Although not specific for tamponade, the changes in respiratory varia-
tion of inflow velocity are the hallmark of increased pericardial pres-
sure. Significant respiratory variation of blood inflow velocities also 
may be seen in constrictive pericarditis or conditions associated with 
changes in intrathoracic pressure, such as increased work of breath-
ing, asthma, or positive-pressure ventilation, and may be exacerbated 

in patients on positive end-expiratory  pressure. Other important data 
pertaining to the cause and possible intervention include coagulation 
status.

Discussion
The American College of Cardiology/American Heart Association/
American Society of Echocardiography (ACC/AHA/ASE) Task 
Force assigned a Class I recommendation to the use of echocardiog-
raphy in patients with suspected bleeding in the pericardial space. 
Echocardiography is portable, quick, and noninvasive, yet it is a  sensitive 
and specific modality for the detection and impact of a pericardial effu-
sion. Pericardial effusions can be diagnosed and cardiovascular effects 
determined by TTE or TEE. However, during the postcardiac surgery 
period, the presence of positive-pressure ventilation, chest tubes, and 
bandages may severely limit the capability of TTE to assess fluid in the 
pericardium.

The effusion need not be a large circumferential effusion to signifi-
cantly affect heart function. Loculated effusion may impinge only on 
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Figure 13-4 Progressive hypoxia and hypotension after cardiac surgery. A 58-year-old morbidly obese patient with a medical history of hyper-
tension, diabetes, and smoking had recently undergone coronary artery bypass grafting × 3. Five days after surgery, the patient experienced devel-
opment of new-onset atrial fibrillation together with progressive hypoxia and hypotension requiring readmission to the intensive care unit. The 
patient's condition continued to deteriorate and required tracheal intubation, ventilator support, and infusions of vasoactive agents. Transesophageal 
echocardiography (TEE) was performed to evaluate cardiac function and rule out a pericardial effusion. The midesophageal four-chamber view (A) 
showed a dilated right ventricle (RV) coincident with a relatively underfilled left ventricle (LV) and abnormal positioning of the ventricular septum. The 
displacement of the septum into the LV was consistent with RV dysfunction and RV volume overload. Inspection of the right heart revealed a dilated 
hypokinetic RV and a serpiginous density that extended from the right atrium into the RV (B). The thrombus appeared to be entangled in the chordal 
structure of the tricuspid valve. Although no thrombus was noted in the pulmonary arteries, the diagnosis of pulmonary embolism was made and 
the patient underwent an emergent embolectomy. A right atriotomy was performed and a 64-cm thrombus was extracted from the RV together with 
additional clots from both the right and left pulmonary arteries (C). The postbypass TEE documented improved right ventricular function and filling 
of the LV. TEE was critical in making the diagnosis and the decisions to institute and guide therapy.
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the LA and may not be discernible by the traditional acoustic windows 
used by TTE. A hemodynamically significant localized hematoma 
compressing only the LA may not produce right atrial and right ven-
tricular collapse, or the constellation of equalization of pressures. Small 
effusions are common after cardiac surgery, especially after removal 
of chest tubes, and in heart transplant recipients in whom there is  
a mismatch between heart size and pericardial cradle. The presence of 
a pericardial effusion in the nonpostcardiotomy patient must lead to a 
search for the cause of the effusion. Pericardial effusion mandates close 
scrutiny of the aortic root for possible aortic dissection. Pericardial 
effusion in a trauma patient is worrisome for cardiac rupture, ventric-
ular contusion, or foreign body injury.

Acute cardiac tamponade in the nonpostcardiotomy patient can 
develop after introduction of as little as 60 to 100 mL blood. Causes 
might include type A aortic dissection, myocardial infarction with 
rupture, acute pericarditis, bleeding from malignancy, myocardial con-
tusion, or myocardial perforation from penetrating trauma. These life-
threatening conditions may present with hypotension, tachycardia, 
plethora, and jugular venous distention. Other classic findings include 
narrowed pulse pressure, pulsus paradoxus, widening of the medi-
astinum on chest radiography, and electrical alternans on the ECG. 
Treatment is immediate decrease in pericardial pressure that could 
be accomplished through the removal of a relatively small volume of 
fluid. This temporizing measure can be life-saving until more definitive 
 therapy is instituted.

Not all pericardial effusions require immediate intervention. 
Development of cardiac tamponade is related to the rate of accumula-
tion of pericardial fluid and the capacity for the pericardium to stretch 
and accommodate fluid. Chronic pericardial effusions, which occur in 
cases of malignancy, uremia, connective tissue disease, Dressler syn-
drome, and postinfection pericarditis, uncommonly require emergent 
intervention. Acute pericardial effusions that occur postcardiotomy are 

usually more ominous and often result in hemodynamic compromise, 
requiring treatment (see Chapters 22 and 34).

Hemodynamics may improve temporarily with the administration 
of volume, altering intrathoracic pressure (decreasing peak inflation 
pressure), but still may require drainage of the effusion. Chronic malig-
nant effusions will improve after pericardiocentesis but often require 
a pericardial window for more definitive therapy. Effusions resulting 
from acute aortic syndromes or cardiac trauma require timely sur-
gical intervention. Postcardiac surgery patients may require urgent  
re-exploration for evacuation of pericardial hematoma and to address 
the cause of continued bleeding. If hemodynamics improve after ster-
notomy but minimal clot is found, the physiologic tamponade may 
be related to generalized tissue edema and pulmonary dysfunction. 
In cases of poor cardiac function, the sternal incision may need to 
remain open and covered with a sterile dressing until edema recedes 
and  cardiac  function improves.

 Management of Ischemic Mitral 
Regurgitation
Framing
Ischemic heart disease is the most common cause of mitral insuffi-
ciency in the United States. Mechanisms of valve incompetence are 
 varied and include annular dilatation, papillary muscle dysfunction 
from active ischemia or infarction, papillary muscle rupture, or ven-
tricular remodeling from scar, often leading to a tethering effect of 
the subvalvular apparatus. Mitral regurgitation leads to pulmonary 
hypertension,  pulmonary vascular congestion, and pulmonary edema 
with functional disability. Ventricular function deteriorates as the LV 
becomes volume overloaded with corresponding chamber dilata-
tion. Left untreated, severe mitral regurgitation from ischemic heart 

A B C

Figure 13-5 Air embolism after open-chamber procedure. A 57-year-old patient underwent surgical intervention to treat severe mitral regurgita-
tion (MR) and two-vessel coronary artery disease. After performing the mitral valve (MV) repair, the right superior pulmonary vein vent catheter was 
advanced through the mitral valve to facilitate deairing. The patient was positioned in Trendelenburg and the aortic cross-clamp removed. After ven-
tricular ejection, the left atrium and ventricle (LV) were relatively clear of air and the left atrial vent was removed. An aortic vent that had previously 
served as the cardioplegia cannula was used to vent the residual air from the ascending aorta. The patient was separated from bypass in normal sinus 
rhythm and maintained good hemodynamics. The initial postbypass transesophageal echocardiogram (TEE) showed normal ventricular function and 
filling (A). Shortly after starting administration of protamine, the blood pressure decreased and the electrocardiogram demonstrated ST-segment 
changes consistent with ischemia. The protamine administration was stopped, and vasopressors and inotropes were quickly administered. The TEE 
documented reduced cardiac function in the right ventricle and hypokinesis in the inferior and inferoseptal walls of the LV. The transgastric short- and 
long-axis views of the LV (B, C) showed that the myocardium in the distribution of the right coronary artery, as designated by the arrows, was char-
acterized by increased echogenicity. Note the significantly elevated ST segments observed in B and C compared with the baseline (A). The absence 
of pulmonary hypertension and adequate diastolic filling of the LV supported a diagnosis other than acute anaphylactic protamine response or pul-
monary embolism. The most likely culprit was air embolization causing transient myocardial ischemia. Air bubbles that migrated from the LV cham-
ber embolized into the ostium of the right coronary artery, which lies at the most anterior aspect of the sinus of Valsalva. TEE served a crucial role in 
quickly evaluating and diagnosing the cause of hypotension. The hemodynamics, which were temporarily supported by boluses of vasopressors and 
inotropes, stabilized, and the protamine dose was completed. The patient was transferred to the intensive care unit without any further incident.
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disease has a poor prognosis, hence the imperative for diagnosis and 
 treatment.24–26 Less certain is the impact of lesser degrees of mitral 
insufficiency on functional status and long-term morbidity and mor-
tality. Patients presenting for CABG often have concomitant mitral 
regurgitation of a mild or moderate degree. The intraoperative team 
is confronted with the decision whether to surgically address the MV 
during the coronary operation.

Does mitral regurgitation warrant mitral surgery? What is the mech-
anism of the regurgitation? What are the grade and chronicity of the 
mitral regurgitation? Is the mitral regurgitation likely to improve by 
coronary revascularization alone?

Data Collection
Pertinent data, including preoperative functional status and evaluation, 
need to be considered to appropriately interpret and place the intraop-
erative data in context. The preoperative echocardiogram and ventric-
ulogram need to be reviewed. The intraoperative hemodynamic data 
are coupled with TEE information to complete the dataset needed to 
move forward with the decision-making process. The severity of mitral 
regurgitation on TEE is measured by the vena contracta, maximum 
area of the regurgitant jet, regurgitant orifice area, and pulmonary vein 
blood-flow velocities. Valvular disease causes changes in other car-
diac structures. Chronic mitral regurgitation may be associated with 
a dilated LA, pulmonary hypertension, and right ventricular dysfunc-
tion. Wall motion assessment and the ECG are used for detecting 
reversible myocardial dysfunction that may benefit from revasculariza-
tion. The hemodynamic and TEE data are coupled with provocative 
testing of the MV in an attempt to emulate the working conditions of 
the MV in an awake, unanesthetized state. It is not uncommon that 
preoperative mild-to-moderate mitral regurgitation with a structurally 
normal valve totally resolves under the unloading conditions of general 
anesthesia.27–29

Discussion
Most cases of ischemic mitral regurgitation are categorized as “func-
tional” rather than structural. In a study of 482 patients with ischemic 
mitral regurgitation, 76% had functional ischemic mitral regurgita-
tion, compared with 24% having significant papillary muscle dysfunc-
tion.30 The mechanism of ischemic mitral regurgitation is attributed 
to annular dilatation, secondary to left ventricular enlargement and 
regional left ventricular remodeling with papillary muscle displace-
ment, causing apical tethering and restricted systolic leaflet motion.31 
The importance of local left ventricular remodeling with papillary 
muscle displacement as a mechanism for ischemic mitral regurgitation 
has been reproduced in an animal model.32

The mitral regurgitation is prioritized in accordance with the 
principal diagnosis (e.g., CAD), comorbidities, functional disabil-
ity, and short- and long-term outcome. Ischemic mitral regurgita-
tion is quantified and the mechanism of valve dysfunction is defined. 
Intraoperative mitral regurgitation is compared with preoperative 
findings. Discrepancies between the preoperative and intraoperative 
assessment of the valve may reflect the pressure and volume unload-
ing effects of general anesthesia. In patients with functional ischemic 
1 to 2+ mitral regurgitation, the MV often is not repaired or replaced. 
However, the need for surgical intervention in patients with 2+ mitral 
regurgitation under anesthesia remains a point of debate and has not 
been definitively answered by prospective studies. MV surgery typically 
is recommended to improve functional status and long-term outcome 
for patients with 3+ ischemic mitral regurgitation or greater.30 Ignoring 
significant ischemic mitral regurgitation at the time of CABG can limit 
the functional benefit derived from surgery.

The risks to the patient of not surgically altering the MV and antici-
pated residual regurgitation are weighted against the risk for  atriotomy, 
mitral surgery, extending CPB and aortic cross-clamp times, and the 
likelihood that the CABG surgery will be successful at  decreasing 
the severity of mitral regurgitation. Added risk includes commit-
ment to a mechanical prosthesis should a reparative procedure prove 

 unsuccessful. Mitral regurgitation caused by acute ischemia may resolve 
after restoration of coronary blood flow (Figure 13-6). The reversibility 
of the regurgitation is difficult to predict: Factors supporting revers-
ibility (and, hence, no immediate need to surgically address the valve) 
include a structurally normal MV, normal left atrial and left ventricular 
dimensions, including the mitral annulus, and SWMAs associated with 
transient regurgitation and pulmonary edema. Revascularization of the 
culprit myocardium with improvement in regional function may be all 
that is necessary to restore normal mitral coaptation.33,34 Myocardial 
infarction with a fixed wall-motion defect or aneurysm, chronically 
dilated left-sided heart chambers, dilated annulus, or other structural 
abnormalities that are not reversible (ruptured papillary muscle or 
chordae, leaflet prolapse, leaflet perforation) suggest myocardial revas-
cularization is unlikely to correct the valvular incompetence.

The decision whether to proceed with mitral surgery in the set-
ting of ischemic heart disease is institution and surgeon dependent. 
Centers may elect to surgically address any degree of mitral regurgita-
tion detected during the preoperative or intraoperative work-up of a 
patient scheduled for CABG surgery. Less aggressive sites elect to pro-
ceed with coronary revascularization, followed by repeat scrutiny of the 
ventricular wall motion and MV. If revascularization has not corrected 
the mitral regurgitation, the surgeon proceeds with CPB and mitral 
surgery. With the advent of off-pump coronary artery bypass surgery, 
this process has gained another level of complexity because decisions 
to proceed with mitral repair will commit the patient to CPB. Off-
pump mitral surgical procedures may be possible in the near future.  
A device that decreases the minor annular axis by adjusting the length 
of an artificial subvalvular chord that spans the ventricle between ante-
rior and posterior epicardial pads has been used to treat functional 
mitral regurgitation.35,36 Likewise, percutaneous endovascular proce-
dures to “clip” the free edges of the anterior and posterior mitral leaf-
lets akin to the Alfieri surgical technique are aimed at noninvasively 
improving leaflet coaptation.37,38 Short- and long-term outcome data 
regarding such investigational techniques remain forthcoming (see 
Chapters 3, 18, 19, 26, and 27).

 Myxomatous Degeneration of the Mitral 
Valve and Mitral Regurgitation
Framing
Myxomatous degeneration of the MV is a common cause of mitral 
regurgitation. Patients often are young and otherwise quite healthy. 
The diagnosis is commonly established before surgery, and patients are 
scheduled for elective surgery unless acute leaflet or chordal rupture 
leads to acute pulmonary edema and emergency surgery. The decisions 
to be addressed in this setting include: Can the surgeon perform the 
MV repair to address the mitral regurgitation, or is valve replacement 
necessary? What does the surgeon need to know to assess the possibil-
ity of repair and how to accomplish it? What are the possible complica-
tions of MV repair? Is the MV repair acceptable?

Data Collection
The surgeon cannot rely on visual inspection of the native MV in the 
flaccid arrested heart to discern the mechanism of mitral regurgitation. 
Unless the patient had a preoperative TEE as part of the preoperative 
evaluation, the intraoperative study often is critical in assisting the sur-
geon to plan the appropriate surgical correction.

The intraoperative TEE examination targets the mitral regurgitation, 
LA, LV, and RV. Two-dimensional and color-flow Doppler remain the 
standard, although increasing application of three-dimensional echo 
has targeted mitral surgery as a niche. Three-dimensional echo has 
made significant advances in miniaturization, speed of data processing, 
and user interfaces. In the past, it was a technology seeking an applica-
tion. Mitral surgery for myxomatous disease appears to be one of its 
prime applications. Myxomatous mitral regurgitation typically is ame-
nable to valve repair. Typical findings of myxomatous valves include 
excessive leaflet motion, redundant leaflet tissue, and a dilated mitral 



 13 Decision Making and Perioperative Transesophageal Echocardiography 395

annulus. Leaflets commonly prolapse into a dilated LA, the degree 
of which is based on the chronicity of the illness. Chordal rupture is 
common and leads to flail leaflets and severe mitral regurgitation. The 
imperative is to be exact in the descriptive anatomy of the MV. The 
accepted nomenclature of the anatomy of the MV is stated in a consen-
sus guideline.15 The locus of flailed scallops or leaflets and regurgitant 
orifice, the width of the anterior and posterior leaflets, the bisecting 
widths of the mitral annulus (minor and major axes), the locus of a 
perforation, severity of annular calcification (less common in isolated 
ischemic or myxomatous disease), and the size of the LA all contribute 
significantly to the planned repair. The findings of long and redundant 
anterior and posterior leaflets increase the risk for postoperative SAM 

of the MV. Maslow et al39 examined the predictors of LVOT obstruction 
after MV repair. In this study of patients who were undergoing repair 
for myxomatous valve disease, 11 of 33 patients experienced devel-
opment of SAM and outflow tract obstruction. The major predictive 
factors were smaller anteroposterior length ratio (annulus to coapta-
tion; 0.99 vs. 1.95) and short distance from septum to MV coaptation 
point (2.53 vs. 3.00 cm). The surgeon may elect to perform a posterior 
sliding valvuloplasty to move the point of coaptation laterally, thereby 
decreasing the risk for outflow obstruction and mitral incompetence 
associated with SAM.

Although assessment of valvular incompetence is made and the need 
for repair/replacement generally is decided before surgery, the severity 
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Figure 13-6 Evaluation of mitral regurgitation (MR) in a patient undergoing coronary artery bypass grafting. A 63-year-old man was scheduled 
to undergo off-pump coronary artery revascularization. The patient had a history of progressive congestive heart failure without evidence of acute 
pulmonary edema. The physical examination was significant for diffuse laterally displaced point of maximum impulse (PMI) and a systolic murmur 
at the apex that radiated to the axilla. The patient received an intraoperative transesophageal echocardiography (TEE) examination to evaluate the 
severity of MR. The left ventricle (LV) was significantly dilated with an LV end-diastolic dimension of 7 cm (A) and had depressed systolic function with 
an estimated ejection fraction of 40%. The MR was characterized by color-flow Doppler imaging to be a central jet of mild-to-moderate severity. The 
grading of MR was based on the area of the regurgitant jet and the vena contracta (B) viewed in a bicommissural view. The pathogenesis of MR was 
believed to be functional and resulted from restricted leaflet mobility caused by the dilated LV. The coaptation of the anterior and posterior leaflets 
was below the valve plane (C). The absence of reversal of pulmonary vein blood flow measured in the left lower pulmonary vein (C) supported the 
assessment of moderate MR. Because the annulus was not significantly dilated (the minor axis measured 2.97 cm) and the MR graded as only mild to 
moderate, the surgeon proceeded with his initial plan of off-pump coronary artery bypass grafting. The MR decreased immediately after revascular-
ization, and the patient's symptoms were expected to further improve with afterload reduction.
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and pathogenesis of mitral regurgitation should again be determined 
intraoperatively. The severity of mitral regurgitation can be quite vari-
able and depend on the hemodynamic loading conditions and its 
pathogenesis. Discrepancies between preoperative and intraoperative 
assessment of mitral regurgitation are less likely in patients with struc-
tural abnormalities (e.g., ruptured chordae or leaflet perforation) of 
their MVs, in contrast with patients with functional mitral regurgita-
tion (e.g., ischemic mitral regurgitation).

The repaired MV is scrutinized closely, with the ventricular vent 
removed at the discontinuation of CPB under typical loading condi-
tions. The systolic and diastolic functions of the valve are examined 
for residual regurgitation, stenosis, and the presence of outflow tract 
obstruction. The postbypass examination is critical for determining the 
acceptability of the repair or guiding the subsequent revision, should 
the initial repair be unacceptable. Systolic valve dysfunction after repair 
typically produces residual mitral regurgitation. Residual mitral regur-
gitation after mitral repair is not uncommon and may not necessitate 
revision if the grade is trace or mild. Diastolic mitral function is ascer-
tained by Doppler flow measurements across the mitral orifice to pro-
vide assurance that the repaired valve has not been rendered stenotic. 
Peak transvalvular blood-flow velocities and pressure half-times are 
measured to calculate valve gradients and valve areas.

Discussion
There is a growing imperative to repair instead of replace myxoma-
tous MVs. The intraoperative echocardiographer soon becomes famil-
iar with the abilities and limitations of his or her surgical counterparts. 
Outcomes may be quite dependent on the ability of the individual sur-
geon, more so than in valve replacement surgery. Hence it may be pru-
dent to track short-term (intraoperative) results of these operations 
because outcomes may be less defined by national databases and more 
so by individual provider. In general, the likelihood of a successful 
repair is based on the severity and extent of involvement of the mitral 
leaflets. Isolated prolapse of the middle scallop of the posterior mitral 
leaflet associated with eccentric mitral regurgitation that overrides an 
otherwise normal anterior leaflet is associated with a high success rate. 
However, cases of extensive leaflet degeneration with bileaflet prolapse, 
multiple chordal ruptures from both leaflets, leaflet destruction from 
preceding endocarditis, two or more regurgitant orifices, and exten-
sive calcification are associated with a significantly lower success rate 
for repair.40 Many patients leave the operating room with a prosthetic 
MVR with preservation of the subchordal apparatus with excellent 
long-term results. Retention of the subvalvular apparatus preserves 
longitudinal shortening of the LV and decreases the incidence of HF 
in the long term.41,42 In a comparative study, the EF of patients without 
chordal transfer decreased 24% after surgery compared with patients 
having chordal transfer who maintained preoperative function.42

Some degree of residual mitral regurgitation after repair is com-
mon. Most surgeons will not accept residual mitral regurgitation of 
2+ or greater and will readdress the valve surgically. Assessment of 
valve function postbypass under unloaded conditions (decreased 
afterload with relative hypovolemia) may erroneously predict mitral 
regurgitation in the long term or under provoked conditions of  
exercise. Hypotension with decreased left ventricular contractility and 
chamber dilatation often responds to inotropic agents with improved 
coronary perfusion and decreased mitral regurgitation.

The mechanism of the failed repair is paramount to the decision pro-
cess and treatment. Residual mild regurgitation associated with persis-
tent leaflet prolapse may warrant further leaflet resection. Mild residual 
regurgitation in the setting of a “normal” MV may sway the surgeon 
to accept it. The presence of a central jet of mitral regurgitation may 
require resizing (smaller) or considering an edge-to-edge repair (i.e., 
Alfieri). The decision of re-repair or valve replacement often is a diffi-
cult one, weighing the balance between the risks for reoperation versus 
the risk for residual mitral regurgitation. The final decision of what is 
acceptable residual valvular regurgitation is patient specific (e.g., age, 
anticipated level of activity, ability to tolerate a return to CPB).

The finding of LVOT obstruction caused by SAM after mitral repair 
often is caused by the displacement of leaflet coaptation toward the 
septum, resulting in the anterior leaflet to paradoxically move into the 
LV, rather than toward the LA late in systole (Figure 13-7).43 Displacing 
the anterior leaflet into the LVOT during ventricular ejection (Venturi 
effect) produces outflow tract obstruction, early closure of the AV, and 
mitral regurgitation. The incidence of postoperative SAM and the need 
to revise the surgical repair have decreased as understanding of the 
predisposing factors and management strategies has improved. SAM 
may be intermittent and dependent on loading conditions. If possible, 
patients should be examined after adequate volume resuscitation and 
with minimal inotropic support. Most cases of SAM resolve with con-
servative measures including -blockade, vasoconstriction, and fluid 
administration. In a single-center retrospective study of 2076 patients 
who underwent MV repair, the incidence rate of intraoperative SAM 
was 8.4% (174 cases).44 Revision of repair or valve replacement related 
to SAM during initial operation was undertaken in only two patients. 
However, in the case of persistent severe SAM with a high LV-to-aorta 
gradient, returning to CPB and revising the mitral repair (e.g., pos-
terior sliding mitral valvuloplasty to “slide” the locus of coaptation 
laterally), performing an edge-to-edge repair or possibly replacing 
the MV should be considered. Patients who transiently demonstrate 
SAM or turbulence in the outflow tract in the operating room may 
be at increased risk during the immediate postoperative period (see  
Figure 13-3). An important role of the clinical echocardiographer is to 
recognize potentially important findings that may have an impact on 
subsequent patient care and long-term follow up (see Chapters 12, 19, 
and 22).

 Occult Congenital Abnormalities: 
Persistent Left-Sided Superior Vena Cava
Framing
The finding of a persistent left-sided superior vena cava (SVC) is not 
a common incidental finding, but its diagnosis has important implica-
tions for the conduct of circulatory management during CPB.

What echocardiographic findings suggest persistent left-sided 
SVC? What confirmatory test can be performed? Does the finding 
of an anomalous left-sided SVC have implications for the conduct 
of CPB?

Data Collection
The echocardiographer should suspect a persistent left-sided SVC if 
the coronary sinus is significantly dilated or if significant difficulty was 
encountered while attempting to place a  pulmonary artery catheter 
(PAC). Because the differential diagnosis of a dilated coronary sinus 
includes pathology associated with increased right-sided pressures, con-
firmation should be obtained by injecting agitated saline contrast into an 
intravenous catheter in the left arm. In the case of a persistent left-sided 
SVC, opacification of the coronary sinus occurs before that of the RA or 
RV (Figure 13-8). Once the diagnosis is confirmed, the echocardiogra-
pher should look for other associated congenital anomalies, including 
atrial septal defects (ASDs) or an unroofed coronary sinus with commu-
nication between the coronary sinus and the floor of the LA.

Discussion
Left-sided SVC is the consequence of arrested embryologic develop-
ment that results in the left brachiocephalic vein emptying into the cor-
onary sinus with subsequent flow into the right atrial return of blood. 
As a consequence, cannulation of the coronary sinus with administra-
tion of retrograde cardioplegia will be ineffective at providing cardiac 
protection during cardiac arrest. Once the diagnosis is confirmed, the 
surgeon is informed to modify the conduct of cardiac protection dur-
ing CPB. If TEE is unable to confirm the diagnosis (absence of venous 
access in the left arm to inject contrast), the surgeon can confirm its 
presence by direct inspection.
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 Occult Congenital Abnormalities: Atrial 
Septal Defects and Patent Foramen Ovale
Framing
Incidental detection of an ASD or a patent foramen ovale (PFO) is 
a common occurrence. The clinical implications of an intracardiac 
defect are shunting, stroke, headaches, pulmonary hypertension, right 
ventricular dysfunction, and paradoxic embolization. If transseptal 
flow is present, it is generally from left to right, because left atrial pres-
sure is generally greater throughout the cardiac cycle. Bidirectional 
flow is possible with transient increases of right atrial pressure that 

can be observed during normal respiratory maneuvers (i.e., Valsalva, 
coughing, and physical straining).45 Routine physical activities associ-
ated with a Valsalva maneuver include heavy physical activity, lifting 
heavy objects, defecation, or vigorous coughing.46 Although uncom-
mon, right-to-left shunting can produce episodes of relative hypoxia 
and paradoxic embolization. TEE is an extremely sensitive technique 
to detect an ASD or a PFO.47 ASD or PFO is generally well tolerated 
and often remains asymptomatic into adulthood; hence their detection 
often is incidental during a routine intraoperative TEE examination.

What type of ASD is present: primum, secundum, sinus venosus, 
or PFO? What is the size of the defect? Does the defect produce trans-
septal blood flow? What is the shunt fraction: Q

s
/Q

t
? Does the patient 
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Figure 13-7 Complex mitral valve (MV) replacement/repair revision. A 58-year-old woman with severe mitral regurgitation (MR) and a history of 
congestive heart failure, pulmonary edema, and hypertension was scheduled for surgical repair of mitral insufficiency. The prebypass transesopha-
geal echocardiogram (TEE) characterized the MV as having severe MR with mildly thickened, myxomatous leaflets and several ruptured chordae. The 
markedly dilated annulus was consistent with the chronic disease process. Prolapse of the posterior leaflet resulted in the MR jet overriding the ante-
rior leaflet (A). Although the distance from the septum to the coaptation point of the MV was greater than the value cited by Maslow as predictive of 
postbypass SAM, the ratio of the length of the anterior and posterior leaflets (0.89) suggested a risk for LV outflow obstruction (B).39 The midesopha-
geal long-axis view demonstrates several ruptured chordae (B) that resulted in MR having a vena contracta of 0.65 cm. Blunting of the systolic com-
ponent of pulmonary vein blood flow velocity corroborated the diagnosis of significant MR (C). The surgeon performed a quadrangular resection of 
the posterior leaflet and secured the annulus with a No. 30 Physio ring. The postbypass imaging of the midesophageal long-axis view demonstrated 
a coaptation defect, designated by the arrow, and nonlaminar flow in the LV outflow tract (D). Shift of the coaptation point medially created laxity of 
the redundant chordae that were drawn into the outflow tract by systolic LV ejection (D). The outflow tract obstruction was characterized by a pressure 
gradient of 54 mm Hg as determined by continuous-wave Doppler through the outflow tract using the transgastric long-axis view (E). Neither the MR 
nor the outflow tract obstruction was effectively addressed by volume loading and decreasing the inotropic support. Circulatory bypass was reinsti-
tuted, and the surgeon revised the previous repair by further resecting the posterior leaflet and enlarging the annular ring to a No. 34. The patient 
was successfully separated from bypass using minimal support and had resolution of LV outflow tract obstruction, return of normal hemodynamics, 
and reduction of MR to trace severity (F).
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Figure 13-8 Detection of occult persistent left superior vena cava alters circulatory management. A 57-year-old patient was scheduled to 
undergo an aortic valve replacement for severe aortic stenosis. The intraoperative transesophageal echocardiography examination documented a 
bicuspid aortic valve (AV) with a dilated aortic root and ascending aorta, preserved left ventricular (LV) systolic function, moderate LV hypertrophy, and 
dilated coronary sinus (CS) (A). The diagnosis of persistent left superior vena cava was considered. An agitated mixture of saline, blood, and air was 
injected into the intravenous access in the left arm, and the diagnosis was confirmed when the coronary sinus was opacified before the right atrium 
(RA) and ventricle (RV). The diagnosis of a persistent left superior vena cava altered conduct of bypass by negating the standard use of retrograde 
cardioplegia and by relying solely on antegrade cardioplegia.

have any symptoms such as CHF, increased shortness of breath, history 
of stroke or transient ischemic attack, or refractory hypoxia? What is 
the pulmonary artery pressure and right ventricular function? Does 
the patient have any associated congenital abnormalities, such as a cleft 
MV with a primum ASD? Does the surgery as initially planned require 
the use of CPB? If so, was single or bicaval cannulation planned? Does 
the interatrial defect need to be closed?

Data Collection
The application of two-dimensional echocardiography, color-flow 
Doppler imaging, and contrast administration in the midesophageal 

four-chamber and midesophageal bicaval views provide for high sensi-
tivity of detection and diagnosis of ASDs and PFOs. The clinical impli-
cation of these findings is determined by the type of pathology. The 
PFO may be detected in about 25% of adults; it occurs when the secun-
dum septum fails to close or is stretched open because of elevated pres-
sures in the LA (Figure 13-9). Ostium secundums, which account for 
70% of ASDs, are located in the area of the foramen ovale. The cause 
of this lesion is attributed to poor growth of the secundum septum or 
excessive absorption of the primum septum. MV prolapse is present 
in up to 70% of patients with this abnormality and may be related to a 
change in the left ventricular geometry resulting from right ventricular 
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Figure 13-9 Detection of a patent foramen ovale in a patient undergoing cardiac surgery. A 68-year-old patient was undergoing two-vessel off-pump 
coronary artery bypass grafting (OPCAB). In addition to coronary artery disease, the patient had a medical history of hypertension, non–insulin-dependent 
diabetes, and a stroke of unknown cause. The intraoperative transesophageal echocardiographic (TEE) examination that included an inspection of the 
interatrial septum in the midesophageal four-chamber and bicaval imaging planes showed a new finding of an aneurysmal interatrial septum with a pat-
ent foramen ovale (PFO, arrow). Color-flow Doppler showed minimal shunt flow from the left atrium (LA) to the right atrium (RA). The presence of the PFO, 
which was initially diagnosed by color-flow Doppler imaging (A), was confirmed by the transient flow of injected contrast (arrow) into the LA (B), after it was 
injected into the venous circulation. A provocative maneuver such as Valsalva transiently increases RA pressure more than that of the LA, increasing the sen-
sitivity of PFO detection.47 Because of the patient's history of a cryptogenic stroke, the surgical plan and circulatory management were altered. The patient 
was fully heparinized and circulation supported by an extracorporeal pump, while the CABG was performed and the PFO was closed.
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 volume overload. The primum ASD develops when the septum fails to 
fuse with the endocardial cushion at the base of the interatrial septum.  
A primum ASD commonly is associated with cleft anterior leaflet of the 
MV and mitral regurgitation. The tricuspid valve also may be abnor-
mal. The final type of ASD is a sinus venosus defect, which comprises 
only 10% of ASDs. It commonly is associated with abnormal insertion 
of the pulmonary veins into the RA or SVC.

Discussion
In general, patients benefit from ASD closure. Although often asymp-
tomatic, ASDs may present with atrial arrhythmias, heart mur-
mur, abnormal ECG, dyspnea, cerebrovascular injury or stroke, or 
migraine headaches. Medical management and surgical closure of 
secundum ASDs were compared in randomized trials; surgical clo-
sure was associated with significantly decreased morbidity and mor-
tality.48 However, there are little data concerning treatment strategies 
and outcomes for the occult ASD or PFO detected intraoperatively. 
In the absence of recognized consensus guidelines, the decision to 
proceed with definitive closure should be based on the following fac-
tors: history of neurologic event without a definite cause, recurrent 
stroke while receiving anticoagulation, significant shunting through 
the defect, previous episode of hypoxia that may be related to intrac-
ardiac shunting, right ventricular dysfunction, or previous paradoxic 
embolism. Detection of a primum or sinus venosus defect requires a 
more involved surgical procedure, and associated anomalies must be 
addressed. Alternatives to operative closure are increasing as trans-
venous percutaneous closure devices become increasingly applica-
ble. Transvenous catheter–based closure of an ASD by interventional 
cardiologists can be performed only on a secundum ASD or PFO 

(Figure 13-10). Approximately 30% of secundum ASDs are amenable 
to percutaneous closure.49 The technique optimally requires a defect 
with limited size and a rim of tissue surrounding the defect of at least 
5 mm to prevent obstruction of the coronary sinus or impingement 
of the AV (see Chapters 3 and 20).

A PFO is the most common congenital finding and usually is asymp-
tomatic. However, a number of studies have found an increased preva-
lence of PFO and atrial septal aneurysms in patients having cryptogenic 
strokes (i.e., no identified cardioembolic or large vessel source).50–56 
Atrial septal aneurysm is a congenital outpouching of the interatrial 
septum at the fossa ovalis and is strongly associated with PFOs.50,51,53 
The occurrence of atrial septal aneurysms detected by echocardiogra-
phy is about 10% in the general population and up to 28% in patients 
with a history of stroke or transient ischemic episode.52–54,57 A meta-
analysis of these case-control studies found that PFO, atrial septal 
aneurysms, or both were significantly associated with ischemic stroke 
in patients younger than 55 years.58 However, the relation between 
septal pathology and neurologic events in patients older than 55 is 
less clear. The data on treating patients with atrial septal abnormali-
ties for either primary or secondary prevention of stroke are limited. 
The Patent Foramen Ovale in Cryptogenic Stroke Study and a meta-
analysis by Oregera found that warfarin treatment was superior to 
other antiplatelet therapy and comparable with surgical PFO closure 
for the prevention of recurrent cerebral events.59 Chronic anticoagula-
tion is associated with complications. The decision regarding closure 
of an incidental PFO considers the presence of right ventricular dys-
function that may increase the risk for right-to-left transatrial blood 
flow and cryptogenic stroke. Clinical practices typically are based on 
individual surgical preferences. A survey of cardiothoracic surgeons in 
the United States noted a high degree of variability in management 
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Figure 13-10 Transvenous approach to 
 closure of atrial septal defects (ASDs). 
Patent foreman ovale and secundum ASDs can 
be closed by deploying a transvenous closure 
device as an alternative to surgical intervention. 
A, Self-expanding Amplatzer occlusion device 
(AGA Medical Corporation, Plymouth, MN) 
that is made from wires tightly woven into two 
interconnected disks. The device is deployed 
from the femoral vein and positioned using 
transesophageal echocardiography (TEE) or 
intravascular ultrasound. B, Color-flow Doppler 
image from an intravascular ultrasound that 
shows the deployment catheter as it enters 
through the right atrium (RA) and spans the 
secundum ASD. C, Color-flow Doppler ultra-
sound image showing the Amplatzer (arrow-
head) in position across the interatrial septum, 
preventing shunt flow across the ASD.
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of  intraoperatively discovered PFO.60 During planned on-pump CABG 
surgery, 27.9% of responders stated they always closed intraoperatively 
discovered PFOs, whereas 10.3% did not. Only 11% of surgeons con-
verted a planned off-pump procedure to an on-pump procedure to 
close the defect, but the rate of closure increased to 96% if the patient 
had a history of possible paradoxic embolism. A single-institution ret-
rospective study of 2277 patients from 1995 to 2006 confirmed that 
incidental detection of PFO is common, and that repair was not associ-
ated with a survival benefit. The authors found that propensity model-
ing of the data detected an increased incidence of postoperative stroke 
in patients having PFO repair. Several case reports describe postopera-
tive complications related to hypoxia and neurologic events in patients 
with persistent PFOs.60–63

The benefit of aggressive management of a PFO in the absence of 
other interatrial septal abnormalities is less clear than ASD closure 
and is more controversial. Sometimes surgical intervention requires a 
significant alteration of the surgical plan and, therefore, may signifi-
cantly increase operative risk. In cases in which PFO detection occurs 
during off-pump coronary artery bypass, surgical intervention neces-
sitates marked changes in the conduct of both the operation and cir-
culatory management. The off-pump coronary artery bypass patient 
with a small PFO typically will remain untreated. In the absence of rec-
ognized consensus guidelines, the decision to proceed with definitive 
closure should be based on the following factors: history of neurologic 
event without a definite cause, recurrent stroke while receiving antico-
agulation, significant shunting through the defect, previous episode of 
hypoxia that may be related to intracardiac shunting, right ventricular 
dysfunction, or previous paradoxical embolism.

 Management of Previously Undiagnosed 
Aortic Valve Disease
Framing
A relatively common clinical scenario for the echocardiographer is to 
assess the significance of previously unrecognized AV pathology. This 
discussion has pertinence for the echocardiographer faced with the 
new diagnosis of a bicuspid valve, AS, or AR.

What are the symptoms that brought the patient to medical atten-
tion? What is the patient's baseline function? What is the anatomy 
of the AV? What is the severity of AR or AS? How do the intraopera-
tive findings of AV disease differ from the preoperative assessment? 
Would surgical repair or replacement of the AV benefit the patient's 
short- or long-term outcome? What is the planned procedure, and 
how would the risks be changed if the procedure was altered to 
address the new finding? Does another healthcare provider need to 
be involved in the decision whether to surgically address the valve? Is 
the pathology of the AV significant enough to require surgical inter-
vention at this time?

Data Collection and Characterization of  
the Aortic Valve
Multiplane TEE permits an accurate assessment of AV area, valvu-
lar pathology, severity of regurgitation and stenosis, and detection of 
secondary cardiac changes. In the case of AS, the severity of valvular 
dysfunction is determined by measuring the transvalvular pressure 
gradient, calculating the AV area using the continuity equation, and by 
planimetry of the AV systolic orifice. Planimetry of the AV orifice with 
TEE is more closely correlated with the catheterization-determined 
valve area (using the Gorlin formula) than the value derived from TTE 
(r = 0.91 vs. 0.84).64 The severity of AR by TEE generally is graded with 
color-flow Doppler imaging with measurement of the width of the 
regurgitant jet relative to the width of the LVOT. TEE is sensitive to 
even the most trivial amount of AR. Jet areas measured by TEE tend 
to be larger, and their severity is graded as greater compared with AR 
assessed by TTE.65 Determining the clinical significance of AR typi-
cally requires assessment of more than just regurgitant grade, although 
severe 4+ AR is never left unaddressed. A more challenging decision is 

whether to surgically address lesser degrees of AR in patients requiring 
cardiac surgery for another reason (see Chapters 3, 19, and 21).

The cause and extent of AV disease can be delineated best by TEE, 
as shown in Figure 13-11. The relatively high resolution of the AV and 
associated structures in the near field of the midesophageal short- and 
longitudinal-axis views permits an accurate assessment of the sever-
ity and mechanism of valvular disease. The aortic leaflets should be 
inspected in the midesophageal long-axis view for the presence of veg-
etations, perforation, restriction, thickening/calcification, malcoapta-
tion, and leaflet prolapse. The presence of subvalvular disease, such as 
a discrete fibrous subaortic membrane, also can be reliably excluded. 
The ascending aorta from the valve to the right pulmonary artery also 
should be viewed in long axis. This view is usually optimal for examin-
ing associated pathology of the aortic root and ascending aorta (e.g., 
aortoannular ectasia, bicuspid valve, type A aortic dissection).

AS is caused by calcification of the AV and rheumatic heart disease. 
Bicuspid AVs are at greater risk compared with the general popula-
tion. AS produces a systolic pressure gradient between the LV and 
aorta. Secondary findings are dependent on where the patient's con-
dition is along the natural course of the disease. Secondary findings 
often  contribute to the decision-making process because they infer 
the effects or consequences of the disease. AS is commonly associated 
with left ventricular hypertrophy and abnormal filling of the LV. The 
diastolic function is often impaired due to a thickened, noncompliant 
LV. Hence, MV and pulmonary vein blood flow velocities would dem-
onstrate a blunted passive filling phase of the ventricle. Systolic func-
tion often is normal or hyperdynamic. The left ventricular chamber 
size is normal or small. However, longstanding AS results in progres-
sive ventricular systolic dysfunction and heart failure. The LV becomes 
dilated with compromised contractile function. As the ventricle fails, 
CO decreases with a resultant decrease in trans-AV pressure gradient. 
Hence, the pressure gradient across an AV may be misleading as a mea-
sure for severity of AS.

Bicuspid Aortic Valve
A bicuspid AV is at increased risk for degeneration and calcification, 
leading to AR and calcific AS. Bicuspid AVs predispose for ascending 
aortic and arch aneurysm formation and are associated with increased 
incidences of aortic coarctation and ASD. The diagnosis of bicuspid AV 
prompts the echocardiographer to search for other commonly asso-
ciated findings. The presence of isolated asymptomatic bicuspid AV 
without AS or AR does not mandate corrective surgery.

Bicuspid AVs are common in the general population, with an esti-
mated incidence rate between 0.9% and 2.25%. The natural history of 
bicuspid valves is variable. Patients can go late into adulthood with-
out AV or aortic disease. Bicuspid AVs can function without major 
hemodynamic abnormality well into the seventh decade of life.66 In 
contrast, a significant percentage of patients experience progressive 
dilatation of the aortic root, producing AR, or premature calcification 
of the valve, producing AS.67–71 For patients in their fourth decade of 
life, the predominant lesion at surgery is AR. With increasing age, the 
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Figure 13-11 Anatomy of the aortic root. This schematic figure of 
the aortic valve in long axis shows the components of the aortic root, 
which include sinotubular junction (STJ), sinus of Valsalva (SoV), and the 
annulus of the aortic valve (AV-An). AscAo, ascending aorta; LVOT, left 
ventricular outflow tract.
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 predominant lesion associated with bicuspid AVs becomes AS.72 The 
architectural makeup of the wall of the aorta is abnormal in patients 
with a bicuspid AV, predisposing for aneurysm formation.73–76 The 
decision-making process in regard to surgical correction of a bicus-
pid AV must account for the size of the aortic root and the likelihood 
the patient will return for aortic root surgery in the not-too-distant 
future. The rate of ascending aortic dilatation in patients with a bicus-
pid AV may be as high as 0.9 mm/year.77 Even though patients with a 
bicuspid AV are at increased risk for cardiac surgery at a later time in 
life, surgical intervention is not recommended for a bicuspid AV in the 
absence of aortic root aneurysm, AS, or AR. A normally functioning 
bicuspid AV may have a longer duration than a bioprosthetic artificial 
valve. Some centers in North America have adopted a more aggres-
sive stance toward repairing a mildly dilated ascending aorta ( 4-cm 
diameter) because of the increased risk for acute aortic dissection and 
ruptures.78

The majority of young patients with a bicuspid AV have a regur-
gitant lesion. If found as an incidental finding, valvular dysfunction 
is usually minimal and patients do not have a significantly increased 
risk for heart failure and death. Although AVR is associated with a low 
risk for mortality, the lifelong cumulative risk for valve replacement is 
not insignificant. Mechanical heart valves are associated with low but 
significant rates of valve thrombosis, thromboembolism, and hemor-
rhagic complications from lifelong anticoagulation. Biologic prosthetic 
valves are limited by degeneration of the bioprosthetic material. The 
use of a homograft or pulmonary autograft provides alternatives for 
patients who do not want to be or are at high risk for anticoagulation. 
Bicuspid AVs that can be rendered competent and nonstenotic may 
be “repaired” in the setting of surgery for aortic dissection or aneu-
rysm. Reconstruction of an isolated, severely regurgitant bicuspid AV 
has been attempted and described79–82 but is not in the mainstream of 
cardiac surgery in the United States because of the risk for recurrent 
AR. Surgical advances of AV repair have raised the hope of increased 
valve longevity that rivals or exceeds that of a biologic prosthesis (see 
Chapter 19).

Natural Course of Aortic Stenosis
The natural course of AS in the adult begins with a prolonged asymp-
tomatic period associated with minimal mortality. Progression of the 
disease is manifested by a reduction in the valve area and an increase 
in the transvalvular systolic pressure gradient. The progression is quite 
variable, exhibiting a decrease in effective valve area ranging from 
approximately 0.1 to 0.3 cm2/year. AV calcification, as depicted by 
echocardiography, has been suggested to be an independent predictor 
of outcome. Patients with no or mild valvular calcification, compared 
with those with moderate or severe calcification, had significantly 
increased rates of event-free survival at 1 and 4 years (92% vs. 60% 
and 75% vs. 20%, respectively).83 Decisions regarding valve replace-
ment for mild or moderate AV disease in the setting of cardiac sur-
gery for another cause are complicated by the variability in the natural 
progression of the disease. The pathogenesis of AS is an active process 
having many similarities to the progression of atherosclerosis.84 AV cal-
cification is not a random degenerative process but an actively regu-
lated disease associated with hypercholesterolemia, inflammation, and 
osteoblast activity. More aggressive medical control of these processes 
might be expected to have a positive impact on outcome by retard-
ing the degenerative process. Statin therapy has been proposed to slow 
the progression of disease.85 The definitive evidence that such therapies 
attenuate the progress of AV stenosis remains unclear but should be 
forthcoming. If the progression of AV stenosis can be attenuated, the 
need for AVRs would decrease significantly (see Chapter 19).

Assessment of Mild and Moderate Aortic Stenosis
The intraoperative management of mild-to-moderate AS at the time 
of cardiac surgery remains controversial. A patient arrives in the oper-
ating room scheduled for a CABG but is discovered also to have mild 
or moderate AS that was unappreciated before surgery. The operative 

team must decide whether to surgically address the AV. The ACC/AHA 
Task Force recommends valve replacement at the time of coronary sur-
gery if the asymptomatic patient has severe AS but acknowledges there 
are limited data to support intervention in the case of mild or mod-
erate AS. It is in this exact scenario that the rate of progression of AS 
is of value, but it is rarely obtainable. A rapidly calcifying valve in a 
young patient that is becoming rapidly stenotic would sway the opera-
tive team to perform an AVR. A combined double cardiac procedure 
(CABG/AVR) increases the initial perioperative risk, as well as those 
risks associated with long-term prosthetic valve implantation. A delay 
in AVR and commitment to a second cardiac operation in the future 
subjects the patient to the risk for a redo sternotomy in the setting of 
patent coronary grafts and its associated morbidities. If the AV is not 
operated on during the initial presentation for CABG, the development 
of symptomatic AS may be quite delayed or may not happen.

A review of 1,344,100 patients in the national database of the Society 
of Thoracic Surgeons having CABG, CABG/AVR, or AVR alone culmi-
nated in a decision paradigm recommendation.86 The study assumed 
rates of AV disease progression (pressure gradient of 5 mm Hg/yr), 
valve-related morbidity, and age-adjusted mortality rates that were 
obtained from published reports. The authors proposed three factors 
in the consideration of CABG or AVR/CABG: age (life expectancy), 
peak pressure gradient, and rate of progression of the AS (if known). 
Because the latter is difficult to discern, the analysis assumed an aver-
age rate of disease progression and recommended patients should 
undergo AVR/CABG when the pressure gradient exceeds 30 mm Hg. 
The threshold (AS pressure gradient) to perform both procedures 
is increased for patients older than 70 years because the reduced life 
expectancy diminishes the likelihood that they will become symptom-
atic from the AV disease. Whether to perform a concomitant AVR at 
the time of revascularization was also addressed by Rahimtoola,87 who 
advocated a less aggressive approach. One problem with both studies is 
that they analyzed the transvalvular pressure gradient, which may be a 
misleading measure of the degree of stenosis of the AV because its value 
is dependent on CO. A low CO and flow rate will produce a low trans-
valvular pressure gradient, even in the setting of a severely stenotic AV. 
However, in the setting of preserved ventricular systolic function and 
mild or moderate AS, a pressure gradient is a useful metric. The vari-
able rate of disease progression and the controversy regarding the indi-
cations for “prophylactic” AVR preclude a simple algorithm for dealing 
with this patient cohort. Increased age, lack of symptoms, minimal left 
ventricular hypertrophy, a valve area suggesting milder disease, and a 
pressure gradient less than 30 mm Hg would sway the decision not to 
replace the AV. In an asymptomatic young patient, a severely calcified 
valve, bicuspid valve, and left ventricular hypertrophy in the setting of 
moderate stenosis, as well as a pressure gradient greater than 30 mm Hg 
would suggest that an AVR might be beneficial in the long term. The 
considerations regarding the progression of AS and need for a subse-
quent, highly invasive redo surgery on older and presumably more ill 
patients must be reconsidered in the advent of the emerging technolo-
gies of the transcatheter AVR. Initial results seem promising; there is 
no evidence of early stenosis or prosthetic valve dysfunction. It often 
is useful to include the patient's primary cardiologist and family in the 
decision-making process.

Assessment of Low-Pressure Gradient Aortic Stenosis
Patients with left ventricular dysfunction and decreased CO in the 
 setting of AS often present with only modest transvalvular  pressure 
gradients(  30 mm Hg). Distinguishing patients with a low CO and 
severe AS from patients with mild-to-moderate AS can be  challenging 
(Figure 13-12). The standard for assessing severity of AS is AV area, typ-
ically calculated using either a continuity method or by  planimetry. 
Patients with low-gradient AS with severe left ventricular dysfunc-
tion who received an AVR had improved survival and functional status 
 compared with patients who did not have a valve replacement.88–90

A low-pressure gradient related to left ventricular dysfunction may 
not open the AV to its maximum capacity. Dobutamine challenge in a 
patient with low-pressure gradient AS can be useful in establishing true 
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AV area. The ability to distinguish between true AV stenosis and a state 
of “pseudostenosis” relies on characteristic changes in hemodynamic 
and structural measurements in response to the augmented CO. The 
test is not usually performed in the operative setting but rather as a 
preoperative evaluation. The increase in calculated AV area is related to 
the increase in the CO and is attributed to partial reversal of primary 
cardiac dysfunction.91–94 If dobutamine improves CO and increases AV 
area, it is likely the baseline calculations overestimated the severity of 
the AS. The dobutamine challenge is conducted as follows: patients 
with low-gradient AS receive intravenous dobutamine at 5 g/kg/min 
with stepwise increases in dose.92 Patients may exhibit a significant 
increase in AV area (0.8 to 1.1 cm2) and a decline in valve resistance 
after dobutamine challenge. Patients with fixed, high-grade AS would 
demonstrate no change in valve area and an increase in valve resistance. 
The 2003 ACC/AHA/ASE Task Force gave a Class IIb recommendation 
(usefulness/efficacy is less well-established by evidence/opinion) for 
the use of dobutamine echocardiography in the evaluation of patients 
with low-gradient AS and ventricular dysfunction.95 In addition to its 

role in distinguishing between true stenosis and pseudostenosis, low-
dose dobutamine echocardiography is helpful in risk-stratifying of 
patients with severe true AS. Patients with augmented contractile func-
tion after dobutamine administration have an improved outcome after 
surgery.96,97

Aortic Regurgitation: Natural Course  
and Management
Many elderly patients undergoing cardiac surgery will have some 
degree of AR. In most cases, the patients are asymptomatic and the 
severity is graded as trace to mild. The presence of AR has implications 
regarding the conduct of circulatory management, administration of 
cardioplegia, management of hemodynamics, and possible alteration 
of the surgical plan. The presence of AR obligates the echocardiog-
rapher to monitor for distention of the LV during CPB and cardiac 
arrest, as well as during the administration of antegrade cardiople-
gia. On release of the aortic cross-clamp, the heart may not instanta-
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Figure 13-12 Low-pressure gradient severe aortic stenosis. A 76-year-old cachectic man was scheduled to undergo corrective surgery for severe 
mitral regurgitation (MR) and possibly clinically significant aortic stenosis (AS). The midesophageal short-axis view of the aortic valve (AV) showed 
a highly calcified trileaflet valve with restricted mobility (A). The measurement of AV area, 1.13 cm2, which was obtained by planimetry, was believed 
to underestimate the severity of AS because of the shadowing artifacts related to the severity of calcification. The transgastric long axis of the left 
ventricle was obtained (B), and the velocity profiles of blood flow within the left ventricular (LV) outflow tract and the AV were measured. Although 
the patient had a diagnosis of severe AS, the maximal and mean pressure gradients were 33 and 21 mm Hg, respectively (C). The area of the AV 
was  calculated to be 0.83 cm2 using the continuity equation. The LV function was characterized by a severe dilated cardiomyopathy with an ejection 
 fraction of 8%, LV end-systolic dimension (LVESD) of 7 cm, and LV end-diastolic dimension (LVEDD) of 8 cm (D). The diagnosis of low-pressure gra-
dient AS was considered, and infusions of epinephrine and milrinone were started. Cardiac performance improved from 2.4 to 4.5 L/min, and the 
 pressured gradients increased to 60 mm Hg, peak, and 41 mm Hg, mean (C). Although the calculated valve area that was recorded under conditions 
of  inotrope support slightly increased to 0.9 cm2, transesophageal echocardiography (TEE) clarified that the marked increase in the pressure gradient 
was  consistent with a diagnosis of low-gradient AS and confirmed the presence of cardiac reserve.
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neously revert to an organized rhythm, precluding ejection of LV blood 
and predisposing for ventricular distention. The latter is particularly 
problematic in the setting of AR. The decision whether to surgically 
address the  valvular dysfunction should not be based on left ventricu-
lar  distention during CPB but considered in the context of the dataset 
that includes the natural history of AR in adults, established guidelines, 
and published outcomes, in addition to individual patient variables as 
 previously described.

Chronic AR generally evolves in a slow and insidious manner with a 
very low morbidity during a long asymptomatic phase. Some patients 
with mild AR may remain asymptomatic for decades. Others exhibit 
progressive worsening of the regurgitant lesion and develop left ventric-
ular systolic dysfunction, leading eventually to heart failure. Evaluation 
of left ventricular size and function is important because of the poor 
correlation between symptoms and severity of cardiac pathology. The 
nature of the transition between the compensated and uncompensated 
periods is poorly understood. Clinicians should be reluctant to consider 
valve replacement in an asymptomatic patient with preserved left ven-
tricular function (Figure 13-13). Early surgery exposes the patient to 
perioperative mortality and morbidity, as well as to the long-term com-
plications of a prosthetic valve. Guidelines for AV surgery in patients 

with AR were published in 1998 by the ACC/AHA Task Force and in 
2002 by the Working Group on Valvular Heart Disease of the European 
Society of Cardiology.98,99 AVR is clearly indicated for symptomatic 
patients with chronic AR and left ventricular dysfunction. However, the 
decision to perform valve replacement is less apparent for asymptomatic 
patients. The published recommendations suggest serial examinations 
to detect the progression of left ventricular dysfunction. In a strategy 
similar to that applied for patients with low-gradient AS, the induction 
of stress exercise testing may be helpful for assessing functional capacity 
and timing of surgery. However, intraoperative detection of occult AR 
does not provide for the luxury of serial examinations.

The intraoperative decision for asymptomatic patients should be 
based on the severity of AR and the presence of left ventricular dys-
function. Patients with a left ventricular end-systolic dimension less 
than 50 mm would be expected to remain asymptomatic for the next 
few years; the risk for development of symptoms or left ventricular 
dysfunction would range from 1% to 2% per year to as high as 6% 
per year.100,101 However, the yearly rate of becoming symptomatic or 
developing significant left ventricular dysfunction increases to greater 
than 20% when the left ventricular end-systolic dimension exceeds 
50 mm.100,102
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Figure 13-13 Detection of occult aortic regurgitation (AR) during nonvalvular cardiac surgery. A 66-year-old woman was scheduled to undergo 
coronary artery bypass grafting using extracorporeal circulatory support. An intraoperative transesophageal echocardiography (TEE) examination 
diagnosed presence of a central AR jet that extended halfway into the left ventricle (LV). The severity of AR, which was graded as mild, was based 
on assessing the retrograde flow in the LV outflow tract (LVOT) using color-flow Doppler imaging in midesophageal long-axis plane. The severity of 
AR is determined by comparing the width of the AR jet, 0.59 cm, with the diameter of the LVOT, 2.12 cm; the ratio of 0.28 is graded as mild (A). The 
anatomy of the valve was that of a normal trileaflet structure with mildly thickened leaflets (A, B). No leaflet prolapse, vegetations, or annular/root 
dilation was present. In addition, no significant aortic stenosis was detected by Doppler or calcification of the leaflets. LV chamber size was normal, LV 
end-diastolic dimension (LVEDD) was 4.14 cm, and presence of LV hypertrophy was consistent with hypertension (C). Because the severity of AR was 
not clinically significant and it was not expected to markedly increase, surgical intervention to the aortic valve was deferred. However, the diagnosis of 
AR altered circulatory management by increasing the vigilance of the echocardiographer to monitor LV chamber size during antegrade cardioplegia 
and initiating supplemental retrograde cardioplegia. PWTD, pulse-wave tissue Doppler.
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 Choice of Surgical Intervention
Framing
Once the decision to surgically intervene has been established, the 
echocardiographer can have a valuable role in assisting the surgeon in 
formulating and implementing the intended change of plans for surgi-
cal management.

What information would be required for the surgeon to determine 
whether surgical valve repair or valve replacement is more appropriate? 
Is the choice of surgical intervention limited by surgical experience or 
prosthesis availability? What type of valve prosthesis is most appropri-
ate for this patient in these circumstances? What size of valve prosthe-
sis can be inserted? Is pathology of the aortic root or ascending aorta 
present? Could valve replacement have unintended consequences that 
could be prevented or detected and treated? Does “pressure recovery” 
play an important role in estimating valve stenosis using a transvalvu-
lar gradient Doppler methodology?

Data Collection
The choice of specific intervention, whether to repair or to replace the 
valve, will depend on pathology of the diseased valve, experience of the 
surgical team, and discussion between the surgeon and the cardiolo-
gist, in addition to patient variables. The echocardiographer can best 
contribute to the surgeon's understanding of the pathogenesis of AV 
disease by assessing function and structure in the short- and long-axis 
imaging planes. The surgeon is provided with a complete anatomic 
echocardiographic assessment of the AV and root, including dimen-
sions of the annulus, sinus of Valsalva and sinotubular junction, leaf-
let anatomy, primary mechanism of regurgitation, and severity of 
thickening/calcification.

Discussion
The development of reparative procedures for the AV has lagged behind 
those implemented for the MV or for the development of  prosthetic 

devices. Some of the major factors are the apparently  irreversible 
changes produced by calcification of the cusps, the retraction of cusp 
tissue in AR, and the lack of durable biologic material suitable for sup-
plementing the valvular apparatus. It is unlikely that surgical repair of 
stenotic and highly calcified valves will achieve much success within 
the near future. However, aortic valvular repair has been successfully 
applied for the resuspension of the AV to correct acute AR resulting 
from an aortic dissection. Yacoub, Cohn, and others reported improved 
short- and long-term results for minimizing residual AR and freedom 
from reoperation.103–105

A diseased valve characterized by thickened, calcified leaflets and 
having restricted mobility is not a candidate for valve repair and would 
require valve replacement. Alternatively, remodeling of the aortic root 
and AV to improve the geometry of the tricuspid AV has been used suc-
cessfully in cases of acute type A aortic dissection. In addition, a select 
cohort of patients having AR as the primary valvular diagnosis may 
be candidates for surgical repair. In the case of bicuspid AVs or iso-
lated AR, successful repair of the AV was more likely when the anatomy 
demonstrated left coronary/right coronary cusp fusion and when the 
primary mechanism of AR was leaflet prolapse or commissural sepa-
ration, compared with poor leaflet coaptation of a “central defect.”103 
Although a complete review of the technical aspects and controversy 
of AV-sparing surgeries are beyond the scope of this chapter, it should 
be noted that aortic dilatation has a negative prognostic implication 
for successful long-term outcome. A more detailed discussion of sur-
gical repair of the AV can be found in Chapter 19 and in literature 
reviews.104,105

Valve repair and replacement surgery for patients having symptom-
atic valve disease have been heralded as significant successes. Advances 
in surgical technique and perioperative care have enabled the morbid-
ity and mortality of valve replacement to decrease despite the increas-
ing proportion of high-risk patients. The choice of prosthetic heart 
valve replacement generally is based on patient age, size, and wishes106 
(Figure 13-14). A joint decision with the patient, the cardiologist, and 
the cardiac surgeon is indicated before surgery.

Valve replacement
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Figure 13-14 Algorithm for choice 
of prosthetic heart valve. A/C, anti-
coagulation; AVR, aortic valve replace-
ment; INR, international normalized 
ratio; MVR, mitral valve replacement. 
(Redrawn from Rahimtoola SH: Choice 
of prosthetic heart valve for adult 
patients. J Am Coll Cardiol 41:893, 
2003, Figure 8.)
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Compared with nature's own heart valves, prosthetic valves are 
relatively stenotic. Prosthetic valves are sized based on their external 
diameter, even though their transvalvular gradient reflects the inter-
nal diameter and orifice size. Each valve has an “effective orifice area” 
(EOA) that is based on in vitro studies performed by the manufacturer. 
The clinical importance of the disparity between prosthesis annular 
size and EOA becomes evident when relatively small prosthetic valves 
are inserted into comparatively large patients. Prosthetic valve/patient 
mismatch results when transvalvular flow through a prosthetic valve is 
limited and produces clinically significant stenosis (Figure 13-15). The 
increase in transvalvular blood-flow velocity necessary to accommo-
date and sustain an acceptable SV in a large patient with a prosthetic 
AV can produce surprisingly high transvalvular pressure gradients.

An objective of valve replacement surgery is to provide the patient 
with the largest EOA. Prosthetic valve mismatch is more likely to occur 
in older patients, those with increased body surface area (BSA), smaller 
prosthetic valve size, and preoperative diagnosis of valvular stenosis.107 
The incidence of AV mismatch increases with prosthetic annular size 
less than 21 mm. In larger patients, mismatch can occur in patients 
receiving prosthetic AVs greater than 21 mm because dominant factors 
in determining the pressure gradient are the SV and CO, which are 
related to body size and level of activity. The association of mismatch 
with stenotic native AVs is a result of calcified native valves, a calci-
fied annulus, and a smaller annular size. The treatment of AS through 
AVR in the setting of preserved ventricular systolic function may 
result in dramatic increases in SV and CO. The resultant increase in 
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Figure 13-15 Detection of a significant transvalvular pressure gradient across a previously implanted prosthetic aortic valve (AV). Patient 
who underwent a previous AV replacement (AVR) was now scheduled for coronary artery bypass grafting and possible AVR for aortic stenosis. The pre-
operative evaluation included an echocardiogram that demonstrated a small paravalvular leak and blood cultures that were negative. A, Color-flow 
Doppler image of the AV in midesophageal short-axis imaging plane that shows turbid flow from the orifice of the 19-mm Bjork–Shiley mechanical 
valve. The aortic annulus and other valves were inspected for evidence of active infection or abscess, but none was found. The clinical decision was 
to replace the AV or repair the paravalvular leak. The prosthetic valve appeared to be functioning normally aside from a small paravalvular leak. The 
intraoperative transesophageal echocardiographic (TEE) examination documented preserved left ventricular (LV) systolic function and significant LV 
hypertrophy with a posterior wall thickness of 1.6 cm. Examination of the mechanical prosthetic valve showed a well-seated valve with a small paraval-
vular leak at the fibromuscular continuity and the absence of any abscess or vegetations (B). Although the valve appeared to be functioning normally, 
the transvalvular pressure gradient was 40 mm Hg in the absence of any outflow tract obstruction (C, D). The presence of a significant gradient in a 
normally functioning valve and presence of significant LV hypertrophy raised the possibility of valve mismatch; the small paravalvular leak was deter-
mined not to significantly contribute to the transvalvular gradient. The patient was an active 64-year-old man who weighed 98 kg and had a body 
surface area of 2.2 mm2. The presence of a significant transvalvular gradient across an apparently normally functioning valve in a large patient sup-
ported the diagnosis of prosthetic valve mismatch. The patient underwent a root replacement (No. 23) and had a transvalvular pressure gradient of  
14 mm Hg. LVEDD, LV end-diastolic dimension; PWTD, pulse-wave tissue Doppler.
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 transvalvular flow produces a large transprosthetic pressure gradient. 
In contrast, valvular insufficiency is usually associated with annular 
dilatation and decreased systolic function. Hence patients with annu-
loectasia often receive larger prosthetic valves, and functional AS after 
AVR rarely is a problem.

Increased postoperative transvalvular gradients have been implicated 
in increasing long-term morbidity and mortality.108–110 The short-term 
clinical significance of prosthetic valve size mismatch is controversial 
and may be associated with immediate postoperative risk for cardio-
vascular complications and mortality. Controversy stems, in part, from 
studies with limited sample populations and the failure to normal-
ize specific valvular EOA to a metric of patient size. Nonetheless, the 
concept of prosthetic valve mismatch adversely affecting outcome is 
generally accepted. The long-term risk for prosthetic valve mismatch 
is inability to restore or improve functional capacity. A consequence 
of an increased residual transvalvular pressure gradient is to prevent 
or attenuate regression of left ventricular hypertrophy.111 Left ventric-
ular hypertrophy is associated with diastolic dysfunction, decreased 
exercise capacity, and is a predictor of increased mortality. Significant 
differences in regression of left ventricular hypertrophy occur in 
patients who received prosthetic AVs larger than 21 mm (−21%) com-
pared with patients with prosthetic valves that were less than 21 mm 
(−8%).111,112 Hence it would be expected that a corresponding differ-
ence in functional capacity would parallel these differences in hyper-
trophy regression. A decreased indexed EOA (EOA/BSA = cm2/m2) was 
an independent predictor of long-term morbidity after aortic and MV 
replacement.113

In general, an indexed EOA for a prosthetic AV should be greater 
than 0.85 cm2/m2.113 For a similar external rim size, the EOA can vary 
considerably between mechanical and bioprosthetic AVs and by manu-
facturer. Bioprosthetic valves tend to have a significantly larger EOA 
compared with mechanical valves. Biologic aortic roots have even 
larger EOAs. If the anatomy of the aortic root precludes implantation 
of a suitably sized prosthesis, the surgeon may perform a supra-annu-
lar implantation, allowing the placement of a larger valve. Alternatively, 
creation of a larger EOA may require enlargement of the aortic root,  
a biologic aortic root, a pulmonic valve autograft (Ross procedure), or 
implantation of a stentless valve (see Chapters 19 and 21).

 Aortic Valve: Concomitant Mitral 
Regurgitation
Framing
Valvular diseases do not often occur in isolation. Other anatomic struc-
tures may be influenced, either by the same pathophysiology or as a 
secondary consequence of the primary valvular lesion. Mitral insuf-
ficiency is a common finding, occurring in about two thirds of the 
patients having significant AS.114 Patients presenting for AVR com-
monly have mitral regurgitation and pose the question of whether to 
repair or replace the MV in addition to the AV (Figure 13-16). Such 
an undertaking is not without risk. Patients undergoing double-valve 
replacement have increased mortality compared with isolated AVR.

Should moderate mitral regurgitation be surgically addressed in 
patients undergoing AVR for AS? Does the severity of mitral regurgita-
tion regress after AVR? Does the presence of AR in patients with severe 
AS alter the expected prognosis of the regression of mitral regurgita-
tion after AVR? Can it be predicted which cohort of patients with AS 
would benefit from concomitant MV repair? In which patient cohort 
would the mitral regurgitation be expected to regress with the unload-
ing effects of replacing a stenotic AV?

Data Collection
The most important data for these decisions are the grade of mitral 
regurgitation, AV area, anatomy of the MV, and cause of mitral 
 regurgitation (i.e., rheumatic disease, ischemic, myxomatous degen-
eration). Patients are likely to have the signs and symptoms of AS and 
mitral regurgitation and pulmonary hypertension. The grade of mitral 

regurgitation is often not evident until a TEE is performed and may 
be underestimated by a preoperative transthoracic examination. An 
enlarged LA suggests the mitral regurgitation is not acute.

Discussion
Mitral regurgitation is a maladaptive consequence of increasing AS. 
More significant mitral regurgitation is associated with greater trans-
AV pressure gradients, as well as more progressive dilatation and wors-
ening systolic function.115,116 If MV anatomy is markedly abnormal and 
the severity of regurgitation is severe, the decision is relatively obvi-
ous: MV repair or replacement at the time of AVR. If the MV is ana-
tomically normal (no leaflet prolapse, no perforation, no rheumatic 
changes) and the regurgitation is trace or mild, the decision is also rela-
tively obvious: Correct the AS and do not surgically address the MV. In 
the setting of rheumatic AS, it is common to have other valves involved 
in the disease process. Hence mitral calcification, thickening, and leaf-
let fusion are common in patients with rheumatic AS. The MV is rarely 
replaced based on anatomic abnormality alone in the absence of sig-
nificant stenosis or regurgitation.

The more controversial decision is whether to surgically address 
the MV that has mild-to-moderate regurgitation when a patient pres-
ents for AVR for AS. There is neither an absolute answer nor consen-
sus. The uncertainty of the decision is based on the unpredictability 
of the residual mitral regurgitation after the AV is replaced. If the 
grade of mitral regurgitation of moderate or severe were expected 
to be reduced to mild, the operative team might elect not to operate 
on the MV. A confounding factor is the grade of mitral regurgitation 
during general anesthesia may be underestimated and not reflect the 
grade during the awake or exercising state. Furthermore, the lasting 
effects of replacing an AV in the setting of mitral regurgitation are 
not established immediately after CPB. The heart undergoes signifi-
cant changes after AVR for AS, including changes in pressure-volume 
relations of the LV, transmitral pressure gradients, and left ventricu-
lar remodeling.

Mitral regurgitation with an anatomically normal MV is referred to 
as “functional mitral regurgitation.” Increased left ventricular afterload, 
driving pressure, and left ventricular remodeling have been implicated 
in the development of functional mitral regurgitation in patients with 
severe AS. The natural history and clinical impact of mild-to-moderate 
mitral regurgitation in patients undergoing AVR for AS suggest that con-
current MV surgery may not be warranted in all cases. In the cohort of 
patients with functional mitral regurgitation and severe AS, the decrease 
in mitral regurgitation after AVR alone was variable; between 39% and 
90% of patients having moderate mitral regurgitation experienced a 
regression in its severity after AVR.117–122 In general, patients with func-
tional mitral regurgitation of moderate grade had significant improve-
ment (decrease) in the mitral regurgitation after AVR, suggesting that 
leaving the MV alone in this setting is not unreasonable. Conversely, 
a significant number of patients, between 8% and 64%, had either no 
change or an increase in mitral regurgitation severity. In a study of 196 
patients who had concomitant mitral regurgitation, Moazami et al121 
noted a decrease in 3-year survival for those patients whose moderate-
to-severe mitral regurgitation persisted after AVR and recommended 
surgical intervention for this cohort of patients.

In general, functional mitral regurgitation of moderate severity usu-
ally will regress at least one grade after AVR for severe AS (see Figure 
13-16). Mild-to-moderate mitral regurgitation that improves after AVR 
for AS seems to be a lasting phenomenon.117 Unfortunately, there has 
been little control for the severity of concurrent AR, which is a common 
finding associated with AS. Although the physiologic load of patients 
with combined AS and AR is different, the particular pathology of the 
AV did not affect regression of mitral regurgitation after AVR.121 Harris 
et al120 ascribed the decrease in the severity of mitral regurgitation after 
AVR to several anatomic changes: decreases in mitral annular area, left 
atrial size, and left ventricular length. Together with the decrease in 
driving pressure that occurs with resolution of AS, all three of these 
anatomic changes alter the architecture of the MV and ventricle and 
contribute to decreasing functional mitral regurgitation. The greater 
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the decrease in systolic area and increase in FAC of the LV after AVR, 
the greater is the reduction in postoperative mitral regurgitation.120

It is difficult to define the negative predictors for the regression of 
mitral regurgitation after AVR. The presence of valvular abnormalities, 
such as rheumatic leaflet thickening, calcification or prolapse (i.e., myx-
omatous degeneration), and chordal pathology that could contribute 
to a “nonfunctional” cause of mitral regurgitation would most likely 
persist. Mitral annular calcification is a potential complicating factor 
and its impact is unclear. Annular calcification would be expected to 
impede the reduction in MV area that normally occurs during systole. 
This reduction appears to be important in the mechanism of mitral 
regurgitation reduction after AVR for AS. Likewise, mitral annular cal-
cification renders mitral surgery more difficult and the implantation of 
a mitral prosthesis more problematic, likely increasing the risk for par-
avalvular leak and AV groove disruption. Many patients with severe AS 
have a calcified AV with concomitant MV annular calcification. Mitral 
annular calcifications may be predictive of fixed mitral regurgitation 
after AVR.123 An enlarged left atrium (>5 m) has been reported to be 
a significant predicator of persistent mitral regurgitation after AVR.124 
Other factors to consider include presence of CHF, CAD, pulmonary 
hypertension, and atrial fibrillation. Ischemic mitral regurgitation may 

improve after revascularization as a more favorable balance of myo-
cardial oxygen supply/demand is produced after AVR.118 “Functional” 
mitral regurgitation of moderate-to-severe grade that is not operated 
on during AVR may remain unchanged after AVR and require rein-
stitution of CPB for MV surgery. In the absence of more predictable 
criteria to define this group, patients with moderate-to-severe mitral 
regurgitation caused by intrinsic valvular pathology should be con-
sidered for surgical intervention. Reports suggest that AVR combined 
with MV repair can be accomplished with excellent long-term results 
and minimal effect on mortality.118

 Ascending Aorta, a Source of 
Embolization
Framing
The most disabling complication after cardiac surgery is stroke. Major 
focal and nonfocal neurologic deficits, cognitive decline, and coma after 
surgery are common. The pathogenesis of cerebral damage is multifac-
torial, with embolism considered a major contributor. Other factors 
include hypotension, low flow, reperfusion injury, and  inflammation. 
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Figure 13-16 Management of concurrent mitral regurgitation (MR) in a patient undergoing aortic valve replacement (AVR) for aortic steno-
sis (AS). The patient is a 70-year-old who underwent an AVR for critical AS. The patient had history of hypertension, moderate MR, congestive fail-
ure, and episodes of shortness of breath. Left ventricular (LV) function was moderately depressed and the chamber size was dilated (LV end-diastolic 
dimension [LVEDD] = 6.36 cm) (A). B, The patient had a central jet of MR that was graded as mild; the annulus was mildly dilated, and the pathology 
of the leaflets and apparatus was only mildly thickened. The pulmonary vein blood flow showed minimal blunting of the systolic component, consis-
tent with increased left atrial pressures but not clinically significant MR. The discrepancy in the severity of MR between the preoperative study and 
intraoperative transesophageal echocardiogram (TEE) reflects the effect of general anesthesia on loading conditions. After reviewing the prebypass 
TEE examination and the patient's history, it was decided to perform only an AVR. A bioprosthetic valve was chosen by the surgeon because of the 
patient's age, thus eliminating the requirement for anticoagulation. Because the MR was believed to be more functional, the replacement of the 
severely stenotic AV, the major pathologic lesion, was anticipated to decrease MR over time. The choice of implanting a No. 23 pericardial prosthetic 
valve was based on the annular size that was measured before initiation of bypass. The postbypass TEE examination documented that the gradient 
across the AV decreased from 74 to 18 mm Hg and cardiac function (C) and MR (D) improved after AVR. CABG, coronary artery bypass grafting; CPB, 
cardiopulmonary bypass.
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Embolic events are strongly associated with the severity of atheroscle-
rotic disease, characterized by plaque thickness of greater than 4 mm, 
ulcerated plaques, and mobile protruding plaques in the aorta.125,126 The 
severity of atherosclerosis of the descending aorta, as determined by 
TEE, is a significant risk factor and an independent predictor of adverse 
cardiac and neurologic outcome in patients undergoing CABG.127 
Surgical manipulation of the thoracic aorta may liberate debris from 
diseased aortic tissue. The process of microembolization has been 
detected by transcranial Doppler during aortic cannulation, application 
and removal of the aortic cross-clamp, commencement of CPB, and ini-
tiation of ventricular ejection. The clinical consequence of distal embo-
lization is dependent on the number, composition (e.g., air bubbles, fat 
particles, platelet aggregates, and calcium deposits), size, and location of 
the emboli (see Chapters 12, 16, 18, 19, 21, 28, and 36).

Is the patient at increased risk for postoperative neurologic dysfunc-
tion? Would epiaortic ultrasound or TEE improve detection of significant 
atheromatous disease? What modifications to the conduct of the general 
anesthesia, monitoring, CPB, or cardiac surgery could be  implemented 
in a risk-reduction effort? Is epiaortic scanning necessary?

Data Collection
TEE imaging of the anterior wall of the ascending aorta is limited by 
far-field imaging resolution and its juxtaposition to air in the open 
chest. Imaging of the mid and distal ascending aorta by TEE is lim-
ited by the interposition of the airway with the esophagus and aorta. 
Epiaortic ultrasound can provide high-definition imaging of these oth-
erwise hidden portions of the aorta. Epiaortic scanning offers higher 
sensitivity for detection of atheroma of the ascending aorta, as com-
pared with TEE, especially in the mid and distal segments.3,128 The 
descending aorta is immediately adjacent to the esophagus and easily 
imaged using conventional TEE. A common practice is the interroga-
tion of the descending thoracic aorta for high-grade atheroma. In the 
absence of atheromatous disease in the descending aorta, the ascend-
ing aorta and locus of aortic cannulation are significantly less likely to 

have high-grade disease. If the descending aorta contains high-grade 
or mobile atheroma, it may be prudent to examine the ascending aorta 
with epiaortic scanning for potential sites for aortic cannulation and 
clamping (Figure 13-17).

Discussion
Historically, surgeons palpate the ascending aorta to determine the 
extent of intraluminal atherosclerotic disease in an effort to choose an 
appropriate location for cannulation, cross-clamping, and proximal 
graft anastomosis. However, palpation is a notoriously poor predic-
tor of atheromatous disease.129–131 The occurrence of atheroma in the 
ascending aorta of cardiac surgery patients may be as high as 60% to 
90%.130,132 Advanced age, hypertension, and diabetes are risk factors for 
atheromatous disease of the aorta and stroke after cardiac surgery.3,133 
The information provided by ultrasound imaging of the aorta defines 
the location and severity of atheromatous disease, which can guide the 
surgeon to more strategically choose the cannulation, cross-clamp, and 
anastomotic sites.

Possible modifications to the conduct of cardiac surgery and CPB 
include (1) altering the site of cannulation, (2) aborting CPB alto-
gether and performing the CABG surgery as an off-bypass proce-
dure, (3) performing the surgery on a fibrillating heart without aortic 
cross-clamping, (4) performing aortic atherectomy or replacement of 
the ascending aorta, or (5) attempting a “no-touch” technique using 
deep hypothermic circulatory arrest. Epiaortic scanning combined 
with modification of surgery techniques in patients undergoing CABG 
decreased the number of emboli as detected by transcranial Doppler 
and significantly reduced neurologic behavioral changes at 1 week and 
1 month after surgery.134 Modifications in the methods used in CABG 
revascularization, including the avoidance of proximal aortic graft 
anastomoses after detection of atheroma by echocardiography, resulted 
in a lower incidence of late neurologic complications.2

The application of epiaortic scanning for all patients undergoing car-
diac surgery is controversial. Epiaortic scanning takes time and expertise 
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Figure 13-17 Detection of atheromatous plaque by epiaortic ultrasound. A 67-year-old patient was scheduled to undergo coronary artery 
bypass grafting × 3. The transesophageal echocardiographic (TEE) examination was performed to evaluate the mitral valve for mitral regurgitation 
that might necessitate surgical intervention. Routine examination of the descending thoracic aorta detected severe atherosclerotic disease character-
ized by several ulcerated areas and plaques with a thickness of 4 mm. Because the severity of atherosclerotic disease in the descending aorta predicts 
significant disease in the ascending aorta,127 examination of the ascending aorta was attempted. TEE examination of the ascending aorta at the site 
of aortic cross-clamp and cannulation (white rectangle) was limited by poor resolution in the far field and interposition of the trachea (A). A handheld 
probe that was placed in a sterile sleeve was used to examine the aorta (B). The bottom of the sleeve was filled with saline as an offset to better image 
the anterior surface of the aorta (Ao). Several calcified plaques (arrows) were detected. Based on findings of the epiaortic scanning, the surgeon 
modified the site of cannulation and used a single cross-clamp technique to avoid a second clamping of the aorta during the proximal anastomosis.
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in its interpretation and poses the potential risk for wound contamina-
tion. There are insufficient data to support its use in all cardiac patients, 
although high-risk patients (advanced age, diabetes, hypertension) are 
the most likely to benefit.135,136 As the profile of patients undergoing 
cardiac surgery ages, they have a greater incidence of atherosclerosis of 
the aorta and the presence of concomitant risk factors for postopera-
tive complications. Echocardiographers working in the operating room 
need the skill set to interrogate the aorta by handheld ultrasound and 
the ability to guide the surgeon in performing the examination. It could 
be potentially life-saving in high-risk patients. A diagnostic scan of the 
ascending aorta and arch to evaluate the location of possible cannula-
tion and clamp sites can be performed in several minutes. Standardized 
approaches to a comprehensive organized intraoperative epiaortic and 
epicardial examination are useful guides.137

Intracardiac Clot, Calcium, and Air
Framing
The incidence of postoperative neurologic dysfunction is greater in 
patients undergoing open cardiac procedures. The sources of micro-
emboli include atheroma, calcified debris, tissue, and entrapped air. 
The particulate matter can embolize to the coronary circulation (see 
Figure 13-5), causing acute right ventricular or left ventricular dys-
function; to the cerebral circulation, producing postoperative neuro-
logic deficits; and/or to distal vital organs.138–140

Which patients are at risk for embolization from an intracardiac 
or aortic source? What are the echocardiographic characteristics that 
define this high-risk population? What techniques can be applied to 
detect intracardiac or aortic sources of emboli? Are any anesthetic or 
surgical interventions useful in decreasing the risk for embolic stroke 
during cardiac surgery?

Data Collection
TEE data collection is focused on intracardiac air, thrombus,  calcium, 
or other particulate matter that is at high risk for embolization  
(e.g., endocarditis). Cardiac ultrasound is highly sensitive in the 
detection of intracardiac air. The American Society of Anesthesiologists/
Society of Cardiovascular Anesthesiologists Task Force suggested the 
detection of air emboli during cardiotomy, heart transplant operations, 
and upright neurosurgical procedures to be classified as IIa indication 
for perioperative TEE. Classification IIa suggests a condition in which 
the existing evidence/opinion was in favor of the application of the 
technology. Entrapped air appears as bright, highly reflective particles 
that produce a shadowing artifact when the air coalesces. When per-
forming de-airing maneuvers before release of the aortic cross-clamp 
and separation from CPB, the patients are placed in Trendelenburg 
position. In addition, an ascending aortic vent can be placed to aspirate 
the debris/air that was not removed by the left ventricular vent.

Discussion
The surgical team can perform several maneuvers to reduce sources 
of embolization that originate with open-chamber cardiac procedures. 
Placement of a drainage cannula in the LV via the right superior pulmo-
nary vein can aspirate much of the debris that is suspended in solution. 
A small vent cannula in the anterior portion of the proximal ascend-
ing aorta often is inserted to aspirate gas bubbles or debris as they are 
ejected by left ventricular contraction. The heart is agitated by the sur-
geon in an attempt to eject the left ventricular debris or air while the 
“protective” aortic root vent continues to aspirate. The agitation often 
results in the release of pockets of air that may reside at the left atrial 
appendage, interatrial septum, and apex of the LV or are entrapped 
in the chordal structures or ventricular muscles of the heart. There is 
no consensus regarding when to terminate the de-airing process and 
separate from CPB. Not until some degree of pulmonary blood flow 
is restored is it possible to eliminate most of the retained intracardiac 
air. The aortic root vent often is left on continual aspiration even after 
CPB, with judicious volume replenishment through other sources. 

The aortic root vent should be discontinued before the administra-
tion of protamine. Although there is a paucity of evidence to support 
improved outcome, TEE is commonly used in the detection of retained 
air and the monitoring of the de-airing procedures. The effectiveness 
of de-airing can be tracked qualitatively. The relation between degree 
of “echo contrast” and actual quantity of air is unknown.

 Aortic Pathology and Transesophageal 
Echocardiography
Framing
The utility of TEE has expanded beyond simply examining cardiac 
performance and pathology. TEE is well suited as a quick, highly sen-
sitive, and specific tool to detect the presence of aortic pathology and 
some of its life-threatening sequelae. The detection and differentia-
tion of true aneurysms and pseudoaneurysms, aortic dissections and 
transections, intraluminal atherosclerotic disease, and abnormalities 
of the aortic root are often the challenge of the intraoperative team 
(see Chapter 21).

What are the limitations of TEE for evaluation of the thoracic aorta? 
Is TEE the most appropriate diagnostic test to evaluate aortic pathol-
ogy in the elective and emergency patient? Does the acuity of the 
patient preclude other imaging modalities, such as magnetic resonance 
imaging (MRI) or computed tomographic (CT) scanning? What are 
the quantitative measures that impact surgical management of aortic 
dissection, aortic aneurysms, aortic root disease, and aortic transec-
tion? What information can the echocardiographer provide the sur-
geon to assist in formulating a management strategy? What degree of 
aortic dilatation is sufficient to necessitate replacement? What is the 
risk of not replacing an aneurysmal aorta?

Data Collection
Data acquired in the assessment of the patient with aortic disease 
include a targeted history for evidence of malperfusion or vital organ 
injury (e.g., stroke) and examination of blood pressure and pulse in 
each of the extremities, carotid arteries, and abdominal aorta. A his-
tory of chest or back pain is common with aortic dissection or aneu-
rysm, with tearing of the aorta and its adventitia. Increasing shortness 
of breath may occur with AR, heart failure, or a left pleural effusion. 
Patients may present with hoarseness related to recurrent laryngeal 
nerve damage causing vocal cord dysfunction. The preoperative blood 
work may detect renal insufficiency with an increased blood creatinine 
concentration. The chest radiograph often shows a widened mediasti-
num or calcification of the thoracic aorta. The TEE data are aimed 
at dimensional and anatomic assessment of the aortic root, ascend-
ing arch, and descending aorta. The echocardiographer measures and 
reports the size of the aortic annulus, sinus of Valsalva, sinotubu-
lar junction, and ascending aorta (see Figure 13-11). Left  ventricular 
hypertrophy may suggest long-lasting hypertension. A dilated LV may 
accompany chronic AR. Dilatation of the aortic root is common in the 
setting of AS and AR. Patients with a congenital predisposition for aor-
tic aneurysm, such as Marfan syndrome or bicuspid AV, often develop 
a dilated and aneurysmal ascending aorta. Epiaortic scanning increases 
the sensitivity of detecting abnormalities of the ascending aorta because 
it is in the far field from a TEE window and may be hidden by the inter-
position of the trachea and left mainstem bronchus, which obstruct the 
distal half of the ascending aorta.128

Discussion
The echocardiographer may determine the definitive diagnosis and the 
extent of the disease. The information contributes to the decision of 
surgical management.

Aneurysm rupture occurred at a stunningly high frequency of 32% 
to 68% in patients with thoracic aortic aneurysms managed by conser-
vative medical treatment and accounted for 32% to 47% of deaths. The 
one-, three-, and five-year survival of unoperated thoracic aneurysms 
was 65%, 36%, and 20%, respectively.141–143 The risk for aortic  rupture is 
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a function of the size and rate of growth of the aneurysm. The risk for 
rupture for aneurysms less than 40, 40 to 59, and greater than 60 mm 
was 0%, 16%, and 31%, respectively.144 The diameter of aneurysms 
tends to grow at a rate of approximately 5 mm/year. However, the rate 
of aneurysm expansion is variable. In general, the change in diameter 
of thoracic aortic aneurysms is a function of the initial diameter and 
increases more quickly in larger aneurysms.

Surgical intervention is a consideration for patients with an aneu-
rysm of the aorta that is greater than 5 cm, accelerated rate of growth 
of the aneurysm, or the patient has a collagen vascular disease, such 
as Marfan syndrome. The incidence and progression of disease in the 
ascending aorta and arch after previous sternotomy have not been 
reported. The scarring and connective tissue growth around the medi-
astinal structures (aortic root, ascending aorta, and arch) after previ-
ous heart surgery would not be expected to alter the rate of aneurysm 
enlargement. However, it may change the pattern of rupture, likely 
decreasing the risk for frank rupture into a risk for a contained rupture. 
No consensus exists regarding management of cardiac patients having 
an incidental finding of an ascending aorta greater than 4 cm in diam-
eter. The decision to pursue surgical intervention at the time of surgery 
depends on the pathogenesis of the disease, presence of symptoms, age 
of the patient, progression, and other operative and patient factors. 
A young patient with a 4.5-cm ascending aorta that is thinned and is 
associated with a bicuspid AV is more likely to undergo a root replace-
ment and ascending aorta graft compared with an elderly patient with 
a similar aortic diameter who is undergoing CABG and whose aortic 
size has remained stable over the previous decade. Surgical replacement 
of the ascending aorta and arch is complex, requiring specialized surgi-
cal training. Significant modification of the initial surgical procedure 
may increase the risk for perioperative complications and potentially 
jeopardize the success of the originally planned operation. Extensive 
ascending aortic surgery involving the arch vessels requires hypother-
mic circulatory arrest followed by controlled exsanguination to allow 
for visualization of the operative field.

Disease of the AV often is accompanied by abnormalities of the tho-
racic aorta. Aortic root dilatation may require ascending aortic replace-
ment. The decision is based on size of the aortic root diameter and 
presence of abnormalities of the aortic wall, such as thrombus, dis-
section, or focal aneurysm. There are no strict guidelines that dictate 
practice. The surgeon might choose to replace the entire root or just 
the AV and ascending aorta, sparing the sinuses of Valsalva. The Wheat 
procedure is a replacement of the AV and ascending aorta, while pre-
serving the native sinuses of Valsalva and coronary ostia. Alternatively, 
in the setting of a dilated or aneurysmal sinus, the surgeon may elect to 
replace the entire aortic root. Choice of implanting a biologic root or 
composite AVR is a surgical decision based on many of the factors pre-
sented in Table 13-1. Implantation of a root or composite graft neces-
sitates reattachment of the coronary arteries, increasing the risk for 
postoperative bleeding and coronary ischemia.145 Despite a history of 
normal coronary arteries, the close scrutiny of regional wall motion 
after bypass is aimed at detecting newly created abnormalities of coro-
nary blood flow. Air into the coronary circulation or compromise of 
coronary blood flow through the newly constructed coronary buttons 
may produce severe myocardial dysfunction and SWMAs within the 
specific coronary vascular distribution. Kinking of the coronaries or 
stenosis at the ostia often produce transmural ischemia that is not sub-
tle. Enlargement of the sinus segment may facilitate coronary anasto-
moses. A prosthetic graft with an enlarged area to mimic the sinus of 
Valsalva has been developed. Enlargement of the sinus segment may 
facilitate coronary anastomoses and, thus, may decrease the risk for 
such complications, but this remains to be proved.

No consensus guidelines exist on the specific dimensions of the aortic 
root beyond which a root replacement is deemed necessary. However, 
distortion of the root producing severe AR or disruption in its integrity 
requires surgical attention. The echocardiographer reports the size of 
the aortic annulus, sinus of Valsalva, sinotubular junction, and ascend-
ing aorta (see Figure 13-11). These measurements are obtained using 
the AV long-axis view. The short- and longitudinal-axis views from 

TEE can define the severity and mechanism of AR, as well as the success 
of AV repair. Patients scheduled for aorta surgery with an intrinsically 
normal AV with AR caused by a correctable aortic lesion (incomplete 
leaflet closure, leaflet prolapse, or dissection flap prolapse) can undergo 
AV repair.104,146 In contrast, valvular pathology that includes connective 
tissue degeneration (Marfan or bicuspid valve), aortitis, or severe cal-
cification would most likely require valve replacement. Surgical man-
agement is dependent on the skill set of the surgeon and individual 
patient factors.

 Acute Aortic Syndromes
Framing
The unstable patient with suspected acute aortic disease or injury is 
often the most challenging of TEE cases. Few more crucially important 
decisions are posed to the intraoperative echocardiographer than to 
quickly and accurately diagnose the nature and extent of acute aortic 
injury. Hypotension and respiratory distress may prevent a complete 
and comprehensive evaluation before surgery (Figure 13-18). History 
often is unobtainable. The echocardiographer becomes a detective. 
Clues are quickly gathered from the available clinical presentation, his-
tory, and associated physical findings. The TEE is often the only modal-
ity used to establish the diagnosis and define the surgical plan.

CASE STUDY: “WHAT INCISION DO I NEED 
TO MAKE? HURRY PLEASE, THE PATIENT 
IS DYING!”
It is midnight on a gloomy rainy night. The hospital helicopter calls 
in “… young women, unrestrained driver, deceleration injury, steering 
wheel impact, chest contusion, unconscious, hypotensive. She is intu-
bated with bilateral breath sounds. Her blood pressure is 70/40 mm Hg 
with a heart rate of 125 beats/min and sinus tachycardia. She is being 
fluid resuscitated and being transported directly to the cardiac operat-
ing room.” The patient is too unstable for MRI or CT scanning. The 
patient arrives in the operating room with a portable chest radiograph 
obtained as she was whisked through the emergency department, show-
ing a widened mediastinum. The vital signs have not changed except 
that she is receiving dopamine at 10 g/kg/min. Pulses are palpable in 
the groin and the neck. The patient is transferred to the operating room 
table and everyone turns to the anesthesiologist-echocardiographer for 
guidance. The attending surgeon asks, “I need to know whether this is 
an anterior injury with heart contusion, injury to the ascending aorta, 
tamponade with blood in the pericardium, or is this a transected aorta 
at the isthmus or arch, or is this a nonoperable injury?” The former will 
require a sternotomy. A transection of the descending aorta or isth-
mus will require a left thoracotomy. “If we make the incorrect decision, 
the patient will surely die.” The patient is stabilized in the operating 
room and the TEE probe is inserted. TEE reveals no blood in the peri-
cardium, an intact aortic root with no evidence of type A dissection,  
a step-up in the intima at the site of the left subclavian artery, and  
a small left pleural effusion. The patient is positioned in the left lateral 
decubitus position and surgery proceeds to save a young life.

The sensitivity and specificity of TEE to detect and diagnose injury 
or disease of the thoracic aorta are significantly better than the sensi-
tivity and specificity of TTE, and are comparable with CT scan and 
MRI.147,148 TEE provides information regarding cardiac performance 
and the presence of other critically important sequelae that may be 
important in determining the approach and timing for surgical inter-
vention. Hence TEE is indicated even if MRI or CT scanning has con-
firmed the diagnosis.

Can consent be obtained from the patient or family members? In 
these emergency circumstances, it may be more prudent to proceed 
with the TEE examination rather than delaying diagnosis and treat-
ment in an attempt to find family members. What is the differential 
diagnosis of a widened mediastinum? How does TEE discriminate the 
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different causes of a widened mediastinum? Is the TEE performed in 
the awake distressed patient, or is the TEE done under more controlled 
conditions of an anesthetized, intubated patient? Is there a risk for 
cervical spine injury? Is there a risk for esophageal injury? Can inser-
tion of the TEE probe further compromise the patency of mediastinal 
structures? Is there fluid in the pericardium? What is the biventricu-
lar function? Is there myocardial rupture? Is there aortic rupture? Is 
the thoracic aorta intact? Is there an intimal flap and a dissection? Is 
there a transection? Is there a pleural or periaortic effusion/hematoma? 
Is there an intramural hematoma (IMH)? What factors determine the 
urgency of intervention and strategies for management?

Data Collection
Because the diagnosis and cause for instability are not established, the 
entire mediastinum, including the left pleural space, is interrogated 
before definitive therapy is initiated. Rarely is there not enough time to 
do a complete TEE examination. The operative team can often proceed 
with confidence in the management of these critically ill patients with 
only TEE to guide the treatment. The primary event in aortic dissec-
tion is a tear and separation of the aortic intima. It is uncertain whether 
the inciting event is a primary rupture of the intima with secondary 
dissection of the media or hemorrhage within the media and subse-
quent rupture of the overlying intima. Systolic ejection forces blood 
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C D

Figure 13-18 Acute aortic syndrome as the cause of hemodynamic compromise. A 62-year-old previously healthy, unrestrained driver had a 
motor vehicle accident. On arrival to the emergency department, the patient was hypotensive (blood pressure = 90/45) and tachycardic (heart rate =  
120). He described an episode of loss of consciousness that was associated with severe chest pain but could not recall if the syncopal episode 
 preceded the accident. The chest radiograph was significant for several fractured ribs, widened mediastinum, and a pleural effusion. The patient 
became progressively more unstable and was transferred to the operating room to perform diagnostic transesophageal echocardiography (TEE) and 
definitive surgical procedure if necessary. The echocardiographer performed a quick transthoracic echocardiographic examination that confirmed the 
presence of pericardial effusion with findings that were consistent for tamponade. After fluid resuscitation and induction of anesthesia, a TEE exami-
nation was performed. The midesophageal four-chamber view showed presence of a pericardial effusion (PE) that compromised right atrial filling (A). 
The midesophageal long-axis view of the aortic valve showed a type A dissection that was characterized by intimal flaps within the aortic root and 
that extended distally into the descending thoracic aorta. B, The annulus of the aortic valve was of normal size, but the sinus and root were markedly 
enlarged (diameter of sinotubular junction = 4.22 cm). The dissection extended into the noncoronary and right coronary sinus segments, narrowing 
blood flow at the coronary ostia (C, arrow). Although the electrocardiogram did not show acute ischemia, the right ventricular function and inferior 
wall of the left ventricle were mildly hypokinetic. Although an effaced aortic root, ascending aortic aneurysm, and acute dissection in this age group 
are suggestive of congenital bicuspid valve, the short-axis view of the aortic valve (D) showed a trileaflet valve with a coaptation defect with aortic 
insufficiency at the noncoronary cusp. The surgeon resuspended the aortic valve and replaced the ascending aorta and hemiarch with a tube graft. 
The valve repair was successful with only +1 aortic insufficiency and cardiac return to normal after surgery. RCA, right coronary artery.
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into the aortic media through a tear that leads to the separation of 
the intima from the surrounding media, creating a false lumen. Blood 
flow may exist in both the false and true lumens through communicat-
ing fenestrations. Aortic dissections are classified by one of two ana-
tomic schemes (the DeBakey and Stanford classifications). Transection 
is diagnosed through the detection of para-aortic hematoma near the 
isthmus and a “step-up” in the internal media wall (see Chapter 21).

Discussion
Acute dissections (Stanford type A or DeBakey type I or type II) involv-
ing the ascending aorta or arch are considered acute surgical emergen-
cies. In contrast, dissections confined to the descending aorta (distal 
to the left subclavian artery; Stanford type B or DeBakey type III) are 
treated medically unless the patient demonstrates proximal extension, 
hemorrhage, or malperfusion. From the International Registry of Acute 
Aortic Dissection, 73% of the 384 patients with type B dissections were 
managed medically; in-hospital mortality rate was 10%.149 The long-
term survival rate after applying medical therapy was approximately 
60% to 80% at 4 to 5 years149–152 and approximately 40% to 45% at 
10 years.151,152 Survival was best in patients with noncommunicating 
and retrograde dissections.153 From the International Registry of Acute 
Aortic Dissection, in-hospital mortality rate for surgical patients was 
significantly greater (32%).149 The increased rate of mortality for sur-
gically treated patients likely was influenced by selecting a cohort of 
patients with more advanced disease and complicated course (malper-
fusion, leakage, extension). The overall reported short- and long-term 
outcomes were similar for medically treated patients with type B dis-
sections.152 Of 142 patients with type B aortic dissections, there was 
a trend toward lower mortality with medical therapy compared with 
surgical treatment at 1 year (15% vs. 33%). Both groups had similar 
survival rates at 5 and 10 years (60% and 35%).152

Endovascular stent grafting for descending thoracic aortic dis-
sections is gaining momentum as a less invasive alternative to sur-
gery in stable patients with type B dissections.154,155 The stent graft 
is positioned to cover the intimal flap and seal the entry site of the 
dissection, resulting in thrombosis of the false lumen. In one non-
randomized evaluation of 24 consecutive patients with a subacute or 
chronic thoracic type B dissection, there was no morbidity (paraple-
gia, stroke, embolization, malperfusion syndrome, or infection) or 
mortality with stent grafting.154 In contrast, surgical intervention was 
associated with a 33% mortality rate and a 42% incidence rate of 
adverse events within a 12-month period. Other studies are prom-
ising but less positive.156 In a series of 19 patients with acute dissec-
tions (15 type B and 4 type A dissections), the major morbidity rate 
was 21% (small-bowel and renal infarction and lower extremity isch-
emia) and 30-day mortality rate was 16%. However, there were no 
additional deaths or instances of aneurysm/aortic rupture during the 
subsequent 13-month follow-up period.

Ascending aortic dissections (involving the aortic root, ascend-
ing aorta, or arch) are acute surgical emergencies because of the high 
risk for a life-threatening complication such as AR, cardiac tampon-
ade, myocardial infarction, rupture, and stroke. The mortality rate is as 
high as 1% to 2% per hour early after symptom onset.157 Neither acute 
myocardial ischemia nor cerebral infarction should contraindicate 
urgent intervention. Although patients with stroke in progress may be 
at increased risk for hemorrhagic cerebral infarction because of intra-
operative anticoagulation, leading to hemorrhagic stroke, the authors 
have seen several patients who experienced dramatic neurologic recov-
ery. Operative mortality for ascending aortic dissections at experienced 
centers varied from 7% to 36%, well below the greater than 50% mor-
tality with medical therapy.150,157–164

Traumatic aortic rupture is a life-threatening vascular injury 
that often results in lethal hemorrhage. In a multicenter trial of 274 
patients, the overall mortality rate reached 31%, with 63% of deaths 
attributable to aortic rupture.165 Aortic transection and rupture usu-
ally occurred at the aortic isthmus (between the left subclavian and 
the first intercostal arteries) and resulted from shear forces generated 

by unrestrained  frontal collisions.166 Although aortography had been 
considered the gold standard for the diagnosis of transection, TEE and 
contrast-enhanced spiral CT and MRI are currently favored, especially 
for patients with renal insufficiency.167–171 Intravascular ultrasonogra-
phy has been proposed as a potential diagnostic tool for the identifica-
tion of limited aortic injuries.172 Traumatic aortic rupture needs to be 
distinguished from an aortic dissection. Imaging of a dissected aorta 
typically reveals true and false lumens at multiple levels. The focal aor-
tic injury of aortic transection is quite localized and may be overlooked 
when performing a cursory examination. A second potential diagnos-
tic problem is that protuberant atherosclerotic changes of the aorta 
may be difficult to differentiate from partial aortic tears. The thick and 
irregular intraluminal flap, which corresponds to disruption of both 
intimal and medial aortic layers, can be imaged in both the short- and 
long-axis planes in the vicinity of the isthmus. In the longitudinal view, 
the medial flap is nearly perpendicular to the aortic wall because trau-
matic lesions are usually confined within a few centimeters distal to 
the left subclavian. The formation of a localized contained rupture 
of the false aneurysm is common.168,173 Color-flow Doppler imaging 
and spectral Doppler can be used to detect turbulence associated with 
nonlaminar flow at the aortic defect and the presence of a pressure 
gradient. Traditional treatment includes immediate surgical invention 
using a right lateral decubitus approach and resection of the aorta with 
insertion of a tube graft. Deployment of endovascular stent grafts has 
been successful. Two series that included a total of 16 patients having 
aortic transection reported successful repair with no mortality or seri-
ous morbidity.174,175 However, the application of this device under such 
conditions poses a high risk for left subclavian malperfusion and para-
plegia.176 The decision regarding appropriate management and time 
course of therapy will depend on the technical availability and exper-
tise within the institution and the forthcoming results of clinical trials 
that use newer, less invasive technologies.

 Intramural Hematoma
Framing
The presence of an IMH is a subtle finding that may be missed when 
evaluating the thoracic aorta for a dissection or rupture. IMH is dis-
tinct from a classic aortic dissection but has been considered by some 
as being a variant.177

What are the characteristics of an IMH? What are the common find-
ings and symptoms at presentation? What, if any, is the clinical signifi-
cance of this pathologic finding? Does location influence the choice of 
medical or surgical approach? What are the prognostic indicators of 
progression?

Data Collection
Aortic IMH is often considered a variant of an aortic dissection.177 
Although many of the patients may present with chest or back pain, 
many of the associated sequelae, such as pericardial or pleural effu-
sions, stroke, and myocardial infarction, are absent.179–180 It is character-
ized by the absence of a detectable intimal tear. The hematoma probably 
is produced by a hemorrhage of the vaso vasorum into the aortic wall. 
In a meta-analysis, acute aortic IMH was most often associated with 
long-standing hypertension; traumatic cause was also a significant fac-
tor for 6% of cases.178 In the meta-analysis of 143 cases, 81% were diag-
nosed by CT, and the remaining patients by MRI, TEE, or both.178 The 
sensitivity and specificity of TEE to detect an IMH were reported to be 
100% and 91%, respectively.180 The diagnosis is characterized by the 
absence of a dissecting flap or intimal disruption with specific regional 
thickening of the aortic wall of greater than 7 mm in a crescent or cir-
cular shape. On MRI or CT, this crescent-shaped or circular area in 
the aortic wall demonstrates high attenuation that does not enhance 
with contrast.181 Although IMHs can be detected in any portion of the 
aorta, the location appears to be a factor in its cause and prognosis. The 
ascending aorta, which was involved in 33% to 57% of cases, appeared 
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to represent the early stage of a classic dissection,178,179,181–183 whereas 
traumatic IMHs typically involved the descending thoracic aorta.182

Discussion
Acute management is similar to that of a classic aortic dissection. In the 
meta-analysis of 143 patients with aortic IMH, lesions of the ascending 
aorta were associated with a lower early mortality with surgical inter-
vention than medical treatment (14% vs. 36%); lesions of the descend-
ing aorta had a similar mortality with medical or surgical therapy (14% 
vs. 20%).178 The force of left ventricular systolic blood pressure, the 
driving force for disease progression, is reduced by the administration 
of -blockers. Patients with an IMH in the descending thoracic aorta 
should be medically treated using -blockers. Management of patients 
having IMH of the ascending aorta is controversial. A comprehensive 
evidence-based approach is not practical at present. Research publica-
tions have been limited to case reports, single-institutional series, mul-
ticenter registries, and meta-analyses. The experience seems to vary 
between the Asian centers (Japan and Korean), which have more suc-
cess with medical management, and the Western centers (European and 
American), which have advocated a more aggressive surgical manage-
ment. In a recent single-institutional study from Korea of 357 patients 
having acute aortic syndrome, 101 patients had IMH, 16% of whom 
were unstable receiving surgery and the rest were medically treated.183 

Of the patients who initially received medical management, the aortic 
pathology progressed in 37% of patients, lending to delayed surgery 
or death. Prognostic factors of impending deterioration include IMH 
greater than 15 mm or increased aortic diameter. The difference in 
response to management strategies also may reflect population genet-
ics, comorbid diseases (atherosclerosis, hypertension, environmen-
tal factors), or experience in accurately diagnosing this variant. The 
periaortic thickness of IMH, which can be small and subtle, may be 
underdiagnosed in the West.184 The risk for sudden deterioration and 
death related to pursuing medical management must be balanced by 
the potential morbidity/mortality of surgery. In a center having low 
surgical mortality, a surgical approach might be favored. A high-risk 
patient at a surgical center of lesser experience may consider aggressive 
medical management.

In conclusion, the intraoperative echocardiographer is confronted 
with a broad array of diseases that require on-site decision making in 
the perioperative setting. The key ingredients to sound decision making 
are a broad fund of knowledge (database), a systematic approach with 
attention to all vantage points and frames, and identifying, addressing, 
and prioritizing the pertinent questions.

“Plans are nothing … Planning is everything.”
—Dwight Eisenhower
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Monitoring of the Heart 
and Vascular System

HEMODYNAMIC MONITORING
For patients with severe cardiovascular disease and those undergoing 
surgery associated with rapid hemodynamic changes, adequate hemo-
dynamic monitoring should be available at all times. With the ability to 
measure and record almost all vital physiologic parameters, the devel-
opment of acute hemodynamic changes may be observed and corrective 
action may be taken in an attempt to correct adverse hemodynam-
ics and improve outcome. Although outcome changes are difficult to 
prove, it is a reasonable assumption that  appropriate hemodynamic 

monitoring should reduce the incidence of major  cardiovascular com-
plications. This is based on the presumption that the data obtained 
from these monitors are interpreted correctly and that therapeutic 
decisions are implemented in a timely fashion.

Many devices are available to monitor the cardiovascular system. 
These devices range from those that are completely noninvasive, such 
as the blood pressure (BP) cuff and electrocardiogram (ECG), to 
those that are extremely invasive, such as the pulmonary artery cath-
eter (PAC). To make the best use of invasive monitoring, the potential 
benefits to be gained from the information must outweigh the poten-
tial complications. In many critically ill patients, the benefit obtained 
does outweigh the risks, which explains the widespread use of inva-
sive monitoring. Transesophageal echocardiography (TEE), a mini-
mally invasive technology, provides extensive hemodynamic data and 
other diagnostic information and is described in detail in Chapters 11 
to 13. Standard monitoring for cardiac surgical patients includes BP, 
ECG, central venous pressure (CVP), TEE, urine output, temperature, 
capnometry, pulse oximetry, and intermittent arterial blood gas analy-
sis (Box 14-1). The next tier of monitoring includes PACs with ther-
modilution cardiac output (CO), other CO monitors, indices of tissue 
oxygen transport, and cerebral monitoring (cerebral oximetry and 
processed electroencephalography; Box 14-2). Rarely, left atrial pres-
sure (LAP) catheters may still be utilized. The interpretation of these 
complex data requires an astute clinician who is aware of the patient's 
overall condition and the limitations of the monitors.

ARTERIAL PRESSURE MONITORING
BP monitoring is the most commonly used method of assessing the 
cardiovascular system. The magnitude of the BP is directly related to 
the CO and the systemic vascular resistance (SVR). This is conceptu-
ally similar to Ohm's law of electricity (voltage  current  resistance), 
in which BP is analogous to voltage, CO to current flow, and SVR to 
resistance. An increase in the BP may reflect an increase in CO or SVR, 
or both. Although BP is one of the easiest cardiovascular variables to 
measure, it gives only indirect information about the patient's cardio-
vascular status.

Mean arterial pressure (MAP) is probably the most useful param-
eter to measure in assessing organ perfusion, except for the heart, in 
which the diastolic blood pressure (DBP) is the most important. MAP 
is measured directly by integrating the arterial waveform tracing over 
time, or using the formula: MAP  (SBP  [2  DBP])/3, in which SBP 
is systolic blood pressure. The pulse pressure is the difference between 
SBP and DBP.

Anesthesia for cardiac surgery frequently is complicated by rapid 
and sudden changes in the BP because of several factors, including 
direct compression of the heart, impaired venous return because of 
retraction and cannulation of the vena cavae and aorta, arrhythmias 
from mechanical stimulation of the heart, and manipulations that may 
impair right ventricular (RV) outflow and pulmonary venous return. 
Sudden losses of significant amounts of blood may induce hypovolemia 
at almost any time. The cardiac surgical population also includes many 
patients with labile hypertension and atherosclerotic heart disease. 
A safe and reliable method of measuring acute changes in the BP is 
required during cardiac surgery with cardiopulmonary bypass (CPB).

KEY POINTS

1. Patients with severe cardiovascular disease and 
those undergoing surgery associated with rapid 
hemodynamic changes should be adequately 
monitored at all times.

2. Adequate monitoring is based on specific 
patient, surgical, and environmental factors.

3. Standard monitoring for cardiac surgery 
patients includes invasive blood pressure, 
electrocardiography, central venous pressure, 
transesophageal echocardiography, urine output, 
temperature, capnometry, pulse oximetry, and 
intermittent blood gas analysis.

4. Additional monitors used in specific patients 
includes a pulmonary artery catheter, left atrial 
pressure, cardiac outputs, or central nervous 
system monitoring such as the bispectral 
index (BIS), regional oxygen saturation, or 
cerebrospinal fluid pressure.

5. The American Society of Anesthesiologists 
has published recommendations for use of 
pulmonary artery catheters.

6. The Society of Cardiovascular Anesthesiologists 
and the American Society of Echocardiography 
have published recommendations 
for intraoperative transesophageal 
echocardiography (covered in Chapter 12).

7. Evidence-based data on the relation of 
monitoring to clinical outcomes in cardiac 
anesthesia are hard to obtain because of 
difficulties in conducting large prospective trials.

8. Minimally invasive and noninvasive techniques 
for hemodynamic assessment continue to be 
developed, with increasing functionality and 
accuracy. They will likely play an expanded role in 
the care of cardiac surgery patients.
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Numerous methods of noninvasive BP measurement are clinically 
available.1,2 Nevertheless, most of these require the detection of flow 
past an occlusive cuff, and none generates an arterial waveform suit-
able for cardiac surgery. Continuous BP monitoring with noninvasive 
devices is feasible during anesthesia, but these devices have not proved 
to be suitable for cardiac surgery.3,4 Intra-arterial monitoring provides 
a continuous, beat-to-beat indication of the arterial pressure and wave-
form, and having an indwelling arterial catheter enables frequent sam-
pling of arterial blood for laboratory analyses. Direct intra-arterial 
monitoring remains the gold standard for cardiac surgical procedures.

The arterial waveform tracing can provide information beyond 
timely BP measurements. For example, the slope of the arterial upstroke 
correlates with the derivative of pressure over time, dP/dt, and gives an 
indirect estimate of myocardial contractility. This is not specific infor-
mation because an increase in SVR alone also will result in an increase 
in the slope of the upstroke. The arterial waveform also can present a 
visual estimate of the hemodynamic consequences of arrhythmias, and 
the arterial pulse contour can be used to estimate stroke volume (SV) 
and CO. Hypovolemia is suggested when the arterial pressure shows 
large SBP variations during the respiratory cycle in the mechanically 
ventilated patient.5,6 Coriat et al7 found that TEE-derived left ventricu-
lar (LV) dimensions at end-diastole correlated well with the magnitude 
of SBP decrease during inspiration.

General Principles
The arterial pressure waveform ideally is measured in the ascending 
aorta. The pressure measured in the more peripheral arteries is dif-
ferent from the central aortic pressure because the arterial waveform 
becomes progressively more distorted as the signal is transmitted 
down the arterial system. The high-frequency components, such as 
the dicrotic notch, disappear, the systolic peak increases, the diastolic 
trough decreases, and there is a transmission delay. These changes are 
caused by decreased arterial compliance in the periphery and reflec-
tion and resonance of pressure waves in the arterial tree.8 This effect 
is most pronounced in the dorsalis pedis artery, in which the SBP may 
be 10 to 20 mm Hg greater, and the DBP 10 to 20 mm Hg lower than 
in the central aorta (Figure 14-1).9 Despite this distortion, the MAP 
measured in the peripheral arteries should be similar to the central 
aortic pressure under normal circumstances. However, this may not 
be the case after CPB.10,11

Pressure waves in the arterial (or venous) tree represent the transmis-
sion of forces generated in the cardiac chambers. Measurement of these 
forces requires their transmission to a device that converts mechani-
cal energy into electronic signals. The components of a system for 
intravascular pressure measurement include an intravascular catheter, 
fluid-filled tubing and connections, an electromechanical transducer, 
an electronic analyzer, and electronic storage and display systems.

Components of a Pressure 
Measurement System
Intravascular Catheters
For arterial pressure measurements, short, narrow catheters are recom-
mended (20 gauge or smaller) because they have favorable dynamic 
response characteristics and are less thrombogenic than larger cath-
eters.12 Catheters made from Teflon are most widely used because 
they are softer and less thrombogenic, but they are prone to kinking. 
An artifact associated with intra-arterial catheters has been designated 
end-pressure artifact.13 When flowing blood comes to a sudden halt at 
the tip of the catheter, it is estimated that an added pressure of 2 to 
10 mm Hg results. Conversely, clot formation on the catheter tip will 
overdamp the system and narrow the pulse pressure.

Coupling System
The coupling system usually consists of pressure tubing, stopcocks, and 
a continuous flushing device. This is the major source of distortion of 
arterial pressure tracings. Hunziker14 studied the damping coefficients 
and natural frequencies of various coupling systems. All systems were 
severely underdamped, and most led to systematic overestimation of 
the systolic arterial pressure.

BOX 14-1. STANDARD MONITORING FOR 
CARDIAC SURGICAL PATIENTS

BOX 14-2. EXTENDED MONITORING FOR 
PATIENTS BASED ON CASE-SPECIFIC FACTORS

Aortic root

Subclavian

Axillary

Brachial

Radial

Femoral

Dorsalis
pedis

Figure 14-1 The waveform of the arterial pressure changes markedly 
according to the site of the intra-arterial catheter. These changes are 
shown as a progression from central monitoring (top) through periph-
eral monitoring (bottom). These changes are thought to be caused by 
forward wave propagation and wave reflection. In the periphery,  systolic 
pressure is greater, diastolic pressure is lower, and mean pressure is min-
imally lower. (Modified from Bedford RF: Invasive blood pressure moni-
toring. In Blitt CD [ed]: Monitoring in anesthesia and critical care. New 
York: Churchill Livingstone, 1985, p 505.)
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Transducers
The function of transducers is to convert mechanical forces into 
 electrical current or voltage. Over the years, this has been achieved 
by several different mechanisms, but today most transducers are of 
the resistance type. Pairs of resistors are incorporated into a cir-
cuit on the arms of a Wheatstone bridge type of electrical circuit. 
Most modern disposable transducers have a silicone diaphragm 
into which resistive elements have been etched. The manufactur-
ers have adopted an output standard of 5 V per volt excitation per 
1 mm Hg so that, theoretically, any transducer can be used with 
any monitor.15 The dynamic response of bare transducers is usually 
in the 100- to 500-Hz range. Modern disposable transducers have 
eliminated many of the difficulties that used to require frequent 
recalibration because of drifting of the zero point. The major prac-
tical problem remaining with transducer systems is improper zero-
ing relative to the patient.

Analysis and Display Systems
Most modern equipment designed to analyze and display pressure 
information consists of a computerized system that handles sev-
eral tasks. These include the acquisition and display of pressure 
signals; the derivation of numerical values for systolic, diastolic, 
and mean pressures; alarm functions; internal data storage; auto-
mated data transfer to an anesthesia information management sys-
tem; trend displays; and printing functions. The algorithms used 
to analyze the pressure information and to provide numerical data 
vary among manufacturers. Venous pressures, as well as arterial 
 pressures, to a lesser degree, are  significantly affected by respira-
tory fluctuations.16 Most display  systems average hemodynamic 
parameters over several cardiac cycles to minimize the effects of 
respiratory variability.

Flush Systems
The arterial catheter should be kept patent with a continuous infu-
sion of normal saline solution (1 to 3 mL/hr). The infusion minimizes 
thrombus formation and helps prolong the usefulness of the catheter.17 
Heparin is no longer routinely recommended as an additive to flush 
solutions because of the risk for heparin-induced thrombocytopenia 
in susceptible patients.

Characteristics of a Pressure Measurement System
The dynamic response of a pressure measurement system is charac-
terized by its natural frequency and its damping.18 These concepts 
are best understood by snapping the end of a transducer-tubing 
assembly with a finger. The waveform on the monitor demonstrates 
rapid oscillations above and below the baseline (the natural fre-
quency), which quickly decays to a straight line because of  friction 
in the system (damping). The peaks and troughs of an arterial pres-
sure waveform will be amplified if the  transducer-tubing-catheter 
assembly has a natural frequency that lies close to the frequen-
cies of the underlying sine waves of an arterial pressure waveform 
(typically < 20 Hz). This is commonly known as ringing or reso-
nance of the system (Figure 14-2). For an arterial pressure moni-
toring system to remain accurate at greater heart rates (HRs), its 
natural frequency should, therefore, be higher, typically more than 
24 Hz.16 In practical terms, longer transducer tubing reduces the 
natural frequency of the system and tends to amplify the height 
of the SBP (peak) and the depth of the DBP (trough) values.17,18 
Boutros and Albert19 demonstrated that, by changing the length of 
low- compliance (rigid) tubing from 6 inches to 5 feet, the natural 
frequency decreased from 34 to 7 Hz. As a result of the reduced nat-
ural frequency, the SBP measured with the longer tubing exceeded 
reference pressures by 17.3%.

Damping is the tendency of factors such as friction, compliant 
(soft) tubing, and air bubbles to absorb energy and decrease the 
amplitude of peaks and troughs in the waveform. The optimal degree 

of  damping is that which counterbalances the distorting effects of 
 transducer-tubing systems with lower natural frequencies. This is dif-
ficult to achieve. The damping of a clinical pressure measurement sys-
tem can be assessed by observing the response to a rapid high- pressure 
flush of the  transducer-tubing-catheter system (see Figure 14-2). In 
a system with a low damping coefficient, a fast-flush test results in 
several oscillations above and below the baseline before the pressure 
becomes constant. In an adequately damped system, the baseline is 
reached after one oscillation, whereas in an overdamped system, the 
baseline is reached after a delay and without oscillations.20–23

The formulas for calculating the natural frequency and damping 
coefficient are as follows:

where d  tubing diameter; L  tubing length;   density of the fluid; 
V

d
  transducer fluid volume displacement; and n  viscosity of the 
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Figure 14-2 The fast-flush test demonstrates the harmonic charac-
teristics of a pressure monitoring system (i.e., transducer, fluid-filled 
 tubing, and intra-arterial catheter). In an optimally damped system 
(A), the pressure waveform returns to baseline after only one oscilla-
tion. In an underdamped system (B), the pressure waveform oscillates 
above and below the baseline several times. In an overdamped sys-
tem (C), the pressure waveform returns to the baseline slowly with no 
oscillations. (Adapted from Gibbs NC, Gardner RM: Dynamics of inva-
sive pressure monitoring systems: Clinical and laboratory evaluation. 
Heart Lung 17:43, 1988.)
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Arterial Cannulation Sites
Factors that influence the site of arterial cannulation include the loca-
tion of surgery, the possible compromise of arterial flow because of 
patient positioning or surgical manipulations, and any history of isch-
emia or prior surgery on the limb to be cannulated. Another factor that 
may influence the cannulation site is the presence of a proximal arte-
rial cutdown. The proximal cutdown may cause damped waveforms 
or falsely low BP readings because of stenosis or vascular thrombo-
sis. Surgeons may use the axillary artery as the site of cannulation for 
CPB in patients who require anterograde selective cerebral perfusion 
or with a severely diseased ascending aorta.24–26 Depending on the sur-
gical technique, possible complications associated with axillary (CPB) 
cannulation include distal limb ischemia (direct axillary artery CPB 
cannulation) or limb overcirculation with systemic hypoperfusion 
(axillary side graft anastomosis with graft cannulation).27 Most clini-
cians would choose to monitor the arterial pressure in the contralateral 
upper extremity, but some have also advocated additional monitoring 
of the radial artery on the ipsilateral side to detect overcirculation to 
the arm and to intervene accordingly. Patients presenting for reopera-
tion who have had prior axillary artery cannulation may have some 
degree of stenosis at the old cannulation site. Sites generally chosen for 
arterial cannulation are discussed in the following paragraphs.

Radial and Ulnar Arteries
The radial artery is the most commonly used artery for continuous 
BP monitoring because it is easy to cannulate with a short (20-gauge) 
catheter and readily accessible during surgery. The collateral circulation 
is usually adequate and easy to check. It is advisable to assess the ade-
quacy of the collateral circulation and the absence of proximal obstruc-
tions before cannulating the radial artery for monitoring purposes.

The ulnar artery provides most blood flow to the hand in about 90% 
of patients.28 The radial and ulnar arteries are connected by a palmar 
arch, which provides collateral flow to the hand in the event of radial 
artery occlusion. Palm29 showed that if there is adequate ulnar collat-
eral flow, circulatory perfusion pressure to the fingers is adequate after 
radial arterial catheterization. Some clinicians perform the Allen test 
before radial artery cannulation to assess the adequacy of collateral 
 circulation to the hand.

The Allen test is performed by compressing the radial and ulnar 
arteries and exercising the hand until it is pale. The ulnar artery is then 
released (with the hand open loosely), and the time until the hand 
regains its normal color is noted.30 With a normal collateral circulation, 
the color returns to the hand in about 5 seconds. If, however, the hand 
takes longer than 15 seconds to return to its normal color, cannulation 
of the radial artery on that side is controversial. The hand may remain 
pale if the fingers are hyperextended or widely spread apart, even in the 
presence of a normal collateral circulation.31 Variations on the Allen 
test include using a Doppler probe or pulse oximeter to document col-
lateral flow.32–34 If the Allen test demonstrates that the hand depends 
on the radial artery for adequate filling, and other cannulation sites are 
not available, the ulnar artery may be selected.35

The predictive value of the Allen test has been challenged. In a large 
series of children in whom radial arterial catheterization was per-
formed without preliminary Allen tests, there was an absence of com-
plications.36 Slogoff et al37 cannulated the radial artery in 16 adult 
patients with poor ulnar collateral circulation (assessed using the Allen 
test) without any complications. An incidence of zero in a study sample 
of only 16 patients, however, does not guarantee that the true incidence 
of the complication is negligible. In contrast, Mangano and Hickey38 
reported a case of hand ischemia requiring amputation in a patient 
with a normal preoperative result for the Allen test. Thus, the predic-
tive value of the Allen test is questionable. Alternatively, pulse oxim-
etry or plethysmography can be used to assess patency of the collateral 
arteries of the hand. Barbeau et al39 compared the modified Allen test 
with pulse oximetry and plethysmography in 1010 consecutive patients 
undergoing percutaneous radial artery cannulation for cardiac cath-
eterization. Pulse oximetry and plethysmography were more sensitive 

than the Allen test for detecting inadequate collateral blood supply, and 
only 1.5% of patients were not suitable for radial artery cannulation.

Another infrequently used method of radial arterial catheterization 
involves percutaneous insertion of a long catheter to obtain a central 
aortic tracing of arterial pressure.40 No complications were attributed to 
these catheters in a series of patients.41 The advantage of a central arte-
rial tracing is the increased accuracy compared with radial arterial pres-
sure in patients with low-flow states or after CPB.42,43 Although reasons 
for the difference between central and peripheral measurements of BP 
are not entirely clear, after CPB, they were transiently present in 17% 
to 40% of patients in several studies.11,44–46 Kanazawa et al47 suggested 
that a decrease in the arterial elasticity is responsible for instances in 
which lower radial artery pressures (compared with aortic pressures) 
are observed after CPB. When the palpated central aortic pressure is 
high despite a low radial arterial BP value, the central aortic pressure 
also may be temporarily monitored using a needle attached to pressure 
tubing placed in the aorta by the surgeon until the problem resolves. 
Alternatively, a femoral arterial catheter may be inserted.

Chest wall retractors that are used during internal mammary artery 
dissection may impede radial arterial pressure monitoring in cardio-
thoracic procedures in some patients. The arm on the affected side may 
have diminished perfusion during extreme retraction of the chest wall. 
If the left internal mammary artery is used during myocardial revas-
cularization, the right radial artery could be monitored to avoid this 
problem. Alternatively, a noninvasive BP cuff on the right side could be 
used to confirm the accuracy of the radial artery tracing during periods 
of chest wall retraction.

Monitoring of the radial artery distal to a brachial arterial cutdown 
site is not recommended. Acute thrombosis or residual stenosis of the 
brachial artery will lead to falsely low radial arterial pressure readings.19 
Other considerations related to the choice of a radial arterial monitor-
ing site include prior surgery of the hand, selection of the nondomi-
nant hand, and the preferences of the surgeons and anesthesiologists.

Brachial and Axillary Arteries
The brachial artery lies medial to the bicipital tendon in the antecubital 
fossa, in close proximity to the median nerve. Brachial artery pressure 
tracings resemble those in the femoral artery, with less systolic aug- 
mentation than radial artery tracings.48 Brachial arterial pressures were 
found to more accurately reflect central aortic pressures than radial 
arterial pressures before and after CPB.49 The complications from per-
cutaneous brachial artery catheter monitoring are fewer than those 
after brachial artery cutdown for cardiac catheterization.50 A few series 
of patients with perioperative brachial arterial monitoring have doc-
umented the relative safety of this technique.11,42,50 Armstrong et al51 
published data on 1326 patients with peripheral vascular disease under-
going angiography with percutaneous brachial artery access and found 
an overall complication rate of 1.28% with a greater risk for thrombo-
sis in female patients. There is little or no collateral flow to the hand 
if brachial artery occlusion occurs, however. Most clinicians, therefore, 
choose other sites, if possible.

The axillary artery is normally cannulated by the Seldinger technique 
near the junction of the deltoid and pectoral muscles. This has been rec-
ommended for long-term catheterization in the intensive care unit (ICU) 
and in patients with peripheral vascular disease.52,53 Because the tip of the 
15- to 20-cm catheter may lie within the aortic arch, the use of the left 
axillary artery is recommended to minimize the risk for cerebral embo-
lization during flushing. Lateral decubitus positioning or adduction of 
the arm occasionally results in kinking of axillary catheters with damp-
ing of the pressure waveform. Arterial pressures measured in the axillary 
artery (by radial artery cannulation with long catheters) more closely 
reflect central aortic BP than brachial arterial BP measurements.45

Femoral Artery
The femoral artery may be cannulated for monitoring purposes 
and typically provides a more reliable central arterial pressure after 
 discontinuation of CPB. Scheer et al54 have reviewed the literature on 
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peripheral artery cannulation for hemodynamic monitoring, includ-
ing 3899 femoral artery cannulations. Temporary occlusion was 
found in 10 patients (1.45%), whereas serious ischemic complications 
requiring extremity amputation were reported in 3 patients (0.18%). 
Other complications that were summarized from the published data 
were pseudoaneurysm formation (0.3%), sepsis (0.44%), local infec-
tion (0.78%), bleeding (1.58%), and hematoma (6.1%). Based on the 
reviewed literature, they concluded that using the femoral artery for 
hemodynamic monitoring purposes was safer than radial artery can-
nulation. Older literature stated that the femoral area was intrinsi-
cally dirty, and that catheter sepsis and mortality were significantly 
increased compared with other monitoring sites. This could not be 
confirmed in the more recent literature.55,56

In patients undergoing thoracic aortic surgery, distal aortic perfu-
sion (using partial CPB, left-heart bypass, or a heparinized shunt) may 
be performed during aortic cross-clamping to preserve spinal cord and 
visceral organ blood flow. In these situations, it is useful to measure 
the distal aortic pressure at the femoral artery or a branch vessel (i.e., 
dorsalis pedis or posterior tibial artery) to optimize the distal perfu-
sion pressure (see Chapter 21). In repairs of aortic coarctation, simul-
taneous femoral and radial arterial monitoring may help determine 
the adequacy of the surgical repair by documenting the pressure gradi-
ent after the repair. It is necessary to consult with the surgeon before 
cannulating the femoral vessels because these vessels may be used for 
extracorporeal perfusion or placement of an intra-aortic balloon pump 
during the surgical procedure.

Dorsalis Pedis and Posterior Tibial Arteries
The two main arteries to the foot are the dorsalis pedis artery and the 
posterior tibial artery, which form an arterial arch on the foot that is 
similar to the one formed by the radial and ulnar arteries in the hand. 
The dorsalis pedis or posterior tibial arteries are reasonable alterna-
tives to radial arterial catheterization. The SBP is usually 10 to 20 mm 
Hg greater in the dorsalis pedis artery than in the radial or brachial 
arteries, whereas the diastolic pressure is 15 to 20 mm Hg lower (see 
Figure 14-1).57 The dorsalis pedis is a relatively small artery that may 
be cannulated when other sites are not available, but the vessel may not 
be palpable or present in 5% to 12% of patients.58 The incidence rate 
of failed cannulation is up to 20%, and the incidence rate of throm-
botic occlusion is about 8%, because of the small size of the artery.59 
A modified Allen test may be performed by blanching the great toe 
during compression of the dorsalis pedis and posterior tibial arteries, 
and then releasing the pressure over the posterior tibial artery. These 
vessels should not be used in patients with severe peripheral vascular 
disease from diabetes mellitus or other causes.

Indications
The indications for invasive arterial monitoring are provided in Box 14-3.

Contraindications
The contraindications to arterial cannulation include local infection, 
coagulopathy, proximal obstruction, vaso-occlusive disorders, and 
 surgical considerations.

Local Infection
Placement of an arterial catheter through infected tissues is likely to 
result in catheter sepsis. If signs of infection develop at an existing arte-
rial cannulation site, the catheter must be removed. A separate cannu-
lation site should be found. Strict aseptic technique is necessary during 
the insertion and maintenance of arterial cannulas.

Coagulopathy
Coagulopathy is a relative contraindication because it may result in 
hematoma formation during arterial cannulation. It is more difficult to 
apply direct arterial pressure with failed attempts or when the catheter is 

removed when using more central cannulation sites. In anticoagulated 
patients, it is therefore recommended that more peripheral arterial can-
nulation sites be considered when this form of monitoring is required.

Proximal Obstruction
Anatomic factors may lead to intra-arterial pressure readings that mark-
edly underestimate the central aortic pressure. The thoracic outlet syn-
drome and congenital anomalies of the aortic arch vessels will obstruct 
flow to the upper extremities. Aortic coarctation will diminish flow to the 
lower extremities. Arterial pressure distal to a previous arterial cutdown 
or cannulation site may be lower than the central aortic pressure because 
of arterial stenosis at the site of the prior intervention.

Raynaud Syndrome and Buerger Disease
Radial and brachial arterial cannulations are contraindicated in 
patients with a history of Raynaud syndrome or Buerger disease (i.e., 
thromboangiitis obliterans). This is especially important in the peri-
operative setting because hypothermia of the hand is the main trigger 
for vasospastic attacks in Raynaud syndrome.60 It is recommended that 
large arteries, such as the femoral or axillary, be used for intra-arterial 
monitoring if indicated in patients with either of these diseases.

Surgical Considerations
Several surgical maneuvers may interfere with intra-arterial moni-
toring. During mediastinoscopy, the scope intermittently compresses 
the innominate artery against the manubrium. In this situation, accu-
rate systemic arterial pressure monitoring may be affected if a right-
sided upper extremity arterial cannula is used. Regardless of which 
side is chosen for arterial cannulation, a pulse oximeter probe should 
be placed on the opposite hand. In case a left-sided arterial catheter 
is chosen, accurate systemic pressure readings can be monitored and 
compression of the innominate artery detected by a diminished pulse 
oximetry signal. Depending on the surgeon's and/or anesthesiologist's 
preference, this setup can be reversed.

The lateral decubitus position may compromise flow to the down-
ward arm if an axillary roll is not properly positioned. In this situa-
tion, the damping may be prolonged. Nevertheless, during descending 
thoracic aortic aneurysm repairs, the right radial, brachial, or axillary 
artery should be monitored because the left subclavian artery may be 
occluded during various phases of the procedure.

BOX 14-3. INDICATIONS FOR INTRA-ARTERIAL 
MONITORING
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Insertion Techniques
Direct Cannulation
Proper technique is helpful in obtaining a high degree of success in arte-
rial catheterization. The wrist is often placed in a dorsiflexed position 
on an armboard over a pack of gauze and immobilized in a supinated 
position. Overextension of the wrist should be avoided because this 
flattens and decreases the cross-sectional area of the radial artery61 and 
may cause median nerve damage by stretching the nerve over the wrist. 
A 20-gauge or smaller, 3- to 5-cm, nontapered Teflon catheter over 
needle is used to make the puncture. If a syringe is used, the plunger 
may be removed to allow free flow of blood to detect when the artery 
has been punctured. The angle between the needle and the skin should 
be shallow ( 30 degrees), and the needle should be advanced parallel to 
the course of the artery. When the artery is entered, the angle between 
the needle and skin is reduced to 10 degrees, the needle is advanced 
another 1 to 2 mm to ensure that the tip of the catheter also lies within 
the lumen of the vessel, and the outer catheter is then threaded off the 
needle while watching that blood continues to flow out of the needle 
hub (Figure 14-3).

Transfixation
If blood ceases flowing while the needle is being advanced, the needle 
has penetrated the back wall of the vessel. In this technique, the artery 
has been transfixed by passage of the catheter-over-needle assembly 
“through-and-through” the artery. The needle is then completely with-
drawn. As the catheter is slowly withdrawn, pulsatile blood flow emerges 
from the catheter when its tip is within the lumen of the artery. The cath-
eter is then slowly advanced into the artery. A guidewire may be help-
ful at this point if the catheter does not advance easily into the artery. 
Alternatively, the catheter-over-needle assembly may be withdrawn 
slowly as one unit until flow of blood has returned. As soon as this occurs, 
the needle and catheter are most likely in the lumen of the artery and the 
catheter may be gently threaded off the needle into the artery.

Seldinger Technique
The artery is localized with a needle, and a guidewire is passed through 
the needle into the artery. A catheter is then passed over the guidewire 
into the artery. Alternatively, a catheter-over-needle assembly may be 

inserted in the artery in a through-and-through fashion, the needle with-
drawn, and the wire passed through the catheter after pulsatile flow is 
encountered. It is important when using this technique to avoid with-
drawal of guidewires through needles to prevent shearing of the wire and 
embolization. Mangar et al62 showed that when using the direct or modi-
fied Seldinger technique compared with a direct-cannulation method, the 
success rate of arterial catheter placement increased from 62% to 82%.

Doppler-Assisted Technique
The artery is localized using a Doppler flow probe. The direction 
of insertion of the percutaneous catheter is guided by the acoustic 
Doppler signal.63,64 This may be especially useful in small children and 
infants. In adults, this may be helpful when palpation of the artery is 
difficult, such as in obese patients requiring femoral arterial cannu-
lation. With the more widespread availability of two-dimensional 
and color- Doppler ultrasonic devices, the acoustic Doppler-assisted 
method is used much less frequently.

Two-Dimensional Ultrasound-Assisted Method
The Doppler-assisted techniques have been supplanted in clinical 
 practice by two-dimensional (2D) ultrasonic methods. Levin et al65 
randomized patients in a prospective study to ultrasound-guided (UG) 
radial artery cannulation versus a classic palpation technique. The use 
of ultrasound (US) resulted in a greater success rate on the first attempt, 
and fewer subsequent attempts were required to place the arterial cath-
eter. The overall time for catheter placement was not significantly dif-
ferent between the two groups (trend for shorter overall time in UG 
group). In a similar study, Shiver et al66 randomized patients in the 
emergency department to UG versus traditional palpation technique 
radial artery catheter placement. Patients in the UG group required 
a significantly shorter time (107 vs. 314 seconds; P  0.0004), fewer 
placement attempts (1.2 vs. 2.2; P  0.001), and fewer sites required for 
successful arterial catheter placement. The use of US in guiding arte-
rial catheter placement is easy to learn when proper training in this 
technique is provided. There is, however, a significant learning curve, 
and studies reporting on the success rate of UG arterial cannulation 
compared with a traditional palpation technique have to be inter-
preted accordingly. Ganesh et al,67 for example, did not find a signifi-
cant difference in the time and attempts required in a pediatric patient 
population randomized to palpation versus UG radial artery catheter 
placement. None of the designated operators, however, had significant 
experience with this technique, with 19 of 20 pediatric subspecialty 
trainees and/or fully trained consultant anesthesiologists reporting 
experience with fewer than 5 cases. Figure 14-4 shows a proper full-
sterile setup for UG arterial cannulation. Figure 14-5 demonstrates the 
“triangulation” technique typically applied with UG venous or arterial 
cannulation, or both. The US imaging plane and the needle plane can 
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Figure 14-3 The direct-cannulation technique for the radial artery. 
A, The wrist is dorsiflexed over a towel or a small pack of gauze and 
loosely taped to a stable surface such as an armboard. B, The artery is 
directly cannulated at a 30- to 40-degree angle to the plane of the wrist. 
Arterial blood flows steadily into the “flashback” chamber. C, The cath-
eter-over-needle assembly is lowered until the angle is approximately 
10 degrees to the plane of the wrist. The entire assembly is advanced 
another 1 to 2 mm, until the tip of the catheter lies within the lumen 
of the artery. The catheter is then advanced into the artery completely 
while the needle is held motionless. (From Lake CL: Cardiovascular 
anesthesia. New York: Springer-Verlag, 1985, p 54.)

Figure 14-4 Demonstration of aseptic technique for ultrasonic guid-
ance of radial artery cannulation.
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be viewed as the two sides of a triangle that should meet/intersect at 
the depth of the structure (e.g., radial artery) for which cannulation 
is attempted. The experienced operator will change the angle between 
the two planes (US and needle) and the distance (needle insertion site 
vs. imaging plane) depending on the depth of the structure. The US 
plane has to be adjusted further from needle entry through the skin to 
the perforation of the vessel to follow the needle tip in the transverse 
approach (vessel viewed in short axis). Figures 14-6 and 14-7 show typ-
ical US images obtained during short-axis (transverse) cannulation. 
Note the anatomic variation with a large (A1) radial artery next to a 
smaller size artery (A2) positioned laterally.

If a longitudinal (“in-plane”) approach is chosen (i.e., the vessel 
viewed in its long axis), the needle tip can be followed more easily as it 
is advanced; however, structures adjacent to the US plane (lateral to the 
vessel) cannot be viewed simultaneously. For this reason, most prac-
titioners prefer the transverse approach. Figure 14-8 shows the arte-
rial catheter entering the radial artery using the longitudinal (in-plane) 

approach. Aseptic technique, including sterile sheaths, should always 
be used during UG of intra-arterial catheter placement to prevent 
catheter-related infections. A high-frequency linear array ultrasonic 
transducer (8 to 12 MHz) is optimal for UG arterial catheter placement 
because higher frequencies are needed for high-resolution imaging of 
the near field. Box 14-4 summarizes potential benefits and concerns 
related to UG arterial catheter placement.

2

1

Figure 14-5 Demonstration of the “triangulation” technique typically 
applied with ultrasound-guided venous and/or arterial cannulation in 
the transverse imaging approach. The echo imaging plane and the nee-
dle plane can be viewed as the two sides of a triangle that should meet/
intersect at the depth of the structure (e.g., radial artery [red line]) for 
which cannulation is attempted. The experienced operator will change 
the angle ( ) between the two planes (ultrasound and needle) and the 
distance (needle insertion site vs. imaging plane) depending on the 
depth of the structure. The echo plane has to be further adjusted from 
needle entry through the skin to the perforation of the vessel to follow 
the needle tip in the transverse approach (vessel viewed in short axis). 
A greater angle is used (echo plane angled toward the skin [1]) to visual-
ize the needle tip after it penetrates the skin, and then a more perpen-
dicular angle relative to the skin is applied to see the needle tip entering 
the vessel lumen (2).

A1
A2

Figure 14-6 A typical ultrasound image with color Doppler during 
short-axis (transverse) cannulation. Note the anatomic variation with 
a large (A1) radial artery next to a smaller size artery (A2) positioned 
laterally.

A

Figure 14-7 A typical ultrasound image during short-axis (transverse) 
cannulation.

BOX 14-4. ULTRASOUND-GUIDED ARTERIAL 
CANNULATION

Benefits

Concerns

A

Figure 14-8 A catheter entering the radial artery using the longitudi-
nal (in-plane) approach.
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Surgical Cutdown
An incision is made in the skin overlying the artery, and the surround-
ing tissues are dissected away from the arterial wall. Proximal and distal 
ligatures are passed around the artery to control blood loss but are not 
tied down. Under direct vision, the artery is cannulated with a cathe-
ter-over-needle assembly. Alternatively, a small incision is made in the 
arterial wall to facilitate passage of the catheter.

Complications
Infection
One potential complication that is common to all forms of inva-
sive monitoring is infection from indwelling catheters. Indwelling 
percutaneous catheters can become infected because of insertion 
through an infected skin site, poor aseptic technique during insertion 
or maintenance, sepsis with seeding of the catheter, and prolonged 
duration of cannulation with colonization by skin flora. Historically, 
factors that were associated with catheter infection included nondis-
posable transducer domes, dextrose flush solutions, contaminated 
blood gas syringes, and duration of insertion.68–71 In contrast with 
central venous catheterization, published data on vascular catheter 
infections did not find that full sterile barriers during arterial cath-
eter placement reduced the risk for infection.72,73 Nevertheless, these 
data do not exempt the practitioner from using strict aseptic tech-
nique. Guidelines for the prevention of intravascular catheter-related 
infections have been published by the Hospital Infection Control 
Practices Advisory Committee and the Centers for Disease Control 
and Prevention.74

It is still common practice to remove percutaneous catheters when 
vascular catheter infection is suspected. This concept has been chal-
lenged, and a watchful waiting strategy has been advocated until a 
catheter-related bloodstream infection has been confirmed instead of 
immediate removal of the catheter.75 Whenever infection at the can-
nulation site or a catheter-related bloodstream infection is confirmed, 
the catheter should be removed. The catheter is a foreign body that 
cannot be sterilized with antibiotic therapy. Lymphangitic streaks or 
 cellulitis may occur as a result of catheter infection. These problems 
require  systemic antibiotic therapy.76

Hemorrhage
The use of an intra-arterial catheter carries the potential risk for major 
blood loss or exsanguination if the catheter or tubing assembly becomes 
disconnected. The use of Luer-Lok (instead of tapered) connections 
and monitors with low-pressure alarms should decrease the risk for 
this complication.77 Stopcocks are an additional source of occult hem-
orrhage because of the potential for loose connections or inadvertent 
changes in the position of the control lever that would open the system 
to the atmosphere.

Thrombosis and Distal Ischemia
Thrombosis of the radial artery after cannulation has been extensively 
studied. Temporary arterial occlusion is the most commonly reported 
complication after radial artery cannulation.54 Factors that correlate 
with an increased incidence of thrombosis include prolonged duration 
of cannulation,78 larger catheters,79 and smaller radial artery size (i.e., a 
greater proportion of the artery is occupied by the catheter).80 The inci-
dence of thrombosis is not affected by the technique of cannulation81 
but is reduced with aspirin pretreatment.82

The association between radial artery thrombosis and ischemia of 
the hand is less certain. An abnormal result for Allen test was not associ-
ated with hand complications after radial artery cannulation.37 Despite 
the widespread use of radial artery cannulation, hand complications 
are rarely reported. Temporary occlusion after arterial cannulation is 
usually benign. Nevertheless, serious ischemic complications have been 
reported that required the amputation of a digit or  extremity.83–85 In the 
experience of Slogoff et al,37 most ischemic complications occurred in 

patients who had had multiple embolic phenomena from other sources 
or were on high-dose vasopressor therapy with resultant ischemia in 
multiple extremities.

The hand should be examined at regular intervals in patients with 
axillary, brachial, radial, or ulnar arterial catheters. Because thrombosis 
may appear several days after the catheter has been removed, examina-
tions should be continued through the postoperative period. Although 
recanalization of the thrombosed artery can be expected in an aver-
age of 13 days, the collateral blood flow may be inadequate during this 
period.12 Any evidence of hand ischemia should be investigated and 
treated promptly to prevent morbidity.86

The treatment plan should involve consultation with a vascular, 
hand, or plastic surgeon. Traditionally, treatment for arterial occlu-
sion or thrombosis with adequate collateral flow has been conservative. 
However, fibrinolytic agents (e.g., streptokinase), stellate ganglion block-
ade, and surgical intervention are modalities that should be considered.

Skin Necrosis
Volar proximal skin necrosis has been reported in patients after radial 
arterial cannulation.87,88 This has led to full-thickness skin loss over the 
volar aspect of the forearm. The skin necrosis is presumably caused 
by thrombosis of the radial artery with proximal propagation of the 
thrombosis to involve the cutaneous branches of the radial artery.

Embolization
Particulate matter or air that is flushed forcefully into an arterial cath-
eter can move proximally, as well as distally, within the artery. Cerebral 
embolization is most likely from axillary cannulation sites but is also 
possible with brachial and radial artery catheters.89,90 Emboli from the 
right arm are more likely to reach the cerebral circulation than those 
from the left arm because of the usual anatomy and direction of blood 
flow in the aortic arch. Other factors that influence the likelihood of 
cerebral embolization include the volume of flush solution, the rapid-
ity of the injection, and the proximity of the intraluminal end of the 
catheter to the central circulation.89,91,92

Hematoma and Neurologic Injury
Hematoma formation may occur at any arterial puncture or cannula-
tion site and is particularly common with a coagulopathy. Hematoma 
formation should be prevented by the application of direct pressure 
after arterial punctures and, if possible, the correction of any under-
lying coagulopathy. Posterior puncture/tear of the femoral or iliac 
arteries can produce massive bleeding into the retroperitoneal area.93 
Surgical consultation should be obtained if massive hematoma forma-
tion develops.

Nerve damage is possible if the nerve and artery lie in a fibrous 
sheath (e.g., the brachial plexus) or in a limited tissue compartment 
(e.g., the forearm).94 Direct nerve injuries may also occur from needle 
trauma during attempts at arterial cannulation. The median nerve is in 
close proximity to the brachial artery, and the axillary artery lies within 
the brachial plexus sheath.

Late Vascular Complications
Incomplete disruption of the wall of an artery may eventually result 
in pseudoaneurysm formation.95 The wall of the pseudoaneurysm is 
composed of fibrous tissue that continues to expand. If the pseudoa-
neurysm ruptures into a vein or if both a vein and artery are injured 
simultaneously, an arteriovenous fistula may result. Nonsurgical treat-
ment options for the repair of pseudoaneurysms after arterial can-
nulation have been described and may replace surgery that is usually 
performed to treat this complication.96

Inaccurate Pressure Measurements
Despite the great advantages of intra-arterial monitoring, it does not 
always give accurate BP values. The monitoring system may be incorrectly 
zeroed and calibrated, or the transducers may not be at the appropriate 
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level. The waveform will be damped if the catheter is kinked or partially 
thrombosed. In vasoconstricted patients, those in hypovolemic shock, 
and during the post-CPB period, the brachial and radial artery pressures 
may be significantly lower than the true central aortic pressure. Another 
possible cause of inaccurate measurements is unsuspected arterial steno-
sis proximal to the monitored artery, as occurs with thoracic outlet 
 syndrome and subclavian stenosis. Unsuspected Raynaud syndrome also 
can yield unreliable BP readings from peripheral arteries.

CENTRAL VENOUS PRESSURE 
MONITORING
CVP catheters are used to measure the filling pressure of the right ven-
tricle, give an estimate of the intravascular volume status, and assess 
RV function. For accurate pressure measurement, the distal end of 
the catheter must lie within one of the large intrathoracic veins or the 
right atrium (RA). In any pressure monitoring system, it is necessary 
to have a reproducible landmark (such as the midaxillary line) as a 
zero reference. Frequent changes in patient positioning without proper 
leveling of the transducers relative to the patient's left atrium (LA) 
produce proportionately larger errors compared with arterial pressure 
monitoring.

The normal CVP waveform consists of three upward deflections 
(A, C, and V waves) and two downward deflections (X and Y descents; 
Figure 14-9). The A wave is produced by right atrial contraction and 
occurs just after the P wave on the ECG. The C wave occurs because 
of the isovolumic ventricular contraction, forcing the tricuspid valve 
(TV) to bulge upward into the RA. The pressure within the RA then 
decreases as the TV is pulled away from the atrium during RV ejec-
tion, forming the X descent. Right atrial filling continues during late 
ventricular systole, forming the V wave. The Y descent occurs when 
the TV opens and blood from the RA empties rapidly into the right 
ventricle during early diastole.97

The CVP waveform may be useful in the diagnosis of pathologic 
 cardiac conditions. For example, onset of an irregular rhythm and 
loss of the A wave suggest atrial flutter or fibrillation. Cannon A waves 

occur as the RA contracts against a closed TV, as occurs in junctional 
(atrioventricular nodal) rhythm, complete heart block, and ventricu-
lar arrhythmias (Figure 14-10). This is clinically relevant because 
nodal rhythms are frequently seen during anesthesia and may produce 
hypotension because of a decrease in SV. Cannon A waves may also be 
present when there is increased resistance to RA emptying, as in tri-
cuspid stenosis, RV hypertrophy, pulmonary stenosis, or pulmonary 
hypertension. Early systolic or holosystolic “cannon V waves” (or C-V 
waves) occur if there is a significant degree of tricuspid regurgitation 
(TR). Large V waves may also appear later in systole if the ventricle 
becomes noncompliant because of ischemia or RV failure. A compre-
hensive review of CVP waveform analysis in various pathophysiologic 
states has been published by Mark.98

Pericardial constriction produces characteristic waveforms in the 
CVP tracing (Figure 14-11). There is a decrease in venous return 
because of the inability of the heart chambers to dilate because of the 
constriction. This causes prominent A and V waves and steep X and Y 
descents (creating an M configuration) resembling that seen with dis-
eases that cause decreased RV compliance. Egress of blood from the 
RA to the right ventricle is initially rapid during early diastolic filling 
of the right ventricle (creating a steep Y descent) but is short-lived and 
abruptly halted by the restrictive, noncompliant right ventricle. The 
right atrial pressure then increases rapidly and reaches a plateau until 
the end of the A wave, at the end of diastole. This portion of the wave-
form is analogous to the ventricular diastolic dip-and-plateau sign.98 
With pericardial tamponade, the X descent is steep, but the Y descent is 
not present because early diastolic runoff is impaired by the pericardial 
fluid collection.

The CVP is a useful monitor if the factors affecting it are recognized 
and its limitations are understood. The CVP reflects the patient's 
blood volume, venous tone, and RV performance. Following serial 
measurements (trends) is more useful than individual numbers. The 
response of the CVP to a volume infusion is a useful test. Thromboses 
of the vena cavae and alterations of intrathoracic pressure, such as 
those induced by positive end-expiratory pressure (PEEP), also affect 
measurement of the CVP.99 Many peaks and troughs in the CVP wave-
form are created artifactually from the transducer-tubing monitoring 
system. Tachycardia produces blending of the waveforms, especially 
the A and C waves.

The CVP does not give a direct indication of left-heart filling pres-
sure, but it may be used as an estimate of left-sided pressures in patients 
with good LV function. Mangano100 showed a good correlation between 
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Figure 14-9 Relation of the central venous pressure (CVP) tracing 
to the electrocardiogram (ECG) in normal sinus rhythm. The normal 
CVP waveform consists of three upward deflections (A, C, and V waves) 
and two downward deflections (X and Y descents). The A wave is pro-
duced by right atrial contraction and occurs just after the P wave on the 
ECG. The C wave occurs because of the isovolumic ventricular contrac-
tion forcing the tricuspid valve to bulge upward into the right atrium 
(RA). The pressure within the RA then decreases as the tricuspid valve 
is pulled away from the atrium during right ventricular ejection, form-
ing the X descent. The RA continues to fill during late ventricular sys-
tole, forming the V wave. The Y descent occurs when the tricuspid valve 
opens and blood from the RA empties rapidly into the RV during early 
diastole. (Adapted from Mark JB: Central venous pressure monitoring: 
Clinical insights beyond the numbers. J Cardiothorac Vasc Anesth 5:163, 
1991.)
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Figure 14-10 The relation of the central venous pressure (CVP) tracing 
to the electrocardiogram (ECG) during junctional (atrioventricular nodal) 
rhythm. The contraction of the atrium against the closed tricuspid valve 
results in the cannon A waves; notice that the P wave is hidden within 
the QRS complex of the ECG.
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the CVP and left-sided filling pressures during a change in volume sta-
tus in patients with coronary artery disease and left ventricular  ejection 
fraction greater than 0.4. Later studies have not replicated these results, 
demonstrating weak relations between the CVP and measures of LV 
preload.101–104

Techniques and Insertion Sites
Percutaneous central venous cannulation may be accomplished by 
catheter-through-needle, catheter-over-needle, or catheter-over-wire 
(Seldinger) techniques. The considerations for selecting the site of 
 cannulation include the experience of the operator, ease of access, ana-
tomic anomalies, and the ability of the patient to tolerate the position 
required for catheter insertion.

Internal Jugular Vein
Cannulation of the internal jugular vein (IJV) was first described by 
English et al105 in 1969. Its popularity among anesthesiologists has 
steadily increased since that time. Advantages of this technique include 
the high success rate as a result of the relatively predictable relation of 
the anatomic structures; a short, straight course to the RA that almost 
always assures RA or superior vena cava (SVC) localization of the cathe-
ter tip; easy access from the head of the operating room table; and fewer 
complications than with subclavian vein catheterization. The IJV is 
located under the medial border of the lateral head of the sternocleido-
mastoid (SCM) muscle (Figure 14-12). The carotid artery is usually 
deep and medial to the IJV. The right IJV is preferred because this vein 
takes the straightest course into the SVC, the right cupola of the lung 
may be lower than the left, and the thoracic duct is on the left side.106

The preferred middle approach to the right IJV is shown in Figure 
14-13. Trendelenburg position is typically chosen to distend the IJV; 
however, this position can be complicated by hypoxemia in cardiac 
surgical patients breathing room air, and nasal oxygen may ameliorate 
this problem. Trendelenburg position is not necessary when venous 
distention is present in the supine position as occurs in patients with 
a high CVP or right-sided heart failure. The head is then turned 
toward the contralateral side, and the fingers of the left hand are used 
to  palpate the two heads of the SCM muscle and the carotid pulse. 
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Figure 14-11 Central venous pressure (CVP) waveform during 
pericardial constriction. There is a characteristic M configuration with 
prominent A and V waves, accompanied by steep X and Y descents. 
An additional wave (asterisk) is present because of impairment of ven-
tricular filling by the rigid pericardial shell. ART, arterial pressure; ECG, 
electrocardiogram. (Adapted from Mark JB: Central venous pressure 
monitoring: Clinical insights beyond the numbers. J Cardiothorac Vasc 
Anesth 5:163, 1991.)
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Figure 14-12 The internal jugular vein (v.) is usually located deep to the medial border of the lateral head of the sternocleidomastoid muscle, 
just lateral to the carotid pulse. a., artery.
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These fingers then hold the skin stable over the underlying structures 
while local anesthetic is infiltrated into the skin and subcutaneous tis-
sues. A 22-gauge “finder” needle is placed at the apex of the triangle 
formed by the two heads of the SCM muscle at a 45-degree angle to 
the skin and directed toward the ipsilateral nipple. If venous blood 
return is not obtained, the needle is withdrawn to the subcutaneous 
tissue and then passed in a more lateral or medial direction until the 
vein is located. This small needle reduces the risk for consequences 
related to inadvertent carotid arterial puncture and tissue trauma if 
localization of the vein is difficult. When venous blood is aspirated 
through the “finder” needle, the syringe and needle are withdrawn, 
leaving a small trail of blood on the drape to indicate the direction of 
the vein. Alternatively, the needle and syringe can be fixated and used 
as an identifying needle. Then, a syringe attached to an 18-gauge intra-
venous catheter-over-needle is inserted in an identical fashion. When 
venous return is present, the whole assembly is lowered to prevent the 
needle from going through the posterior wall of the central vein and 
advanced an additional 1 to 2 mm until the tip of the catheter is within 
the lumen of the vein. The catheter is then threaded into the vein. 
The correct intravenous catheter position should be confirmed before 
placing a large-bore introducer sheath. It has been recommended to 
attach the cannula to a transducer by sterile tubing to observe the 
pressure waveform.107,108 In a prospective study of 1284 patients, Jobes 
et al109 diagnosed 10 episodes of arterial catheterization by this tech-
nique of pressure monitoring not recognized by other signs. Another 
option is to attach the cannula to sterile tubing and allow blood to 
flow retrograde into the tubing.110 The tubing is then held upright as 
a venous manometer, and the height of the blood column is observed. 
If the catheter is in a vein, it will stop rising at a level consistent with 
the CVP and demonstrate respiratory variation. The blood column 
also can be aspirated to the top of the tubing and then observed as 
it drops down to the CVP level, demonstrating it is in a vein and not 
an artery. Maintaining proper aseptic technique is crucial to prevent 
catheter-related infections, and all-inclusive kits that include manom-
etry tubing are available commercially. Despite its reported use in the 
past, color comparison and observation of nonpulsatile flow are noto-
riously inaccurate methods of determining that the catheter is not in 
the carotid artery. A guidewire is then passed through the 18-gauge 
catheter, and the catheter is exchanged for the wire. If a TEE probe 
has been previously inserted, proper intravenous position can further 
be confirmed by imaging the guidewire in the SVC and RA. The use 
of more than one technique to confirm the venous location of the 
guidewire may provide additional reassurance of correct placement 

before cannulation of the vein with a larger catheter or introducer. 
Once it is certain that the guidewire is in the venous circulation, the 
CVP  catheter is passed over it and the wire is removed.

Many other approaches to the right IJV have been described.111 An 
anterior (high) approach to the IJV is performed at the level of the laryn-
geal cartilage. The needle enters the skin at the medial border of the SCM 
muscle and is directed lateral to the carotid artery pulse. The posterior 
approach to the IJV is performed near the intersection of the external 
jugular vein (EJV) and the lateral border of the SCM muscle. The needle 
is directed along the posterior surface of the SCM muscle toward the 
sternal notch. In this technique, the needle is aimed in the direction of 
the carotid artery, and the incidence of carotid artery puncture there-
fore may be greater. These alternative approaches are less successful and 
produce more complications than the standard middle approach in the 
experience of most clinicians.

Ultrasonic Guidance of Internal Jugular Vein Cannulation
Clinical Evidence for Ultrasound-Guided Internal Jugular Vein 
Cannulation
US increasingly has been used for central venous access, in particular, 
to guide IJV cannulation and to define the anatomic variations of the 
IJV.112 There is now evidence that using US to guide central venous can-
nulation increases success rate and helps prevent complications and, 
thus, ultimately may help improve patient outcome. Troianos et al113 
compared UG IJV cannulation with a traditional landmark technique. 
Fewer attempts to successful cannulation were required, and the rate 
of complications such as carotid artery puncture was decreased in 
the UG group. More recent prospective studies confirmed these find-
ings. Serafimidis et al,114 in a prospective observational study, com-
pared UG IJV cannulation with a landmark technique (347 patients vs. 
204 patients, respectively). UG cannulation had a greater success rate, 
required fewer attempts, took less time, and had fewer complications. 
Further evidence comes from several published meta-analyses compar-
ing the UG versus traditional IJV landmark techniques.115,116 Overall, 
most studies have demonstrated that 2D UG IJV cannulation has a 
greater success rate on the first attempt and fewer complications.117–121 
Those findings also were confirmed in pediatric patients.122–127 Only 
one study reported that UG IJV cannulation in children was less suc-
cessful, had a greater incidence of arterial puncture, and that there was 
no time difference compared with the landmark method.128

Box 14-5 lists some of the recognized benefits and concerns of UG 
central venous cannulation. Circumstances in which ultrasonic guid-
ance of IJV cannulation can be particularly advantageous include 
patients with difficult neck anatomy (e.g., short neck, obesity), prior 
neck surgery, anticoagulated patients, and infants.

Figure 14-13 Preferred middle approach to the right internal jugu-
lar vein. The needle enters the skin at the apex of the triangle formed 
by the sternal and clavicular heads of the sternocleidomastoid muscle. 
The needle is held at a 30- to 45-degree angle to the skin and directed 
toward the ipsilateral nipple.

BOX 14-5. ULTRASOUND-GUIDED CENTRAL 
VENOUS CANNULATION
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Technical Aspects
US has provided more precise data regarding the structural relation 
between the IJV and the carotid artery (see Figure 14-12). Troianos 
et al129 found that, in more than 54% of patients, more than 75% of the 
IJV overlies the carotid artery. Patients who were older than 60 years 
were more likely to have this type of anatomy. Figure 14-14 shows 
the anatomic relation between the IJV and the carotid artery in two 
patients. In pediatric patients, Alderson et al130 found that the carotid 
artery coursed directly posterior to the IJV in 10% of patients. Sulek 
et al131 observed that there was greater overlap of the IJV and the carotid 
artery when the head is rotated 80 degrees compared with head rota-
tion of only 0 to 40 degrees. The data from 2 and 4 cm above the clavicle 
did not differ, and the percentage overlap was larger on the left side of 
the neck compared with the right. Excessive rotation of the head of the 
patient toward the contralateral side may distort the normal anatomy 
in a manner that increases the risk for inadvertent carotid artery punc-
ture. US has also been used to demonstrate that the Valsalva maneuver 
increases IJV cross-sectional area by approximately 25%, and that the 
Trendelenburg position increases it by approximately 37%.132 Parry133 
showed that maximal right IJV diameter can be achieved by placing 
the patient in 15-degree Trendelenburg position, slightly elevating the 
head with a small pillow, keeping the head close to midline, and releas-
ing the pressure administered to palpate the carotid artery before IJV 
cannulation. Box 14-6 summarizes some of the positional consider-
ations in UG IJV cannulation.

For central venous catheterization, full aseptic technique is manda-
tory. After patient positioning and sterile preparation of the neck, a full-
body sterile drape is applied and the probe is covered in a sterile sheath. 
Figure 14-15 demonstrates proper sterile technique and positioning of 
the US probe. A triangulation technique, as described earlier, is typi-
cally used. Although the long-axis (in-plane) approach allows better 
visualization of the true needle tip throughout the insertion and ves-
sel penetration, the simultaneous display of IJV and its relation to the 
carotid artery is lost. In addition, the size of the US probe in patients 
with shorter neck anatomy often does not provide adequate room for 
an in-plane approach to the IJV. Most practitioners, therefore, choose 
the short-axis (out-of-plane) approach to UG IJV cannulation. The 
most important aspect of imaging a needle out of plane is avoiding  

the  mistake of  visualizing the needle shaft rather than the needle tip. 
Otherwise, the needle tip could be in a structure not being imaged, 
such as the carotid artery and pleura. With experience, the practi-
tioner will be able to follow the true needle tip as it enters the IJV. 
Additional favorable signs are indentation of the  anterior wall of  

Figure 14-15 Demonstration of aseptic technique and positioning of 
the ultrasonic probe for internal jugular vein cannulation.

Figure 14-14 Anatomic relation between the inter-
nal jugular vein (IJV) and the carotid artery (CA) in 
two patients. A, The IJV partially overlies the CA. B, 
The CA is situated deep to the IJV. C, Color Doppler 
flow in the CA.
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IN ULTRASOUND-GUIDED RIGHT INTERNAL 
JUGULAR VENOUS CANNULATION
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the IJV as the needle tip encounters the vessel wall. Figure 14-16 dem-
onstrates the thin-walled IJV as it is indented by the advancing needle 
tip. It is important to realize that UG IJV cannulation has reduced, but 
not eliminated, inadvertent carotid arterial cannulation, and that the 
insertion of large catheters into the carotid artery with US guidance has 
been reported.134–138 Venous cannulation always should be confirmed 
before vessel dilation or insertion of the large-bore catheter/introducer 
sheath.108 As noted earlier, manometry, pressure transduction, blood gas 
analysis, or guidewire visualization using fluoroscopy or TEE imaging of 
the guidewire in the SVC or RA (Figure 14-17) are all reasonable meth-
ods of assuring venous cannulation before inserting a large-bore sheath.

Current Recommendations
Ultrasonic guidance is not yet the standard of care for IJV cannula-
tion.139,140 Several national medical agencies have released recommen-
dations, however, that strongly support the use of UG IJV cannulation. 
The Agency for Healthcare Research and Quality in the United States 
lists UG central catheter placement as 1 of 11 patient safety practices 
with the greatest strength of evidence supporting its use to improve 
patient outcome.141 The National Institute of Clinical Excellence in the 
United Kingdom142 also recommends UG IJV cannulation for children 
and adults. The availability of US equipment143 and the associated costs 
of required hardware and training have been raised as reasons for lack 
of universal adoption of this technique. This is despite the fact that 
UG central catheter placement is easily accomplished, with evidence of 
improved patient outcomes. There is also some evidence that the use of 
UG central catheter placement is cost-effective even when initial hard-
ware purchase and training are taken into consideration.144

External Jugular Vein
Although the EJV is another means of reaching the central circulation, 
the success rate with this approach is lower because of the tortuous path 

followed by the vein. A valve is usually present at the point where the EJV 
perforates the fascia to join with the subclavian vein. One study, how-
ever, reported a success rate of 90% using a J-wire to manipulate past 
obstructions into the central circulation.145 The main advantage of this 
technique is that there is no need to advance a needle into the deeper 
structures of the neck.

For this approach, the patient is placed supine or in the Trendelen-
burg position until the EJV becomes distended. The vein is then can-
nulated with an intravenous catheter. A guidewire with curved tip (i.e., 
J-wire) is passed through the cannula and manipulated into the cen-
tral circulation. The curved tip is necessary to negotiate the tortuous 
course between the EJV and the SVC. Manipulation of the shoulder 
and rotation of the guidewire between the operator's fingers may be 
useful maneuvers when difficulty is encountered in passing the wire 
into the SVC.

Subclavian Vein
The subclavian vein is readily accessible from supraclavicular or infra-
clavicular approaches and has long been used for central venous 
access.146 The success rate is greater than the EJV approach but lower 
than the right IJV approach. Cannulation of the subclavian vein is asso-
ciated with a greater incidence of complications than the IJV approach, 
especially pneumothorax. Other complications associated with sub-
clavian vein cannulation are arterial punctures, misplacement of the 
catheter tip, aortic injury, cardiac tamponade, mediastinal hematoma, 
and hemothorax.147,148 This may be the cannulation site of choice, how-
ever, when CVP monitoring is indicated in patients undergoing carotid 
artery surgery. It is also useful for parenteral nutrition or for prolonged 
CVP access because the site is easier to maintain and well tolerated by 
patients.

The infraclavicular approach is performed with the patient supine or 
in the Trendelenburg position with a folded sheet between the scapu-
lae and the shoulder lowered149 (Figure 14-18). The head is turned to 
the contralateral side. A thin-walled needle or intravenous catheter is 
inserted 1 cm below the midpoint of the clavicle and advanced toward 
the suprasternal notch under the posterior surface of the clavicle. When 
a free flow of venous blood is obtained, the guidewire is passed into the 
subclavian vessel and is exchanged for a CVP catheter.

The supraclavicular approach is performed with the patient in the 
Trendelenburg position with the head turned away from the side of 
the insertion. This is usually not performed on the left side because of  
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Figure 14-16 The thin-walled internal jugular vein (IJV) is compressed by 
the advancing needle (arrow) during IJV cannulation. CA, carotid artery.
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Figure 14-17 Position of the guidewire in the right atrium (RA) con-
firms that central venous cannulation was achieved in the midesopha-
geal bicaval view. LA, left atrium.

Figure 14-18 Infraclavicular approach to the right subclavian vein. 
The patient is positioned with a rolled towel between the scapulae to 
increase the distance between the clavicle and the first rib. The nee-
dle enters the skin 1 cm inferior to the midpoint of the clavicle and is 
directed underneath the clavicle toward the sternal notch. If the needle 
is directed too far posteriorly, the pleura may be punctured, resulting in 
a pneumothorax.
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the risk for an injury to the thoracic duct. The finder needle is inserted 
at the lateral border of the SCM at the point of insertion into the 
clavicle. The needle is directed to bisect the angle between the SCM 
and the clavicle, about 15 to 20 degrees posteriorly. The vessel is very 
superficial (about 1 to 2 cm) and lies close to the innominate artery 
and the pleura.

Antecubital Veins
Another route for CVP monitoring is through the basilic or cephalic 
veins. The advantages of this approach are the low likelihood of com-
plications and the ease of access intraoperatively, if the arm is exposed. 
The major disadvantage is that it is often difficult to assure place-
ment of the catheter in a central vein. Studies have indicated that blind 
advancement will result in central venous cannulation in 59% to 75% 
of attempts.150,151 Chest radiographs are usually necessary to confirm 
that the tip of the catheter has been appropriately placed, and this 
involves some time delay. Exact positioning of the catheter tip is crucial 
because movement of the arm will result in significant catheter migra-
tion and could cause cardiac tamponade.152–154 Unsuccessful attempts 
result most frequently from failure to pass the catheter past the shoul-
der or cannulation of the ipsilateral IJV. Turning the head to the ipsilat-
eral side may help prevent IJV placement of the catheter.155

Artru et al156 reported a high success rate (92%) for the placement 
of multiorificed catheters from the antecubital veins using intravascu-
lar electrocardiography. These catheters are positioned at the SVC-RA 
junction and are used for the aspiration of air emboli in neurosurgi-
cal patients. Because of problems inherent with intravascular electro-
cardiography, Mongan et al157 described a method for transducing the 
pressure waveform and identifying the point at which the catheter tip 
entered the right ventricle. They then calculated the distance required 
to withdraw the catheters to the SVC-RA junction (for three differ-
ent types of air embolism-aspirating catheters). Others have used TEE 
to assist in the correct placement of these types of catheters.158 Even 
though peripherally placed central venous catheters avoid the place-
ment of needles into deep venous structures, there are still significant 
risks associated with their use.159–162

Femoral Vein
The femoral vein is rarely cannulated in the adult patient for intra-
operative monitoring purposes. However, cannulation of this vein is 
technically simple and the success rate is high. Cannulation of the ves-
sel should be done about 1 to 2 cm below the inguinal ligament. The 
vein typically lies medial to the artery. The older literature reported a 
high rate of catheter sepsis and thrombophlebitis with this approach. 
Although the incidence of complications is likely reduced with asep-
tic technique, disposable catheter kits, and improved catheter technol-
ogy, femoral catheterization is not recommended in elective central 
venous catheterization when other sites are practical as part of multi-
disciplinary efforts to reduce central catheter-associated bloodstream 
infections.163–165 In patients with SVC obstruction, the femoral vein is 
necessary for intravenous access and to obtain a true CVP measure-
ment. The catheter should be long enough so that the tip lies within the 
mediastinal portion of the inferior vena cava.

Indications
CVP monitoring is often performed to obtain an indication of intra-
vascular volume status. The accuracy and reliability of CVP monitor-
ing depend on many factors, including the functional status of the right 
and left ventricles, the presence of pulmonary disease, and ventilatory 
factors, such as PEEP. The CVP may reflect left-heart filling pressures, 
but only in patients with good LV function. Perioperative indications 
for the insertion of a central venous catheter are listed in Box 14-7.

The CVP should be monitored in all patients during CPB. When 
the catheter tip is in the SVC, it indicates right atrial pressure and cere-
bral venous pressure. Significant increases in CVP can produce criti-
cal decreases in cerebral perfusion pressure. This is occasionally caused 

by a malpositioned SVC cannula during CPB and must be corrected 
immediately by the surgeon to avoid cerebral edema and poor cere-
bral perfusion. Artifactually increased CVP readings can be seen with 
bicaval CPB venous cannulation (tip of CVP or PAC compressed next 
to fixated SVC cannula), and/or excessive vacuum use on CPB. In those 
instances, the pressure transducer should be connected to the most 
proximal catheter tip such as the introducer side-port instead.

Contraindications
Absolute Contraindications
The SVC syndrome is a contraindication to placing a CVP catheter in 
the jugular veins, subclavian veins, or the upper extremities. Venous 
pressures in the head and upper extremities are increased by the SVC 
obstruction and do not reflect right atrial pressure. Medications that 
are administered into the obstructed venous circulation reach the cen-
tral circulation by collateral vessels in a delayed fashion. Rapid fluid 
administration into the obstructed venous circulation may exacerbate 
the increased venous pressures and cause more pronounced edema. 
The mild SVC syndrome seen with some ascending aortic aneurysms, 
however, does not represent a contraindication to central venous 
 cannulation of the upper body.

Relative Contraindications
Coagulopathies predispose to hemorrhagic complications of CVP place-
ment, such as airway obstruction from a neck hematoma, hemotho-
rax, or hematoma collection with subsequent infection. Newly inserted 
pacemaker and/or implantable cardioverter/defibrillator wires may be 
dislodged during the insertion of CVP catheters. This could result in 
severe arrhythmias, especially if the patient is pacemaker dependent. In 
general, it is preferable to wait 4 to 6 weeks before placing a central cath-
eter in a patient with newly inserted pacemaker/defibrillator wires.

Complications
The complications of central venous cannulation can be divided into 
three categories: complications of vascular access, complications of 
catheter insertion, or complications of catheter presence. These are 
summarized in Box 14-8, and specific information regarding several of 
the complications is detailed in this section.

Inadvertent arterial puncture during central venous cannulation 
is not uncommon.166,167 The two main reasons why this phenomenon 
occurs are that all veins commonly used for cannulation lie in close 
proximity to arteries (except the EJV and cephalic) and that the venous 
anatomy is quite variable. Localized hematoma formation is the usual 
consequence. This may be minimized if a small-gauge needle is initially 
used to localize the vein or ultrasonic guidance is used.

BOX 14-7. INDICATIONS FOR CENTRAL VENOUS 
CATHETER PLACEMENT
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If the arterial puncture is large, direct pressure may be difficult to 
apply secondary to the location of the artery. If the patient has a coagu-
lopathy, a massive hematoma may form. In the neck, this may lead to 
airway obstruction requiring urgent tracheal intubation. In the arm 
or leg, venous obstruction may occur. If the artery is cannulated with 
a large-bore catheter, a surgical consultation may be required before 
its removal. Reports about successful percutaneous repair of inad-
vertent arterial injuries after central venous cannulation have been 
published.168,169

Arteriovenous fistulas from the carotid artery to the IJV also have 
been reported after central venous cannulation.170,171 Hemothorax may 
occur if the subclavian artery is lacerated during cannulation attempts. 
Symptoms of hypovolemia may predominate because of the large 
capacity of the pleural cavity.172

Injury to the thoracic duct resulting in chylothorax has been 
reported after left IJV and left subclavian vein cannulation.173,174 Fear of 
this complication is one of the major reasons for selecting right-sided 
IJV and subclavian approaches for central venous cannulation. This is 
a serious problem that may require surgical treatment.175

If the pleural cavity is entered and lung tissue is punctured during a 
cannulation attempt, a pneumothorax may result. Tension pneumotho-
rax is possible if air continues to accumulate because of a “ball-valve” 
effect. Pneumothorax is most common with subclavian punctures and 
occurs only rarely with IJV cannulation.176,177

The brachial plexus, stellate ganglion, and phrenic nerve all lie in 
close proximity to the IJV. These structures may be injured during can-
nulation attempts. Paresthesias of the brachial plexus are not uncom-
mon during attempts to localize the IJV. Direct needle trauma is the 
most likely cause of paresthesias or motor deficits, and this risk is some-
what increased by the long-beveled needles used for vascular access.178,179 
Transient deficits may result from the deposition of local anesthetic in 
the brachial plexus, stellate ganglion, or cervical plexus. A large hema-
toma or pseudoaneurysm could result in nerve injury after an inad-
vertent arterial puncture.180 Horner's syndrome has also been reported 
after IJV cannulation.181

Venous air embolism is a potentially fatal complication that can 
occur when there is negative pressure in the venous system. Paradoxic 
embolization is a risk if there is a patent foramen ovale or another 
intracardiac defect, such as an atrial or ventricular septal defect. During 
central venous cannulation, air embolism usually can be prevented 
with positional maneuvers, such as the Trendelenburg position, which 
increase the venous pressure in the vessel. Once the CVP catheter has 
been placed, it is important to assure that the catheter is firmly attached 
to its connecting tubing. Air embolism may even occur after the cath-
eter has been removed, if the subcutaneous tract persists.182

The diagnosis of venous air embolism is likely when there is a sud-
den onset of tachycardia associated with pulmonary hypertension and 
systemic hypotension. A new murmur may be heard because of turbu-
lent flow in the RV outflow tract. 2D echocardiography (transesopha-
geal or transthoracic) and precordial Doppler probe monitoring are 
highly sensitive methods of detecting air embolism. Venous air embo-
lism is most effectively treated by aspirating the air by a catheter posi-
tioned at the SVC-RA junction. An older (and probably less effective) 
method involves turning the patient to the left lateral decubitus posi-
tion to move the embolus out of the RV outflow tract.

Catheter or guidewire fragments may be sheared off by the insert-
ing needle and embolize to the right heart and pulmonary circulation 
when catheter-through-needle or Seldinger-type cannulation kits are 
used. It is also possible to lose a guidewire within the patient by not 
withdrawing a sufficient length of the wire to grasp it at the external 
end before inserting the catheter.183 The catheter fragment position 
within the right-sided circulation will determine whether surgery or 
percutaneous transvenous techniques are necessary for its removal.184

These problems can almost always be avoided using proper tech-
nique. A catheter must never be withdrawn through the inserting 
needle. Reinsertion of needles into standard (catheter-over-needle) 
intravenous cannulae cannot be recommended but should certainly 
never be performed if the cannula is kinked or resistance is encoun-
tered. Similarly, guidewires should not be inserted through cannu-
lae if blood return is not present or forcefully inserted if resistance is 
encountered. In addition, guidewires should not be withdrawn through 
inserting needles. During unsuccessful catheterization, the needle and 
catheter or needle and guidewire must be withdrawn simultaneously.

If right atrial or RV perforation occurs during central venous cannu-
lation, pericardial effusion or tamponade may result. The likelihood of 
this complication is increased when inflexible guidewires, long dilators, 
or catheters are used. This complication also has been reported with 
the use of an indwelling polyethylene catheter.185 In an in vitro model, 
Gravenstein et al186 evaluated the perforating aspects of central venous 
catheters. An angle of incidence less than 40 degrees, single- orifice 
catheters, polyurethane catheters, silicone rubber, and pigtail-tip cath-
eters all significantly decreased the risk for perforation compared with 
conventional catheters.

Oropello et al187 suggested that the dilators used in many of the cen-
tral venous catheter kits may be a major cause of vessel perforation. 
They believe that the dilator may bend the guidewire, creating its own 
path, causing it to perforate a vessel wall. Several kits have dilators that 
are much longer than the catheters, and they constitute a further risk 
factor for possible perforation of the heart or vessels.

The physiology of fluid accumulation in the pericardial sac is such 
that sudden cardiovascular collapse occurs once a critical volume has 
been reached. This is explained by the compliance curve of the normal 
pericardium. The curve is flat until the critical volume is reached and 
then rises steeply with any further increment in volume. If pericardial 
tamponade is imminent, immediate pericardiocentesis is indicated. 
A long needle attached to a syringe is directed through the skin at the 
junction of the xiphoid process and the sternum on the left side, and 
directed toward the left shoulder. The needle is advanced while suction 
is maintained with the syringe until free-flowing blood is obtained. US 
guidance is often used. An ECG electrode can show an injury  current 
(e.g., ST-segment elevation) when the needle is in contact with the 
myocardium. Withdrawal of small volumes of blood results in marked 
hemodynamic improvement because of the nature of pericardial com-
pliance (see Chapter 22).

If the catheter tip is placed extravascularly in the pleural cavity or 
erodes into this position, the fluid that is infused into the catheter will 
accumulate in the pleural cavity (hydrothorax). The diagnosis is made 
by auscultation, percussion, and radiography of the chest. A pleuro-
centesis or thoracostomy (chest) tube might be necessary, and surgical 
consultation may be required.

Transient atrial and ventricular arrhythmias commonly occur as 
the guidewire is passed into the RA or right ventricle during central 
venous cannulation using the Seldinger technique. This most likely 

BOX 14-8. COMPLICATIONS OF CENTRAL 
VENOUS CATHETERIZATION

Complications of Central Venous Access and Cannulation

Complications of Catheter Presence
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results from the relatively inflexible guidewire causing extrasystoles as 
it contacts the endocardium. Ventricular fibrillation during guidewire 
insertion has been reported.188 The same investigators reported a 70% 
reduction in the incidence of arrhythmias when guidewire insertion 
was limited to 22 cm.

There are also reports of complete heart block caused by guide-
wire insertion during central venous cannulation.189 These cases can 
be successfully managed using a temporary transvenous or external 
pacemaker. This complication previously has been reported with pul-
monary artery catheterization. The problem most likely resulted from 
excessive insertion of the guidewire, with impingement of the wire 
in the region of the right bundle branch. It is recommended that the 
length of guidewire insertion be limited to the length necessary to reach 
the SVC-RA junction to avoid these complications. It is also imperative 
to monitor the patient appropriately (e.g., ECG and pulse monitoring), 
and to have resuscitative drugs and equipment immediately available 
when performing central venous catheterization.

Strict aseptic technique is required to minimize catheter-related 
infections. Full barrier precautions during insertion of central venous 
catheters have been shown to decrease the incidence of catheter-related 
infections.74,190 Subcutaneous tunneling of central venous catheters 
inserted into the internal jugular and femoral veins,191,192 antiseptic 
barrier-protected hub for central venous catheters,193 and antiseptic/
antibiotic-impregnated short-term central venous catheters194,195 have 
been shown to reduce catheter-related infections.196 It is well estab-
lished that 2% chlorhexidine is now the standard skin preparation for 
skin antisepsis (except in neonates and infants) and is associated with a 
reduced risk for catheter-related infections, despite studies suggesting 
that povidone-iodine solution was equally effective.197–200 Hospital pol-
icies differ with respect to the permissible duration of catheterization 
at particular sites, but routine replacement of central venous catheters 
to prevent catheter-related infections is not recommended.201,202

PULMONARY ARTERIAL PRESSURE 
MONITORING
The introduction of the flow-directed PAC was a quantum advance 
in the monitoring of patients in the perioperative period. Since the 
1970s, its use has increased the amount of diagnostic information 
that can be obtained at the bedside to guide treatment in critically 
ill patients.203 It is impressive to observe large changes in the pulmo-
nary artery pressure (PAP) and PCWP with almost no reflection in 
the CVP. Connors et al204 prospectively analyzed 62 consecutive pul-
monary artery catheterizations. They found that less than half of a 
group of clinicians correctly predicted the PCWP or CO, and more 
than 50% made at least one change in therapy based on data from 
the PAC. Waller and Kaplan205 demonstrated that a group of expe-
rienced cardiac anesthesiologists and surgeons who were blinded to 
the information from the PAC during coronary artery bypass grafting 
(CABG) surgery were unaware of any problem during 65% of severe 
hemodynamic abnormalities. Similarly, Iberti and Fisher206 showed 
that ICU physicians were unable to accurately predict hemodynamic 
data on clinical grounds, and that 60% made at least one change in 
therapy and 33% changed their diagnosis based on PAC data. These 
data are impressive, but the clinical significance of these changes has 
been questioned because the weight of evidence-based medicine on 
the subject does not support improvements in outcome related to PAC 
monitoring.

In 1996, Connors et al207 published the results of a large, prospec-
tive cohort study with data collected from five U.S. teaching hospitals 
between 1989 and 1994. They enrolled 5735 critically ill adult patients 
in ICU settings and found that right-heart catheterization was associ-
ated with increased mortality in this patient population. In the wake 
of this publication and the increasing evidence from further studies, 
most of which confirmed those findings, the use of the PAC has signifi-
cantly decreased. Between 1993 and 2004, PAC use in the United States 
decreased by 65% for all medical admissions.208 The most significant 

decrease in PAC use was documented in patients with acute myocardial 
infarction, whereas those patients diagnosed with septicemia show the 
least decline in use. These findings were almost identical to the surgi-
cal patient population, in which the PAC use decreased by 63% in the 
same observed period. In another retrospective analysis, PAC use in 
patients hospitalized with acute coronary syndromes decreased from 
5.4% in 2000 to 3.0% in 2007.209 Leibowitz and Orapello210 published 
data on PAC use in patients admitted to a surgical ICU (approximately 
600 perioperative patients admitted per year) over an 8-year period. 
The number of PACs inserted decreased significantly from 23% of all 
admissions having a PAC inserted in 2000 to less than 2% in 2006. The 
patient risk profile (Acute Physiology and Chronic Health Evaluation 
[APACHE] II score) did not change, whereas hospital and ICU mor-
tality in that patient population was slightly reduced in the observed 
period (Figure 14-19).

The incidence of right-heart (PAC) catheterization is highly vari-
able among hospitals and within hospitals, according to service. 
Nevertheless, with the high incidence of multisystem organ dysfunc-
tion in cardiac surgical patients, PAC monitoring is likely to remain a 
prominent aspect of hemodynamic monitoring in many cardiac surgi-
cal centers for the foreseeable future. An understanding of the potential 
benefits and pitfalls of pulmonary artery catheterization is therefore 
essential for anesthesiologists.

Technical Aspects of Pulmonary Artery 
Catheter Use
Considerations for the insertion site of a PAC are the same as for CVP 
catheters. The right IJV approach remains the technique of choice 
because of the direct path between this vessel and the RA. The place-
ment of PACs through subclavian vein introducers may be complicated 
by kinking of the catheter when the sternum is retracted during cardio-
thoracic surgery. Forty-five percent of PACs placed through subclavian 
catheters became kinked and remained permanently nonfunctional 
after sternal retraction.211

Passage of the PAC from the vessel introducer to the PA can be 
accomplished by monitoring the pressure waveform from the distal 
port of the catheter or under fluoroscopic guidance. Waveform mon-
itoring is the more common technique for perioperative right-heart 
catheterization. First, the catheter must be advanced through the vessel 
introducer (15 to 20 cm) before inflating the balloon. The inflation of 
the balloon facilitates further advancement of the catheter through the 
RA and right ventricle (RV) into the pulmonary artery (PA). Normal 
intracardiac pressures are listed in Table 14-1. The pressure waveforms 
seen during advancement of the PAC are shown in Figure 14-20.
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Figure 14-19 Annual decrease in pulmonary artery catheter (PAC) use 
with stable risk scoring and mildly decreased mortality in one intensive 
care unit over an 8-year period. (From Leibowitz AB, Oropello JM: The 
pulmonary artery in anesthesia practice in 2007: An historical overview 
with emphasis on the past 6 years, Semin Cardiothorac Vasc Anesth 
11:162–176, 2007, by permission.)
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In patients with prior TV ring annuloplasty, significant TR, and 
tricuspid stenosis, advancing the catheter past the TV may be cum-
bersome or even impossible. Catheter manipulation and positional 
changes may be useful. Trendelenburg positioning places the RV 
more superior to the RA and thus may aid in advancing the PAC 
past the TV. TEE guidance can prove invaluable in these cases. The 
experienced echocardiographer can assist in guiding the catheter tip 
toward the TV orifice by directing catheter and positional manipula-
tions. The RA waveform is seen until the catheter tip crosses the TV 
and enters the RV. In the RV, there is a sudden increase in systolic 
pressure but little change in diastolic pressure compared with the RA 
tracing. Arrhythmias, particularly premature ventricular complexes, 
usually occur at this point but almost always resolve without treat-
ment once the catheter tip has crossed the pulmonary valve. The cath-
eter is advanced through the RV toward the pulmonary artery. Reverse 
Trendelenburg and right lateral tilt minimize arrhythmias and facili-
tate catheter passage through the RV outflow tract and pulmonary 
valve into the PA.212

As the catheter crosses the pulmonary valve, a dicrotic notch appears 
in the pressure waveform and there is a sudden increase in diastolic 
pressure. The PCWP tracing is obtained by advancing the catheter 
approximately 3 to 5 cm farther until there is a change in the waveform 
associated with a decline in the measured mean pressure. Deflation of 
the balloon results in reappearance of the pulmonary artery waveform 
and an increase in the mean pressure value. With the right IJV approach, 
the RA is entered at 25 to 35 cm, the RV at 35 to 45 cm, the PA at 45 to 
55 cm, and the PCWP at 50 to 60 cm in most patients.

If the catheter does not enter the PA by 60 cm (from the RIJ 
approach), the balloon should be deflated and the catheter should 
be withdrawn into the RA. Further attempts can then be made to 
advance the catheter into proper position using the techniques 
described earlier. Excessive coiling of the catheter in the RA or RV 
should be avoided to prevent catheter knotting. The balloon should 

be inflated only for short periods to measure the PCWP. The PA 
 waveform should be monitored continually to be certain that the 
catheter does not advance into a constant wedge position because this 
may lead to PA rupture or  pulmonary infarction. The PAC is covered 
by a sterile sheath that must be secured at both ends to prevent con-
tamination of the external portion of the catheter. Not infrequently, 
the PAC must be withdrawn a short distance because the catheter 
softens and advances more peripherally into the PA over time. The 
PAC must frequently be withdrawn on CPB because of the decreased 
size of the heart causing the same effect.

The PCWP waveform is analogous to the CVP waveform described 
previously. The A, C, and V waves seen when the PAC balloon is inflated 
(pulmonary capillary wedge position) are similarly timed in the cardiac 
cycle. Large V waves can be seen on the PCWP waveform during mitral 
regurgitation, LV diastolic noncompliance, and episodes of myocardial 
ischemia.213 They also are seen on the PA waveform (PAC not wedged) 
as large (“giant”) V waves that occur slightly later than the typical 
upstroke on the PA tracing.214 The V waves cause the PA waveform to 
become wider and to lose the dicrotic notch (Figure 14-21). The cause 
of large V waves during myocardial ischemia is probably a decrease in 
diastolic ventricular compliance and/or mitral regurgitation induced 
by  ischemic papillary muscle dysfunction. In this instance, the V waves 
may occur earlier during the onset of the C wave (seen with onset of 
ventricular contraction) and are termed C-V waves. As mentioned ear-
lier, V waves frequently are seen without ischemia, and the diagnostic 
value of V waves is, therefore, limited, especially in the era of TEE.215,216

Specific information that can be gathered with the PAC and the 
quantitative measurements of cardiovascular and pulmonary function 
that can be derived from this information are listed in Tables 14-2 and 
14-3. One of the main reasons that clinicians measure PCWP and pul-
monary artery diastolic pressure is that these parameters are estimates 
of LAP, which is an estimate of left ventricular end-diastolic pressure 
(LVEDP). LVEDP is an index of left ventricular end-diastolic volume 
(LVEDV), which correlates well with left ventricular preload.217 The 
relation between LVEDP and LVEDV is described by the left ventricu-
lar compliance curve. This nonlinear curve is affected by many factors, 
such as ventricular hypertrophy and myocardial ischemia.218–220 The 
relation of these parameters is diagrammed in Figure 14-22.

The PCWP and pulmonary artery diastolic pressures will not accu-
rately reflect LVEDP in the presence of incorrect position of the PAC 
catheter tip, pulmonary vascular disease, high levels of PEEP, or mitral 
valvular disease. The patency of vascular channels between the  distal 

Normal Intracardiac Pressures

Location Mean (mm Hg) Range (mm Hg)

Right atrium 5 1–10
Right ventricle 25/5 15–30/0–8
Pulmonary arterial systolic/diastolic 23/9 15–30/5–15
Mean pulmonary arterial 15 10–20
Pulmonary capillary wedge pressure 10 5–15
Left atrial pressure 8 4–12
Left ventricular end-diastolic pressure 8 4–12
Left ventricular systolic pressure 130 90–140

TABLE  
14-1

RA RV PA PCW

Figure 14-20 The waveforms encountered during the flotation of a 
pulmonary artery catheter from the venous circulation to the pulmo-
nary capillary wedge (PCW) position. Notice the sudden increase in sys-
tolic pressure as the catheter enters the right ventricle (RV), the sudden 
increase in diastolic pressure as the catheter enters the pulmonary artery 
(PA), and the decrease in mean pressure as the catheter reaches the 
PCW position. RA, right atrium.
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Figure 14-21 The relation of the systemic arterial waveform, the pul-
monary arterial (PA) waveform, and the pulmonary capillary wedge 
(PCW) waveform in the normal situation (A) and in the presence of V 
waves (B). Note the widening of the PA waveform and the loss of the 
dicrotic notch in the presence of V waves. Also note that the peak of the 
V wave occurs after the peak of the systemic arterial waveform.
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port of the PAC and the LA is necessary to ensure a close relation 
between the PCWP and LAP. This condition is met only in the depen-
dent portions of the lung (West's zone III), in which the pulmonary 
venous pressure exceeds the alveolar pressure.221 Otherwise, the PCWP 
will reflect the alveolar pressure, not the LAP. Because PEEP decreases 

the size of West's zone III, it has been shown to adversely affect the 
correlation between the PCWP and LAP, especially in the patient with 
hypovolemia.222–224 Nevertheless, the correlation of PCWP and LAP 
could be maintained in the presence of PEEP by placing the catheter 
tip below the LA.222,225

The acute respiratory distress syndrome (ARDS) seems to prevent the 
transmission of increased alveolar pressure to the pulmonary interstitium. 
This preserves the relation between the PCWP and LAP even when PEEP 
levels up to 20 cm H

2
O are applied.226 Determination of the PCWP in 

patients on positive pressure ventilation, and especially those treated with 
high levels of PEEP, is particularly difficult. The most important concept 
is that PCWP should always be determined at end- expiration; this is the 
case in spontaneously breathing patients and those on mechanical venti-
lation. In patients on high levels of PEEP, it is not clear what percentage 
of the increased intrathoracic pressure is actually transmitted to the cath-
eter tip, and furthermore, how that pressure reflects the true intravascular 
filling pressure and, by extension, estimation of the LVEDV. Temporary 
removal of high levels of PEEP (e.g., >10 mm Hg) is discouraged because 
rapid reduction in the functional residual capacity (FRC) and associated 
lung atelectasis might have acute adverse respiratory consequences.

Significant valvular disease greatly increases the difficulty in cor-
rectly interpreting the PCWP. The presence of large V waves in the 
PCWP tracing of patients with mitral regurgitation leads to an overes-
timation of the LVEDP.227 In patients with mitral stenosis, PCWP will 
be increased despite decreased LV preload (LVEDV), and using the 
PCWP instead of the LAP to assess the transmitral gradient has been 
shown to overestimate the severity of mitral stenosis.228 However, when 
the PCWP was adjusted for the time delay through the pulmonary vas-
culature, the mean LAP and mean PCWP correlated well in another 
study.229 Significant aortic regurgitation will lead to premature MV 
closure and, thus, LVEDV will be underestimated. It has been demon-
strated that there is a significant positive gradient between the PCWP 
and the LAP in the initial hour after CPB.230 Box 14-9 is a summary 
of conditions that may alter the relation between the PCWP and the 
LVEDP. Special-purpose PACs for continuous CO, continuous mixed 
venous oximetry (Svo

2
), pacing, and thermodilution right ventricular 

ejection fraction are also available and are described later.

Clinical Efficacy of Pulmonary Artery 
Catheter Use
Several large studies have addressed the controversies regarding the 
indications, risks, and benefits associated with PAC monitoring after 
the publication of Connor's findings207 that PAC use may be  harmful. 
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Figure 14-22 The left ventricular end-diastolic volume (LVEDV) is 
related to left ventricular end-diastolic pressure (LVEDP) by the left ven-
tricular compliance. The LVEDP is related to the left atrial pressure (LAP) 
by the diastolic pressure gradient across the mitral valve. The pulmonary 
capillary wedge pressure (PCWP) is related to the LAP by the pulmonary 
capillary resistance. The pulmonary artery diastolic pressure (PAD) is an 
estimate of the PCWP. The central venous pressure (CVP) will reflect the 
PAD if right ventricular function is normal.

Hb, hemoglobin; Pco
2
, pulmonary capillary oxygen tension; Pvo

2
, venous oxygen tension; 

Sco
2
, pulmonary capillary oxygen saturation; Svo

2
, venous oxygen saturation.

From McGrath R: Invasive bedside hemodynamic monitoring. Prog Cardiovasc Dis 29:129, 1986.

Oxygen Delivery Parameters

Formula Normal Values

Arterial O
2
 content

Cao
2
  (1.39*Hb*Sao

2
)  (0.0031*Pao

2
) 18–20 mL/dL

Mixed venous O
2
 content

Cvo
2
  1.39*Hb*Svo

2
  0.0031*Pvo

2
13–16 mL/dL

Arteriovenous O
2
 content difference

avdo
2
  Cao

2
 − Cvo

2
4–5.5 mL/dL

Pulmonary capillary O
2
 content

Cco
2
  1.39*Hb*Sco

2
  0.0031*Pco

2
19–21 mL/dL

Pulmonary shunt fraction
Qs/Qt  100*(Cco

2
 − Cao

2
)/(Cco

2
 − Cvo

2
) 2–8%

O
2
 delivery

DO
2
  10*CO*Cao

2
800–1100 mL/min

O
2
 consumption

Vo
2
  10*CO*(Cao

2
 − Cvo

2
) 150–300 mL/min

TABLE  
14-3

Derived Hemodynamic Parameters

Formula Normal Values

Cardiac index
CI  CO/BSA

2.8–4.2 L/min/m2

Stroke volume
SV  CO*1000/HR

50–110 mL (per beat)

Stroke index
SI  SV/BSA

30–65 mL/beat/m2

Left ventricular stroke work index
LVSWI  1.36*(MAP − PCWP)*SI/100

45–60 gram-meters/m2

Right ventricular stroke work index
RVSWI  1.36*(MPAP − CVP)*SI/100

5–10 gram-meters/m2

Systemic vascular resistance
SVR  (MAP − CVP)*80/CO

900–1400 dynes.sec.cm-5

Systemic vascular resistance index
SVRI  (MAP − CVP)*80/CI

1500–2400 dynes.sec.cm-5/m2

Pulmonary vascular resistance
PVR  (MPAP − PCWP)*80/CO

150–250 dynes.sec.cm-5

Pulmonary vascular resistance index
PVRI  (MPAP − PCWP)*80/CI

250–400 dynes.sec.cm-5/m2

TABLE  
14-2

BSA, body surface area; CI, cardiac index; CO, cardiac output; CVP, central venous 
pressure; HR, heart rate; LVSWI, left ventricular stroke work index; MAP, mean 
arterial pressure; PAP, pulmonary arterial pressure; PCWP, pulmonary capillary wedge 
pressure; PVR, pulmonary vascular resistance; PVRI, pulmonary vascular resistance 
index; RVSWI, right ventricular stroke work index; SI, stroke index; SV, stroke volume; 
SVR, systemic vascular resistance; SVRI, systemic vascular resistance index.

BOX 14-9. CONDITIONS RESULTING IN 
DISCREPANCIES BETWEEN PULMONARY 
CAPILLARY WEDGE PRESSURE AND LEFT 
VENTRICULAR END-DIASTOLIC PRESSURE

PCWP > LVEDP

PCWP < LVEDP

Cardiothorac Vasc Anesth Update
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However, as more studies have been published, there is convincing 
 evidence that PACs have little positive impact on patient outcomes.231–234 
Adjusting for the severity of illness, Murdoch et al235 found that the 
use of the PAC in ICU patients was safe, but no beneficial effect was 
demonstrated. In 2001, Polanczyk et al236 published the results of an 
observational study on 4059 patients undergoing major elective non-
cardiac surgical procedures, examining the relation between PACs and 
postoperative cardiac complications. Right-heart catheterization was 
associated with an increased incidence of major postoperative cardiac 
events. Barone et al's237 meta-analysis asserted that only four prospec-
tive studies were adequately randomized, and that the use of the PAC 
did not improve outcome in vascular surgery patients. Rhodes et al's238 
prospective, randomized study found no significant difference in mor-
tality in critically ill patients treated with or without the use of a PAC.

Sandham et al239 reported a prospective, randomized, controlled 
outcome study of 1994 high-risk patients (American Society of Anes-
thesiologists [ASA] III or IV) scheduled for major surgery followed by 
ICU stay who were managed with or without the use of a PAC. No ben-
efit to therapy directed by PAC compared with standard care (without 
the use of PAC) was found, with a greater risk for adverse events in the 
PAC group. Yu et al240 performed a prospective cohort study of the rela-
tion between PAC use and outcome in 1010 patients with severe sepsis. 
PAC monitoring did not improve outcome in this patient population. 
Outcomes of patients with shock and ARDS also were not affected by 
PAC placement in a multicenter, randomized, controlled trial.241 Sakr 
et al looked at outcomes related to PAC use in 3147 adult patients 
admitted to an ICU; this was a subanalysis of a large, multicenter, pro-
spective, observational study designed to evaluate the epidemiology of 
sepsis in European countries.242 After propensity score matching, there 
was no significant difference in outcome with or without PAC place-
ment. Interestingly, significant differences in PAC use were reported 
between the various participating countries.

The ESCAPE trial (Evaluation Study of Congestive heart failure And 
Pulmonary artery catheterization Effectiveness)243 included patients 
with symptoms of severe heart failure. This multicenter, randomized, 
controlled trial enrolled 433 patients at 26 sites but had no specific 
treatment algorithm. However, the use of inotropes was discouraged, 
and investigators were asked to follow national guidelines for treat-
ment of heart failure, which promote the use of diuretics and vasodila-
tors. The target in both groups was improvement of clinical symptoms 
of heart failure. In the PAC group, there was an additional target of a 
PCWP of 15 mm Hg and a CVP of 8 mm Hg. Overall, mortality did not 
differ between groups; however, more adverse events were recorded in 
the PAC group. Exercise and quality-of-life measures improved in both 
groups, and the investigators reported a statistically insignificant trend 
toward greater improvement with PAC use.

The PAC-Man study was a randomized, controlled trial that enrolled 
1041 patients from 65 ICUs throughout the United Kingdom.244 
Patients were randomly assigned to management with or without 
PAC placement. Treatment in both arms of the study was at the dis-
cretion of the treating clinician. Neither benefit nor harm related to 
PAC use was found. Two randomized, controlled studies did not show 
improved patient outcomes with PAC use in patients with ARDS.241,245 
Randomized trials including patients with acute myocardial infarc-
tion also seemed to confirm these data.246,247 Cohen et al248 retrospec-
tively studied 26,437 patients with acute coronary syndromes. A PAC 
was inserted in 2.8% of patients. In the United States, patients were 3.8 
times more likely to have a PAC placed than non-US patients. After 
adjustment for confounding factors, PAC use was associated with a 2.6-
fold increase in hospital mortality. The subset of patients who experi-
enced development of cardiogenic shock had similar outcomes both 
with and without PAC use.

Schwann et al249 retrospectively assessed the outcome of 2685 
patients undergoing CABG in whom the decision to place a PAC was 
based on patient characteristics and risk factors. Using a highly selec-
tive strategy, they used no PAC in the majority of cases (91%) and 
the outcomes were comparable. In another retrospective trial, Ramsey 
et al250 found that PACs in elective CABG surgery were associated with 
increased in-hospital mortality, longer lengths of stay, and greater 

total costs. This effect was more pronounced in those hospital settings 
with low overall PAC use. Resano et al251 looked at PAC use compared 
with CVP monitoring in patients undergoing off-pump coronary 
artery bypass surgery and found no difference in outcome. In a pro-
spective, observational study, Djaiani et al252 observed 200 consecu-
tive patients undergoing CABG surgery where PACs were placed, but 
the numerical data other than CVP were blinded to the surgeon and 
anesthesiologist. Patients were managed as per routine, and data could 
be unblinded if required clinically. Twenty three percent of patients 
required unblinding of data; within this subgroup, preliminary diag-
nosis was confirmed in 14% and treatment was modified in 9%. The 
patients in the unblinded group went on to experience further mor-
bidity. The investigators concluded that placement of a PAC can be 
safely delayed until the clinical need arises either intraoperatively or 
in the ICU.

A major issue with PAC outcome studies is the clinical setting, 
specifically operating room versus ICU. Haupt et al253 observed that 
patients in the ICU might have diseases too far advanced to make 
invasive hemodynamic monitoring useful. Older studies that had 
reported improved outcome used invasive hemodynamic monitor-
ing to optimize oxygen delivery in the perioperative period.254–257 In 
their meta- analysis, Heyland et al258 similarly argued that “maximiz-
ing oxygen delivery” in the perioperative setting (i.e., before the onset 
of irreversible organ damage) is more effective in comparison with 
the chronic ICU setting. Based on the intention-to-treat analysis of 
patients with preoperative PAC placement, they reported improved 
survival. Chittock et al259 demonstrated that severity of illness may 
play an important role in defining subgroups of patients who may 
benefit from PAC monitoring. Of 7310 critically ill adult patients 
admitted to the ICU, those with APACHE II scores greater than 31 
showed decreased mortality with PAC monitoring, whereas patients 
with lower APACHE II scores had increased mortality. Another meta-
analysis by Ivanov et al260 showed a significant reduction in morbidity 
when PAC-guided strategies were applied. In a prospective, random-
ized trial, Pölönen et al261 applied goal-directed, PAC-guided therapy 
aimed to maintain a mixed venous saturation greater than 70% and 
blood lactate less than 2 mmol/L in patients after cardiac surgery. 
Using this strategy, they found that increasing oxygen delivery in the 
immediate postoperative period shortened hospital stay and decreased 
morbidity. In a retrospective database analysis (National Trauma Data 
Bank, 53,312 patients enrolled) of trauma patients admitted to an 
ICU, severely injured and older patients had decreased  mortality asso-
ciated with PAC use.262

There may be various explanations as to why most findings do not 
favor PAC use. Placing a PAC is a highly invasive procedure. Vascular 
structures are accessed with large-bore introducer sheaths with all 
the possible complications listed. Most importantly, even in the best 
of all circumstances, with uncomplicated PAC placement and correct 
data collection and interpretation, it has to be recognized that a PAC 
is only a monitoring tool. As such, a change in patient outcome can-
not be expected unless the treatment that is initiated based on the PAC 
measurements improves patient outcome. In some of the most criti-
cally ill patients, such as those with sepsis, ARDS, or massive trauma, 
mortality remains high despite efforts to find new treatment strategies. 
Furthermore, diagnoses often can be made on clinical grounds only, 
and treatment strategies once thought to improve patient outcome 
actually may be harmful.

Despite the large number of studies regarding PACs and outcome, 
flaws in study design and insufficient statistical power are still an issue. 
The most common design flaws are a lack of therapeutic protocols or 
treatment algorithms and inadequate randomization, which introduce 
observer bias.263 Physician knowledge is another confounding variable, 
as demonstrated in a multicenter study that indicated competency in 
interpreting PAC-derived data was lacking in many individuals and 
depended on such factors as the level of training and the frequency of 
use.264 In one study, 47% of physicians could not correctly determine 
the PCWP to within 5 mm Hg.265

In summary, there are no convincing data showing improved out-
comes in patients undergoing cardiac surgery with PAC placement 
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compared with CVP monitoring alone.266 The perioperative literature 
on the subject suggests that PAC use in patients undergoing low-risk 
cardiac surgery may be harmful.267 Clinical evidence gained from the 
majority of well-designed, prospective studies indicates that patients 
undergoing low-risk cardiac surgery can be managed safely without 
PAC placement. Many clinicians, however, still consider high-risk 
 cardiac surgery and, in particular, patients with right-heart failure or 
pulmonary hypertension to be indications for PAC placement.

Indications
In a global sense, the indications for using a PAC are assessing vol-
ume status, measuring CO, measuring Svo

2
, and deriving hemody-

namic parameters. In 2003, the ASA Task Force on Pulmonary Artery 
Catheterization published updated practice guidelines for pulmo-
nary artery catheterization (http://www.asahq.org/publicationsAnd-
Services/pulm_artery.pdf).268 These guidelines emphasized that the 
patient, surgery, and practice setting had to be considered when decid-
ing on the use of a PAC. Generally, the routine use of PACs is indicated 
in high-risk patients (e.g., ASA IV or V) and high-risk procedures (e.g., 
where large fluid changes or hemodynamic disturbances are expected). 
The practice setting is important because there is evidence that inad-
equate training or experience may increase the risk for perioperative 
complications associated with the use of a PAC. It is recommended that 
the routine use of a PAC should be confined to centers with adequate 
training and experience in the perioperative management of patients 
with PACs (Box 14-10). The authors of this chapter have composed a 
list of possible procedural indications (Box 14-11).

Historically, the use of the PAC contributed to the understanding 
and care of patients with cardiac disease. The risks associated with 
perioperative PAC monitoring, however, seem to outweigh the benefits 
in low-to-moderate risk patients, whereas high-risk patients undergo-
ing major surgery may benefit from right-heart catheterization.

Contraindications
Contraindications to pulmonary artery catheterization are summa-
rized in Box 14-12.

Absolute Contraindications
Contraindications to the use of a PAC include tricuspid or pulmonic 
valvular stenosis. It is unlikely that a PAC would be able to cross a 
stenotic valve, and it might worsen the obstruction to flow if it did. 
Friable right atrial or RV masses (i.e., tumor or thrombus) are abso-
lute contraindications. The catheter may dislodge a portion of the 
mass, causing pulmonary or paradoxic embolization. In patients with 
tetralogy of Fallot, the RV outflow tract is hypersensitive. A PAC could 
induce a hypercyanotic episode (“tet spell”) by eliciting spasm of the 
RV infundibulum.

Relative Contraindications
Use of a PAC may be contraindicated in patients with severe arrhyth-
mias. Transient atrial and ventricular arrhythmias are common dur-
ing PAC placement. The risk for inducing an arrhythmia in a patient 
prone to malignant arrhythmias must be weighed against the potential 
benefits of the information gained from PAC monitoring. Appropriate 
preparations must be undertaken for administration of antiarrhythmic 
drugs and cardiopulmonary resuscitation, as well as electrical cardio-
version, defibrillation, or pacing, if required.

Coagulopathy may be a relative contraindication to the use of a 
PAC. This is related to the potential complications of obtaining central 
venous access in the patient with a coagulopathy. The risk for inducing 
endobronchial hemorrhage with inadvertent migration of the PAC or 
prolonged balloon inflation may be increased.

Newly inserted pacemaker wires may be a contraindication because 
they may be displaced by the PAC during insertion or withdrawal. In 
approximately 4 to 6 weeks, the pacemaker wires become firmly embed-
ded in the endocardium and wire displacement becomes less likely.

BOX 14-11. POSSIBLE CLINICAL INDICATIONS 
FOR PULMONARY ARTERY CATHETER 
MONITORING

BOX 14-10. AMERICAN SOCIETY OF 
ANESTHESIOLOGIST PRACTICE GUIDELINES FOR 
PULMONARY ARTERY CATHETER USE

Opinions

Recommendations

Practice guidelines for pulmonary 
artery catheterization.

http://www.asahq.org/publicationsAndServices/pulm_artery.pdf
http://www.asahq.org/publicationsAndServices/pulm_artery.pdf
http://jounals.lww.com/anesthesiology/fulltext/2003/10000/Practice_Guidelines_forPicoperative.-coaspx
http://jounals.lww.com/anesthesiology/fulltext/2003/10000/Practice_Guidelines_forPicoperative.-coaspx
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Complications
The complications associated with PAC placement include almost all 
of those detailed in the section on CVP placement. Additional com-
plications that are unique to the PAC are detailed in the following sub-
sections. The ASA Task Force on Pulmonary Artery Catheterization 
concluded that serious complications caused by PAC catheterization 
occur in 0.1% to 0.5% of patients monitored with a PAC.268 Greater 
estimates are found in the literature and probably represent different 
patient populations, hospital settings, level of experience with PAC 
management, and other factors.269

Arrhythmias
The most common complications associated with PAC insertion are 
transient arrhythmias, especially premature ventricular contrac-
tions.270 However, fatal arrhythmias have rarely been reported.271,272 
Intravenous lidocaine has been used in attempts to suppress these 
arrhythmias, with mixed results.273,274 However, a positional maneuver 
entailing 5-degree head-up and right lateral tilt was associated with a 
statistically significant decrease in malignant arrhythmias (compared 
with the Trendelenburg position) during PAC insertion.212

Complete Heart Block
Complete heart block may develop during PA catheterization in 
patients with preexisting left bundle branch block (LBBB).275–277 This 
potentially fatal complication is most likely due to electrical irritability 
from the PAC tip causing transient right bundle branch block (RBBB) 
as it passes through the RV outflow tract. The incidence rate of devel-
opment of RBBB was 3% in a prospective series of patients undergoing 
PA catheterization.278 However, none of the patients with preexist-
ing LBBB developed complete heart block in that series. In another 
study of 47 patients with LBBB, complete heart block occurred in two 
patients with recent-onset LBBB.279 It is imperative to have an external 
pacemaker immediately available or to use a pacing PAC when placing 
a PAC in patients with LBBB.

Endobronchial Hemorrhage
Numerous cases of iatrogenic rupture of the PA have been recorded in 
the medical literature.280 The incidence rate of PAC-induced endobron-
chial hemorrhage is 0.064% to 0.20%.270 Hannan et al281 reported a 46% 
mortality rate in a review of 28 cases of PAC-induced endobronchial 
hemorrhage, but the mortality rate was 75% in anticoagulated patients. 
From these reports, several risk factors have emerged: advanced age, 
female sex, pulmonary hypertension, mitral stenosis, coagulopathy, 
distal placement of the catheter, and balloon hyperinflation. Balloon 
inflation in distal pulmonary arteries is probably accountable for most 
episodes of PA rupture because of the high pressures generated by the 
balloon.282 Hypothermic CPB also may increase risk because of distal 
migration of the catheter tip with movement of the heart and harden-
ing of the PAC.283,284 It is now common practice to pull the PAC back 
approximately 3 to 5 cm when CPB is instituted.

It is important to consider the cause of the hemorrhage when form-
ing a therapeutic plan. If the hemorrhage is minimal and a coagulopathy 
coexists, correction of the coagulopathy may be the only necessary ther-
apy. Protection of the uninvolved lung is of prime importance. Tilting 
the patient toward the affected side, placement of a double-lumen endo-
tracheal tube, and other lung-separation maneuvers should protect the 
contralateral lung.285 Strategies proposed to stop the hemorrhage include 
the application of PEEP, placement of bronchial blockers, and pulmo-
nary resection.286 The clinician is obviously at a disadvantage unless the 
site of hemorrhage is known. A chest radiograph will usually indicate the 
general location of the lesion. Although the cause of endobronchial hem-
orrhage may be unclear, the bleeding site must be unequivocally located 
before surgical treatment is attempted. A small amount of radiographic 
contrast dye may help to pinpoint the lesion if active hemorrhage is pres-
ent. In severe hemorrhage and with recurrent bleeding, transcatheter coil 
embolization has been used. This may emerge as the preferred treatment 
method.287,288

Pulmonary Infarction
Pulmonary infarction is a rare complication of PAC monitoring. An 
early report suggested that there was a 7.2% incidence rate of pulmo-
nary infarction with PAC use.289 However, continuously monitoring 
the PA waveform and keeping the balloon deflated when not deter-
mining the PCWP (to prevent inadvertent wedging of the catheter) 
were not standard practice at that time. Distal migration of PACs may 
also occur intraoperatively because of the action of the right ven-
tricle, uncoiling of the catheter, and softening of the catheter over 
time. Inadvertent catheter wedging occurs during CPB because of the 
diminished RV chamber size and retraction of the heart to perform 
the operation. Embolization of thrombus formed on a PAC also could 
result in pulmonary infarction.

Catheter Knotting and Entrapment
Knotting of a PAC usually occurs as a result of coiling of the cath-
eter within the right ventricle. Insertion of an appropriately sized 
guidewire under fluoroscopic guidance may aid in unknotting the 
catheter.290 Alternatively, the knot may be tightened and withdrawn 
percutaneously along with the introducer if no intracardiac structures 
are entangled.291 If cardiac structures, such as the papillary muscles, 
are entangled in the knotted catheter, then surgical intervention may 
be required.292,293 Sutures placed in the heart may inadvertently entrap 
the PAC. Reports of such cases and the details of the percutaneous 
removal have been described.294

Valvular Damage
Withdrawal of the catheter with the balloon inflated may result in 
injury to the tricuspid295 or pulmonary valves.296 Placement of the PAC 
with the balloon deflated may increase the risk for passing the catheter 
between the chordae tendineae.297 Septic endocarditis has also resulted 
from an indwelling PAC.298,299

Thrombocytopenia
Mild thrombocytopenia has been reported in dogs and humans with 
indwelling PACs.300 This probably results from increased platelet con-
sumption. Heparin-coated PACs can trigger heparin-induced throm-
bocytopenia, which has been reported in cardiac surgical patients 
(see Chapter 31).301

Thrombus Formation
The PAC is a foreign body that may serve as a nidus for thrombus for-
mation. The thrombogenicity of PACs seems to have been reduced for 
up to 72 hours after insertion by the introduction of heparin-bonded 
PACs.302,303 High-dose aprotinin therapy may lead to thrombus formation 
on PACs despite heparin bonding.304 This phenomenon also has been 
reported with -aminocaproic acid therapy.305 TEE can be an invaluable 
tool for detecting and monitoring this relatively rare complication.306

BOX 14-12. CONTRAINDICATIONS FOR 
PULMONARY ARTERY CATHETERIZATION

Absolute Contraindications

Relative Contraindications
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Incorrect Placement
The catheter may pass through an interatrial or interventricular com-
munication into the left side of the heart. It is then possible for the 
catheter to enter the aorta through the LV outflow tract. A similar com-
plication has been reported in which the catheter crossed a surgically 
repaired tear in the SVC into the left side of the heart.307 This complica-
tion should be recognized by the similarity between the PA and  systemic 
arterial waveforms. In a case report of a patient with an ascending aortic 
aneurysm, compression of the SVC by the aneurysm led to traumatic 
placement of the PAC directly into the pulmonary vein.308

Hypotension secondary to balloon inflation has been reported in a 
patient after a pneumonectomy in whom the balloon obstructed the 
pulmonary circulation.309 Venous cannula obstruction has occurred 
in patients during CPB.310–312 The temporal association with the 
abrupt loss of venous return and the negative pressure recorded on 
the distal lumen tracing are important indicators that this may be 
occurring. This stresses the importance of monitoring the pressure 
waveforms during CPB. Coronary sinus obstruction also has been 
reported from a PAC.313 Placement of the PAC in the liver has been 
described; the wedged hepatic venous pressures may mimic the PAP 
waveform.314 TEE has proved invaluable for confirming the proper 
placement of PACs. In many cases, TEE has detected incorrect place-
ment and  complications resulting from PACs.306,308

Balloon Rupture
Balloon rupture is not uncommon when the PAC has been left in 
place for several days or when the balloon is inflated with more than 
1.5 mL of air. Small volumes of air injected into the PA are of little 
consequence, and balloon rupture is apparent if the injected air can-
not be withdrawn. In patients with right-to-left shunts, carbon dioxide 
may be used for inflation. Great care must be taken not to rupture the 
 balloon in these patients, with the attendant possibility of paradoxic 
gas embolization to the systemic circulation.

Ventricular Perforation
RV perforation is a rare complication with a balloon-tipped catheter, 
but it has been reported in the literature.315

Erroneous Interpretation of Data
Malfunctions of the catheter and balloon can lead to spurious num-
bers for the PCWP and incorrect treatment of the patient. Shin et al316 
reported the problem of eccentric inflation of the balloon, with the 
catheter tip impinging on the PA wall. Several reviews have pointed 
out many of the problems with clinical use of the PAC.213,218–220,317 These 
problems include errors in interpretation because of ventilation modes 
(Figure 14-23), compliance changes, ventricular interdependence, and 
associated technical problems.

“Catheter whip” is an artifact that is associated with long catheters, 
such as PACs. Because the tip moves within the bloodstream of the car-
diac chambers and great vessels, the fluid contained within the cath-
eter is accelerated. This can produce superimposed pressure waves of 
10 mm Hg in either direction.

SPECIAL-PURPOSE PULMONARY ARTERY 
CATHETERS

Pacing Pulmonary Artery Catheters
Electrode PACs, as well as pacing wire catheters, are available com-
mercially. The possible indications for placement of a pacing PAC are 
shown in Box 14-13.

Electrode Catheters
A multipurpose PAC contains five electrodes for bipolar atrial, ven-
tricular, or atrioventricular sequential pacing. The intraoperative suc-
cess rates for atrial, ventricular, and atrioventricular sequential capture 

have been reported as 80%, 93%, and 73%, respectively.318 Electrode 
detachment has been reported as a complication.319 Recently, Levin et al 
reported use of the pacing PAC to assist management during mini-
mally invasive cardiac surgery.320

Pacing Wire Catheters
The Paceport and A-V Paceport PACs (Baxter Edwards) have lumina 
for the introduction of a ventricular wire, or both atrial and ventricular 
wires for temporary transvenous pacing. The success rate for ventricu-
lar pacing capture was 96% for the Paceport.321 The success rates for 
atrial and ventricular pacing capture before CPB were 98% and 100%, 
respectively, in a study of the A-V Paceport.322 The actual use and indi-
cations for placement of pacing PAC in a series of cardiac  surgery 
patients has been published (Table 14-4).323

Mixed Venous Oxygen Saturation 
Catheters
Monitoring the Svo

2
 is a means of providing a global estimation of the 

adequacy of oxygen delivery relative to the needs of the various tissues. 
The formula for Svo

2
 calculation can be derived by modifying the Fick 

equation and assuming that the effect of dissolved oxygen in the blood 
is negligible:

A decrease in the Svo
2
 can indicate one of the following situations: 

decreased CO; increased oxygen consumption; decreased arterial oxy-
gen saturation; or decreased hemoglobin (Hb) concentration. Blood is 
aspirated from the distal port of the PAC slowly to measure Svo

2
, so as 

not to contaminate the sample with oxygenated alveolar blood.

.
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Figure 14-23 Respiratory variation of the pulmonary capillary wedge 
pressure waveform during spontaneous and mechanical ventilation. 
Inspiration is marked by negative mediastinal pressure in the sponta-
neously breathing patient and by positive mediastinal pressure in the 
mechanically ventilated patient.

BOX 14-13. INDICATIONS FOR PERIOPERATIVE 
PLACEMENT OF PACING PULMONARY ARTERY 
CATHETERS
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The addition of fiberoptic bundles to PACs has enabled the continu-
ous monitoring of Svo

2
 using reflectance spectrophotometry. The cath-

eter is connected to a device that includes a light-emitting diode and a 
sensor to detect the light returning from the pulmonary artery. Svo

2
 is 

calculated from the differential absorption of various wavelengths of 
light by the saturated and desaturated hemoglobin.324

If it is assumed that there is constant oxygen consumption and arterial 
oxygen content, changes in Svo

2
 should reflect changes in CO. Several inves-

tigators have come to the conclusion that it provides a valuable measure 
of CO during surgery.325,326 The Svo

2
 has been shown to correlate with car-

diac index during CABG surgery when oxygen consumption is constant,325 
but not to correlate with the cardiac index when oxygen consumption is 
changing, such as during shivering after anesthesia.327 The usefulness of the 
catheter may primarily be its ability to continuously monitor the balance 
between oxygen delivery and consumption.328–331 Severe deterioration in 
the condition of critically ill patients, however, was often not predicted by 
changes in Svo

2
.332–334 London et al335 published a prospective, multicenter, 

observational study in which continuous monitoring of Svo
2
 was compared 

with standard PAC monitoring in 3265 cardiac surgical patients. They failed 
to show any improved outcome associated with the use of continuous Svo

2
 

catheters and only a small reduction in resource use.
Continuous monitoring of Svo

2
 has been complicated by artifacts 

because of the vessel wall and clot formation on the catheter with loss 
of light intensity. Varying hematocrit may also introduce error, but not 
with all systems.336 The values obtained with various fiberoptic cath-
eter systems showed good agreement with in vitro (co-oximetry) Svo

2
 

measurements.337–340

CARDIAC OUTPUT MONITORING
The CO is the amount of blood delivered to the tissues by the heart each 
minute. It is a measurement that reflects the status of the entire circula-
tory system, not just the heart, because it is governed by autoregulation 
from the tissues. The CO is equal to the product of the SV and the heart 
rate (HR). Preload, afterload, HR, and contractility are the major deter-
minants of the CO. The measurement of CO is of particular interest 
in patients with cardiac disease. This section describes methods of CO 
monitoring including thermodilution CO derived from the PAC.

Fick Method
The Fick equation is derived from the concept that oxygen con-
sumed by the tissues per unit time is equal to the amount of oxygen 
extracted per unit time from the circulation. The oxygen extracted 

from the  circulation is the product of the arteriovenous oxygen 
 content  difference and the CO:

Rearranging the equation, CO is calculated using the following 
formula:

in which CO is the cardiac output, Vo
2
 is the oxygen consumption, 

CaO
2
 is the arterial oxygen content, and CvO

2
 is the mixed venous 

 oxygen content.
In the direct Fick method, oxygen consumption is measured by 

indirect calorimetry using algorithms based on inspired and expired 
oxygen concentrations and volumes. Oxygen consumption can 
be calculated when the rate of fresh gas flow, respiratory rate, and 
change of oxygen concentration are known. Arterial oxygen content 
is measured from an arterial blood sample, and mixed venous oxygen 
content can be obtained from the PAC. Because of technical diffi-
culties, oxygen consumption in pediatric patients is commonly esti-
mated using the formulas of LaFarge and Miettinen341 with the use 
of sex, HR, and age as variables. Oxygen consumption and arterio-
venous oxygen content differences must be measured at steady state 
because the Fick principle is valid only when tissue oxygen uptake 
equals lung oxygen uptake.

The accuracy and reproducibility of the direct Fick CO technique 
have been determined in a variety of animal and human experiments. 
They usually have been found to be high.342 The major limitations of 
the direct Fick technique are related to errors in sampling and analy-
sis, difficulty in obtaining oxygen uptake continuously in the operating 
room, the presence of bulky equipment surrounding the endotracheal 
tube, or the inability to maintain steady-state hemodynamic and respi-
ratory conditions.343,344

Some of these problems have been overcome with the introduction 
of metabolic modules for the measurement of oxygen consumption 
that are incorporated into the patient monitoring system and that do 
not depend on collecting gases in bulky sample chambers.345 No flow 
or volume transducers are incorporated into these systems. Instead, 
continuous measurement of expiratory carbon dioxide concentrations 
in a constant flow allows for the calculation of the amount of carbon 
dioxide eliminated by the patient. This method is referred to as the 
“modified carbon dioxide Fick method.” Inspiratory and expiratory 

2 2 2VO (CaO CvO ) CO

2

2 2

Vo
CO

(CaO CvO )

*Total number of patients.
†Total number and percentage of patients with or without each indication.
AV, atrioventricular; LAH, left anterior block; LBBB, left bundle branch block; PAC, pulmonary artery catheter; RBBB, right bundle branch block.
From Risk SC, Brandon D, D'Ambra MN, et al: Indications for the use of pacing pulmonary artery catheters in cardiac surgery. J Cardiothorac Vasc Anesth 6:275, 1992.

Use of Pacing Pulmonary Artery Catheters According to the Presence or Absence of Different Indications

 
Indication

 
Indication Present*

Indication Present/Pacing 
PAC Used† (%)

Indication Absent* Indication Absent/Pacing 
PAC Used† (%)

P

Sinus node dysfunction 24 6 (25.0) 576 32 (5.5) 0.002
First-degree AV block 52 1 (1.9) 548 37 (6.7) 0.24
Second-degree AV block  1 1 (100)
Complete AV block 15 5 (33.3) 585 33 (5.6) 0.001
LBBB 41 5 (12.1) 559 33 (5.9) 0.17
RBBB 32 0 (0) 568 38 (6.6) 0.25
LAH 17 1 (5.8) 583 37 (6.3) 1.0
RBBB and LAH  5 0 (0) 595 38 (6.3) 1.0
Reoperation/with other indications present 61 14 (23.0) 539 24 (4.4) <0.001
Reoperation/no other indications present 51 1 (1.9) 549 37 (6.7) 0.24
Aortic stenosis 88 11 (12.0) 512 27 (5.2) 0.02
Mitral stenosis 17 1 (5.8) 583 37 (6.3) 1.0
Aortic insufficiency 40 9 (22.5) 560 29 (5.1) <0.001
Mitral regurgitation 65 7 (10.7) 535 31 (5.7) 0.17

TABLE  
14-4
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oxygen and carbon dioxide concentrations are measured to obtain the 
respiratory quotient (RQ value), which is then used to derive oxygen 
consumption.

In the indirect Fick method of calculating CO, expired gases such 
as carbon dioxide (intermittent partial rebreathing of carbon diox-
ide) or acetylene replace oxygen consumption in the Fick equation.346 
Substituting CO

2
 production for oxygen consumption, capnographic 

measurement of CO
2
 concentrations may be used to provide a nonin-

vasive Fick estimate of CO. The rebreathing technique is used to esti-
mate mixed venous Pco

2
. In the clinical setting, patients are sedated 

and mechanically ventilated, and capnometry equipment is attached to 
a processor that calculates CO.347 Studies comparing the CO

2
 rebreath-

ing method with standard measures of CO have yielded conflict-
ing results.348–352 Binder et al353 studied postoperative cardiac surgical 
patients. They compared the CO

2
 method with the thermodilution 

method and showed a good correlation. In contrast, van Heerden 
et al,354 using a different device, found that CO measurements in car-
diac surgery patients were overestimated using the CO

2
 rebreathing 

technique.

Indicator Dilution
The indicator dilution method is based on the observation that, for a 
known amount of indicator introduced at one point in the circulation, 
the same amount of indicator should be detectable at a downstream 
point. The amount of indicator detected at the downstream point is 
equal to the product of CO and the change in indicator concentration 
over time. CO is calculated using the Stewart–Hamilton equation:

in which I is amount of indicator injected, and  C dt is the integral of 
indicator concentration over time (60 converts seconds to minutes).

Cold saline (i.e., thermodilution) or lithium ions are used as indica-
tors, whereas dye (e.g., indocyanine green) or radioisotopes are rarely 
used in current practice.355 Blood flow is directly proportional to the 
amount of the indicator delivered and inversely proportional to the 
amount of indicator that is present at a sampling site distal to the injec-
tion site.

Thermodilution
Intermittent Thermodilution Cardiac Output
The thermodilution method, using the PAC, is the most commonly 
used method for invasively measuring CO in the clinical setting. With 
this technique, multiple COs can be obtained at frequent intervals 
using an inert indicator and without blood withdrawal. A bolus of cold 
fluid is injected into the RA, and the resulting temperature change is 
detected by the thermistor in the pulmonary artery.203,356 When a ther-
mal indicator is used, the modified Stewart–Hamilton equation is used 
to calculate CO:

in which CO is the cardiac output (L/min), V is the volume of injec-
tate (mL), T

B
 is the initial blood temperature (°C), T

I
 is the initial 

injectate temperature  (°C), K
1
 is the density factor, K

2
 is the compu-

tation constant, and 
0

( )BT t dt  is the integral of blood temperature 

change over time.
A computer that integrates the area under the temperature versus 

time curve is used to perform the calculation. CO is inversely propor-
tional to the area under the curve.

Accuracy
Salgado and Galetti357 discovered that thermodilution CO was 2.9% 
greater than the true flows. Bilfinger et al358 found that the average 

 difference between the thermodilution measurements and the refer-
ence values were 7% to 8% with room-temperature injectate and 11% 
to 13% with ice-cold saline injectate. Under strictly controlled in vitro 
conditions, the accuracy of the thermodilution CO technique varied 
from ±7% to ±13%.

When thermodilution measurements were compared with the 
direct Fick method, correlation coefficients of 0.96 were obtained 
in two studies.359,360 Pelletier compared total electromagnetic flow, 
including coronary blood flow, with thermodilution CO in dogs.361 He 
observed that, on average, thermodilution overestimated total  aortic 
flow by ±3% compared with electromagnetic flow, whether iced or 
room-temperature injectate was used.

When CO measurements were compared using the thermodilu-
tion and indocyanine green methods, the results varied among vari-
ous studies, with some investigators finding excellent correlations over 
a wide range of outputs, whereas others observed that thermodilution 
systematically overestimated dye dilution CO.362–364

The temperature-versus-time curve is the crux of this technique, and 
any circumstances that affect it have consequences for the accuracy of 
the CO measurement. Specifically, anything that results in less “cold” 
reaching the thermistor, more “cold” reaching the thermistor, or an 
unstable temperature baseline will adversely affect the accuracy of the 
technique. Less “cold” reaching the thermistor would result in overesti-
mation of the CO. This could be caused by a smaller amount of indica-
tor, indicator that is too warm, a thrombus on the thermistor, or partial 
“wedging” of the catheter. Conversely, underestimation of the CO will 
occur if excessive volume of injectate, or injectate that is too cold, is 
used to perform the measurement. Intracardiac shunts have unpredict-
able effects that depend on the anatomy and physiology of individual 
patients. In patients with large left-to-right shunts, PAC-derived ther-
modilution CO is not recommended for accurate CO measurement. 
Surprisingly, however, in one report, large left-to-right shunts were 
found not to adversely affect the measurement of systemic CO.365 Box 
14-14 lists common errors in PAC thermodilution CO measurements.

Wetzel and Latson366 observed variations of up to 80% in measured 
CO when the rate of administration of intravenous crystalloid infu-
sions caused fluctuations in baseline blood temperature. The rapid tem-
perature decrease seen after weaning from hypothermic CPB has been 
shown to result in the underestimation of CO by 0.6 to 2.0 L/min.367 In 
that study, the temperature decrease after CPB was 0.14°C/min. Latson 
et al368 also found that the normal changes in the PA that occur with 
each respiratory cycle appear to be exaggerated in the early phase after 
hypothermic CPB. This may cause peak-to-peak errors in estimation of 
intermittent CO of up to 50% if initiated at different times during the 
ventilatory cycle. This effect was significantly decreased with thermal 

CO I 60 C dt

B I 1 2

B
0

V(T T ) K K
CO

T (t)dt

BOX 14-14. COMMON ERRORS IN PULMONARY 
ARTERY CATHETER THERMODILUTION CARDIAC 
OUTPUT MEASUREMENTS

Underestimation of True CO

Overestimation of True CO

Other Considerations
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equilibration, approximately 30 minutes after CPB. This problem is less 
prevalent currently because hypothermic CPB is used less commonly.

TR generally has been considered as a source of error in thermodi-
lution CO determinations. The scientific data, however, are contra-
dictory. Some experimental reports indicate that TR does not impair 
the accuracy of thermodilution CO when compared with the Fick 
method369 and electromagnetic flow probes.370,371 In contrast, Heerdt 
et al372 reported that thermodilution CO had wide variability in the 
direction and magnitude of error compared with Doppler and electro-
magnetic CO in a single patient with acute TR. The severity of TR also 
seems to be important in determining its effect on CO measurements 
by thermodilution, with underestimation of CO occurring in the pres-
ence of more severe TR.373

Slowing of the HR has been described as a side effect of rapid injec-
tion of cold injectate into the heart.374 In a prospective study, Harris 
et al375 observed that with the use of iced injectate, a decrease in HR of 
more than 10% occurred in 22% of the determinations. Nishikawa and 
Dohi376 reported that HR slowing was more likely in patients with a low 
cardiac index, low mean PAP, and high SVR.

Precision
In vivo reproducibility can be assessed by obtaining a large number of 
thermodilution COs and calculating their standard deviation. Hoel377 
postulated that a true CO could be measured by calculating the average 
of an infinite number of thermal injections. Using probability calculus, 
he found that with two injections there was only a 50% probability of 
being within 5% of the true CO. With three injections, there was an 
89% probability of being within 10% of the true CO. In an attempt 
to better delineate the reproducibility of the technique, Stetz et al378 
reviewed 14 publications on the use of thermodilution in clinical prac-
tice. They concluded that with the use of commercial thermodilution 
devices, a minimal difference of 12% to 15% (average, 13%) between 
determinations was required for statistical significance, provided that 
each determination was obtained by averaging three measurements.

A few studies also have evaluated the effects of the timing of the 
injection in the respiratory cycle on the reproducibility of thermodi-
lution CO. In mechanically ventilated dogs, Snyder and Powner379 
observed that CO variations were present in each respiratory cycle and 
were usually greater than 10%. Stevens et al380 studied the effects of 
the respiratory cycle on thermodilution CO in critically ill patients. 
They confirmed that injections at specific times in the respiratory cycle 
resulted in less variability but possibly decreased accuracy. They never-
theless concluded that, in clinical practice, the improvement in repro-
ducibility was more important than the decrease in accuracy.

The effects of injectate volume and temperature on the variability of 
thermodilution CO have also been studied in critically ill patients.381 
Six combinations of injectate volume (3, 5, and 10 mL) and tempera-
ture (iced and room temperature) were studied in 18 adult, intubated 
patients. The best reproducibility was obtained with 10-mL injections 
at 0°C or room temperature.

In summary, the precision of the thermodilution CO technique is 
not very good, but it can be improved by ensuring that, for each deter-
mination, the rate and duration of the injection are kept as constant as 
possible.382 Whenever possible, 10-mL volumes of injectate should be 
used, and the timing of the injection in the respiratory cycle should be 
the same. However, if injection is always at the same point in the respi-
ratory cycle, some loss in accuracy is to be expected.

Continuous Thermodilution Cardiac Output
Pulmonary arterial catheters with the ability to measure CO continu-
ously were introduced into clinical practice in the 1990s. The method 
that has gained the most clinical use functions by mildly heating the 
blood—originally using a “pseudorandom stochastic” fashion. In vitro 
and in vivo studies have shown that good correlations exist between 
this method and other measures of CO.383–388 Unfortunately, the cor-
relation with CO measurements using the intermittent thermodilution 
method is inconsistent.389,390

Bottiger et al391 found that there was a poor correlation between 
intermittent and continuous thermodilution CO (r  0.273) in the first 

45 minutes after CPB. In contrast, there was an excellent correlation 
between intermittent and continuous CO measurements obtained in 
more physiologically stable periods. Perhaps the reason for this obser-
vation lies in the unstable thermal baseline after hypothermic CPB that 
was described in the previous section.

The routine use of continuous CO catheters in cardiac surgery 
patients has not been shown to improve outcome, and these cath-
eters are more expensive than standard PACs. Bolus thermodilution 
CO still holds its place as the gold standard of CO measurements in 
the clinical setting. Even though its accuracy is adversely affected by 
imprecise technique, it introduces extra intravenous volume and the 
measurements are more labor intensive. Continuous CO catheters par-
tially alleviate these problems and provide a continuous CO trend.392 
However, there is insufficient evidence to support their routine use in 
cardiac surgery patients.

Dye Dilution
The indicator dilution method using indocyanine green dye had been the 
most popular technique of CO measurement before the introduction of 
the thermodilution method. The dye was injected into a central vein and 
continuously sampled from arterial blood and passed through a den-
sitometer to measure the change in indicator concentration over time. 
A computer calculated the area under the dye concentration curve by 
integration of the dye concentrations over time and computed CO. After 
completion of the CO determination, the sampled blood was returned 
to the patient. Recirculation of the indicator distorted the  primary time-
concentration curve, and the buildup of indicator in the blood resulted 
in high background concentrations, which limited the total number of 
measurements that could be obtained.

Intracardiac shunting could be diagnosed by alterations of the dye 
dilution curve. Left-to-right shunts produce a decrease in the peak 
concentration of the dye, a prolonged disappearance time, and absence 
of the recirculation peak. In contrast, right-to-left shunts produce an 
early-appearing hump on the dye dilution curve.

The introduction of lithium chloride as the indicator has led to a 
renaissance of the indicator dilution technique for the measurement 
of CO.355,393–395 A lithium chloride solution is injected through a central 
venous catheter, and a lithium-selective electrode (that is connected 
to a standard intra-arterial cannula) measures plasma lithium concen-
trations. Only intra-arterial and central venous catheters are required. 
The Lithium Dilution CO system (LiDCO, Lake Villa, IL) requires only 
a peripheral venous catheter for injection of small doses of lithium 
and an arterial catheter equipped with a blood withdrawal system and 
lithium sensor. Agreement with PAC thermodilution is acceptable in 
most clinical settings.396 This system also includes a continuous CO 
 calculation capability based on the arterial pulse wave that must be 
 calibrated to the lithium dilution value.

Transpulmonary Thermodilution
Using the same principle as PAC thermodilution, transpulmonary ther-
modilution (PiCCO; Philips Medical, Andover, MA) involves adminis-
tration of cold injectate into a central vein, with the temperature change 
curve generated from a thermistor-containing central arterial catheter 
(femoral or axillary). Studies have indicated close agreement with PAC 
thermodilution.39–41 In addition to providing CO measurements, the sys-
tem provides estimates of global end-diastolic volume and extravascular 
lung water. Current systems are equipped with a continuous CO based 
on the arterial pulse wave that must be calibrated to the thermodilution 
value. The system should be calibrated frequently when rapid changes in 
vascular tone occur.42

ALTERNATIVE TECHNIQUES FOR 
ASSESSING CARDIAC OUTPUT
The development of clinically useful techniques to measure CO and 
assess volume status that do not require PA catheterization is flour-
ishing. Numerous technologies based on platforms such as indicator 
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dilution (lithium), US, arterial waveform analysis, and electrical bio-
impedance are commercially available. Some of the more promising 
technologies are reviewed here, as are the “pros and cons” of using 
them for cardiac surgery patients.

Cardiac Output Measurements Using 
Ultrasound Technology
Measurements of SV and CO can be accomplished using  various 
echocardiographic techniques. Early attempts were made using 
M-mode echocardiographic dimensions and results were promis-
ing.397,398 2D echocardiography measurements depend on adequate 
imaging and calculate volume dimensions from 2D data using a geo-
metric assumption of chamber size and shape. With the introduction 
of 3D echocardiography, it should be possible to overcome some of 
the problems encountered with this mathematical approach and to 
determine and visualize true chamber size.399 A different technique 
uses Doppler echocardiography to determine CO. Unlike 2D echocar-
diography-derived CO measurements, Doppler echocardiography is 
less dependent on geometric assumptions (see Chapter 12).

Doppler Ultrasound
US can be used for the measurement of CO based on the Doppler 
principle. Information on blood flow is obtained by applying Doppler 
 frequency shift analysis to echoes reflected by the moving red blood 
cells. Blood flow velocity, direction, and acceleration can be instanta-
neously determined. From this information, SV and CO are calculated 
using the following formula:

in which VTI is the Doppler velocity-time integral (i.e., area under the 
Doppler spectral display curve), and CSA is the cross-sectional area 
at the site of flow measurement. The SV is then multiplied by HR to 
 calculate the CO.

Blood flow in the human heart can be described by the conti-
nuity equation, which states that the flow measured at one CSA 
of the heart is equal to the flow measured at another cross section 
(as long as there is no intracardiac shunt). Theoretically, CO may 
be measured at all anatomic sites in which a CSA is determined 
and a Doppler beam positioned. Depending on the velocity being 
measured, pulsed-wave Doppler or continuous-wave Doppler tech-
nology is applied. The US signals can be transmitted and detected 
using transthoracic, transesophageal (TEE), suprasternal, or trans-
tracheal transducers. With intraoperative TEE, CO measurements 
can be made at the aortic,400,401 pulmonary artery,402,403 or mitral 
valve positions,404 with the former two being the more common. 
The degree of accuracy in comparative studies has been promis-
ing.405–413 Technical limitations include the quality of the imaging, 
the accuracy of the valve or outflow tract area calculations, and 
the degree of alignment between the US beam and the direction of 
blood flow. Because the CSA is determined from 2D images, con-
verting measurements of the radius to calculate area leads to expo-
nential increases in any errors. Calculation of the CSA at the mitral 
valve site gives various results because the orifice is not constant 
throughout the cardiac cycle. The Doppler beam must be as par-
allel to the blood flow as possible. Angles larger than 30 degrees 
between the US beam and the direction of blood flow lead to 
increased error, despite angle-correction algorithms. The accurate 
measurement of CO using TEE can be time and labor intensive; it 
is best to obtain multiple measurements of both CSA and Doppler 
flow. For this reason, it is not commonly used as a primary means of 
assessing CO intraoperatively, but rather as a backup method when 
thermodilution is unavailable or when calculation of intracardiac 
shunt is desired (compare the CO measurements from the PA and 
left  ventricular outflow tract).

Dedicated, automated systems are available for measuring CO 
continuously using Doppler technology (transesophageal Doppler). 
Recent meta-analyses indicate that they are generally accurate and 
can trend CO well.414 These systems have a narrow, flexible probe 
placed in the esophagus, with the Doppler beam aimed posteriorly, 
toward the descending aorta. The CSA of the aorta can either be 
measured or assumed, and the SV is calculated from the product of 
the VTI and the aortic CSA. Possible sources of inaccuracy are errors 
in the measurement or assumption of the aortic CSA and malpo-
sitioning of the probe. These factors were mentioned as probable 
contributors to inaccuracies both during and after cardiac surgery.415 
Also, the device detects blood flow only to the lower part of the body 
(descending aorta). If the relation between upper and lower body 
blood flow changes, inaccuracies may develop. An example of this 
phenomenon is increasing Pco

2
 resulting in increased cerebral blood 

flow, and thus underestimation of the global CO by transesophageal 
Doppler.416

Although these devices can be useful for monitoring CO in the crit-
ically ill417 and managing fluid administration during major surgery 
(“goal-directed therapy”),418 their use in cardiac anesthesia is limited 
because of the ever-increasing popularity and wider utility of TEE.

Two-Dimensional Echocardiography
Two-dimensional echocardiography allows for the calculation of CO 
using the following formula:

in which EDV is the end-diastolic volume, ESV is the end-systolic vol-
ume, and HR is the heart rate. 2D echo-derived LV volume and CO 
determinations are based on geometric assumptions of chamber size 
and shape (i.e., Simpson's rule method). Reliable estimation of CO 
depends on adequate imaging that allows for exact tracing of the endo-
cardial border. The echo-derived cardiac index shows a good corre-
lation with the simultaneously measured value using the standard 
thermodilution method (see Chapter 12).419–421

Automated Border Detection
Automated border detection (ABD) is an endocardial tracking algo-
rithm superimposed on B-mode 2D images. It is commercially 
available on some TEE machines and allows for semiautomated mea-
surement of LV areas. The blood–endocardial interface is detected 
and displayed continuously. End-diastolic area, end-systolic area, 
and fractional area of contraction are displayed. Computer process-
ing of the 2D data (using a single-plane modification of Simpson's 
rule) allows for an estimation of LV volumes and EF.422,423 Validation 
studies comparing ABD with conductance catheter volume measure-
ment or thermodilution showed promising results.424–428 Absolute 
measurements of LV dimensions tend to be systematically underes-
timated by ABD techniques; however, ABD might still be useful for 
detecting CO trends rather than absolute values.429 Several difficul-
ties must be overcome. Signal quality depends on high-quality 2D 
echocardiographic images; a region of interest needs to be defined 
manually by the user; and endocardial image dropout requires 
repetitive readjustments by the user to optimize the image using 
power settings, gain adjustments, and probe manipulation. For those 
 reasons, ABD is typically not clinically useful in the cardiac surgery 
operative setting.

Three-Dimensional Echocardiographic Cardiac Output
Eventually, 3D echocardiography will result in a major advance in 
minimally invasive CO monitoring. Calculations of 3D images require 
sequential acquisition of 2D echocardiographic data from multiple 
imaging planes. Early results of 3D evaluation of the heart were prom-
ising,430–433 and advances in processor speed and echocardiographic 
technology have already helped to overcome some of the problems of 

SV VTI CSA

CO (EDV ESV) HR
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this technology. Good correlation and accuracy could be demonstrated 
when 3D echocardiographic estimates of volumetric measures were 
compared with established methods.434–436

Cardiac Output Derived from Arterial 
Pulse Waves
A number of systems are now available that estimate CO using charac-
teristics of the arterial pulse as transduced from an arterial catheter. It 
has long been known that pulsatility in the arterial tree is proportional to 
SV: the greater the SV, the greater the amplitude of the resulting pressure 
wave. This proportionality can be exploited if a proportionality constant 
(K), based on the resistance and compliance of the vessels, is known:

where K is the proportionality constant, and P is an index of pulsatil-
ity. Pulsatility is easily assessed using parameters such as area under the 
pressure wave, area under the systolic portion of the wave, or standard 
deviation of the wave. Deriving K is a more complex issue. A common 
approach has been to first measure the SV by another method (e.g., 
lithium dilution, transpulmonary thermodilution), measure the pulsa-
tility, and then solve for the K value:

The K value can subsequently be used to calculate SV continuously 
from the pulsatility of the wave. LiDCOplus (LiDCO Ltd, Lake Villa, IL, 
USA) and PiCCOplus (PULSION Medical Inc., Irring, TX, USA) both 
use this approach with success. A concern has been reported, however: 
If the PiCCOplus system is not recalibrated when changes occur in the 
resistance and/or compliance of the vascular tree, the SV calculation 
will be inaccurate.437

Another recently developed method does not require calibration, but 
rather calculates K from patient demographics (age, height, weight, sex) 
and characteristics of the arterial wave such as MAP, skewness, and kur-
tosis (Vigileo/FloTrac; Edwards Lifesciences, Irvine, CA).438 This prom-
ising system is accurate under most steady-state conditions,439 but like 
the calibrated systems, it has been suggested that rapid changes in vascu-
lar tone may lead to inaccuracies. In one study, acute changes in vascular 
tone resulting from vasopressor administration or sternotomy resulted 
in discrepancies between the FloTrac/Vigileo (fast- reacting) and con-
tinuous thermodilution CO (slow-reacting) systems.440,441 Also, because 
pulse contour systems rely on an arterial wave that is purely reflective 
of the net forward SV, situations in which the arterial wave is distorted, 
either by artifact or a physiologic phenomenon (intra-aortic balloon 
counterpulsation, aortic regurgitation), will lead to inaccuracies.442

An added benefit of the arterial wave–based systems is that they all 
provide calculation of dynamic parameters: stroke volume variation, 
pulse pressure variation, or both. It has long been known that SV, and 
thus BP, varies with ventilation,443 and this variation is exaggerated 
when cardiac filling is impaired (e.g., hypovolemia, constrictive peri-
carditis, cardiac tamponade). This variation can now be quantified con-
tinuously, offering a new method to predict fluid responsiveness.444,445 
The application of dynamic parameters during cardiac surgery may be 
limited because they are blunted when the chest is open, but they can 
be used after surgery as an aid in fluid therapy and diagnosis of hemo-
dynamic instability. Specifically, they can help to differentiate between 
cardiac failure (low stroke volume variation) and hypovolemia (high 
stroke volume variation).

The future of the application of arterial-based CO systems for car-
diac surgery is uncertain. Advantages include the minimally invasive 
nature (LiDCO and FloTrac), but possible disadvantages include ongo-
ing concerns about accuracy under certain circumstances and the lack 
of invasive data such as PAP. With time, these systems will become 
increasingly accurate and powerful, becoming progressively more 
 useful in the perioperative period for cardiac surgical patients.

Cardiac Output Derived from 
Bioimpedance
With advances in hardware and software technology, the past few years 
have seen a resurgence in interest in using changes in thoracic elec-
trical impedance to estimate CO. Bioimpedance CO is based on the 
principle that cyclical increases in blood volume in the great vessels, 
as well as alignment of red blood cells in the thoracic aorta resulting 
from increased velocity, cause concomitant decreases in the electri-
cal impedance in the chest. An alternating current of low amplitude is 
introduced and simultaneously sensed by electrodes placed around the 
neck, and laterally on the thorax, or abdomen to measure thoracic elec-
trical bioimpedance. Changes in thoracic bioimpedance are induced by 
ventilation and pulsatile blood flow, and processing of the signal results 
in a characteristic impedance (Z) waveform. For measurement of SV, 
only the cardiac-induced pulsatile component of the total change in 
electrical impedance is analyzed (dZ/dt), as the respiratory component 
is filtered out.

Although accuracy concerns persist, correlation of the latest genera-
tions of these systems with PAC thermodilution has improved relative 
to earlier models, both for postoperative cardiac surgical patients,446 
and intraoperative patients with their chests open.447 Recently, a bio-
impedance monitor with electrodes mounted on a specially manufac-
tured endotracheal tube has been introduced. Preliminary studies of its 
accuracy are encouraging.448,449

Alternative, less invasive means of determining CO continue to 
develop and will play an expanding role in the perioperative care of 
cardiac surgical patients. Characteristics of alternative methods of CO 
measurement are presented in Table 14-5.

Right Ventricular Ejection Fraction 
and End-Diastolic Volume
Using rapid-response thermistors that are incorporated into PACs, it is 
possible to determine the right ventricular ejection fraction from the 
exponential decay of the thermodilution curve. End-diastolic tempera-
ture points in the thermodilution curve are identified using the R-wave 
signal from an ECG input.450,451 From these data, SV, RV end-diastolic 
volume, and RV end-systolic volume may be calculated. Assumptions 
that are essential to the accuracy of the technique include a regular RR 
interval, “instantaneous” mixing of the injectate or thermal heat signal 
with the RV blood, and absence of TR. The use of this type of monitor-
ing could be justified in patients with severe RV dysfunction caused by 
myocardial infarction, right-sided coronary artery disease, pulmonary 
hypertension, left-sided heart failure, or intrinsic pulmonary disease. 
The accuracy of this technique has been questioned, however,452,453 and 
right ventricular ejection fraction catheters are rarely used, especially 
with TEE becoming more prevalent in the OR setting.

LEFT ATRIAL PRESSURE MONITORING
Left atrial pressure monitoring is an invasive technique in which a cath-
eter is placed by the surgeon into the right superior pulmonary vein 
(usually) and advanced into the LA. A Teflon-pledgetted purse-string 
stitch is placed around the catheter to provide a surface for clotting on 
removal of the catheter. The catheter is brought out through the skin in 
the subxiphoid region and is sutured in place. It is important to main-
tain positive airway pressure or distend the LA in some other way dur-
ing insertion of the catheter to prevent air entry into the pulmonary 
vein and the left side of the heart.

The LAP is an extremely informative monitor, but it also requires 
extreme caution. The possibility of air embolism to the coronary or cere-
bral circulations is always present. This problem exists on insertion and 
during its continued use postoperatively in the ICU. There is also the risk 
for clot formation on the catheter and subsequent embolization when the 
catheter is flushed or removed; therefore, a continuous flushing system is 
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necessary to avoid thrombus formation on the catheter tip in the postoper-
ative period. After surgery, there is also the risk for bleeding when the LAP 
catheter is removed. It therefore should be removed while the chest tubes 
are still in place to diagnose and treat this problem. Other reported compli-
cations include catheter retention and prosthetic valve entrapment.454

LAP monitoring is usually restricted to use in patients in whom PCWP 
determinations have been unsuccessful, are impractical, or are known 
to be inaccurate (e.g., in patients with pulmonary vascular disease or 
in small children). The catheter may also be used to infuse inotropic 
agents selectively to the systemic circulation to minimize the effects on 
the pulmonary circulation. This was more important before therapies 
that selectively treat pulmonary vasoconstriction were available.

ANALYSIS AND INTERPRETATION 
OF HEMODYNAMIC DATA
The information provided by hemodynamic monitoring permits the cal-
culation of various derived parameters that assist in evaluating patients 
clinically. The formulas, normal values, and units for the calculation of 
various hemodynamic parameters are presented in Tables 14-2 and 14-3. 
These parameters include the SVR, pulmonary vascular resistance (PVR), 
SV, left ventricular stroke work, and right ventricular stroke work. As an 
example of information that may be obtained, graphs of PCWP versus 
SV can be constructed for individual patients; these “Starling curves” 
provide insight into the contractile state of the heart. Although these 
parameters are easily derived using the standard formulas, many modern 
monitors perform these calculations. The various hemodynamic param-
eters may be normalized by indexing them to body surface area to com-
pare data among patients of different body weights and types.

Systemic and Pulmonary Vascular 
Resistances
SVR represents an estimation of the afterload of the left ventricle. 
Afterload is roughly defined as the force that impedes or opposes ven-
tricular contraction (see Chapter 5). Greater SVR results in increased LV 

 systolic wall stress. This has clinical significance because LV wall stress 
is one of the major determinants of myocardial oxygen  consumption. 
Increases in wall stress have been observed in patients with LV enlarge-
ment caused by systemic hypertension, aortic stenosis, and aortic 
regurgitation.455

Clinically, calculations of SVR are used to assess the response to ino-
tropic, vasodilator, and vasoconstrictive agents. For example, a patient 
who is hypotensive despite a high normal CO has a low SVR. The 
SVR is calculated and then therapy is instituted (e.g., a vasoconstric-
tor). A repeat calculation of the SVR enables the clinician to titrate the 
therapy to the appropriate end point. Despite this common use in the 
operating room and ICU setting, there is good evidence that SVR is not 
an accurate indicator of true afterload.456 Nevertheless, SVR currently 
remains the most useful clinical technique for measuring afterload.

PVR remains the traditional measure of afterload of the right ven-
tricle. This is also a flawed assumption because the recruitable nature 
of the pulmonary vasculature violates the assumptions of the PVR 
formula.457 As the PAP increases, the pulmonary vasculature dis-
tends (increasing the size of West's zone III of the lung).458 The net 
gain in the cross-sectional area of the pulmonary vasculature results 
in a decrease in the measured PVR. Systolic PAP may provide a bet-
ter estimation of RV afterload. PVR and PAP do provide some clini-
cally useful information regarding the pulmonary vasculature and are 
readily available in patients with PACs. The PVR should be used in 
conjunction with other hemodynamic data to assess the response of 
the pulmonary vasculature to pharmacologic therapy and physiologic 
changes (see Chapter 5).

Frank-Starling Relations
Myocardial function depends on the contractile state and the preload of 
the ventricle (sarcomere length at end-diastole). The relation between 
the ventricular preload and myocardial work (ventricular stroke work) 
is the Frank-Starling relation. The slope of the curve indicates the con-
tractile state of the myocardium (Figure 14-24). For clinical purposes, 
it is usually not feasible to measure actual end-diastolic  volumes (can 
be estimated with TEE), and approximations of end- diastolic pressure, 

Assessments at the time of writing, based on available literature and experience.
 very high;  high;  medium;  low; LV, left ventricular; PAC, pulmonary artery catheter; TED, transesophageal Doppler; TEE, transesophageal echocardiography. 

Cardio Q (Deltex Medical, SC, Inc, Greenville, SC, USA); LiDCO (LiDCO Ltd, Lake Villa, IL, USA); PiCCO (PULSION Medical Inc, Irving, TX, USA); FloTrac (Edwards Lifesciences Corp, 
Irvine, CA, USA); ICON (Cardiotronic Inc, LaJolla, CA, USA); BioZ (Sonosite, Bothell, WA, USA); ECOM (Conmed Corp, Utica, NY, USA)

Alternative Means of Determining Cardiac Output and Representative Commercially Available Systems

Technology Examples of Devices Available Accuracy vs. PAC Potential Sources of Inaccuracy Potential for Cardiac Surgery, Advantages

TEE Doppler Standard TEE Doppler beam misalignment
Inaccurate 2D cross-sectional area 

measurement

 
Minimally invasive
Potentially very accurate
Access to right and left side for shunt 

determination
TED Doppler Cardio Q (Deltex) Doppler beam misalignment

Inaccurate aortic cross-sectional area
Distribution of blood flow, lower vs. 

upper body

Minimally invasive
May be used after surgery

TEE 2D Standard TEE Exceptions to Simpson rule 
(ventricular aneurysm)

Measurement of LV area
Minimally invasive

Indicator dilution 
(lithium)

LiDCO Technical error, muscle relaxants, 
ingestion of lithium medication Minimally invasive

May be used after surgery
Transpulmonary 

Thermodilution
PiCCO (Pulsion) Technical error, thermal changes in 

chest
 

Global end-diastolic volume 
Extravascular lung water

Arterial pulse wave LidCO Plus PiCCO Plus 
(Pulsion)

FloTrac (Edwards)

Arterial wave artifact
Intra-aortic balloon
Aortic regurgitation
Rapid changes in vascular tone

Minimally invasive
Continuous
Dynamic parameters provided
FloTrac simpler to use and may track 

vascular tone changes better: does not 
require calibration

Bioimpedance, 
Velocimetry

ICON (Cardiotronic)
BioZ (Sonosite)
ECOM (Conmed)

Ventilation pattern
Lung water,
opening and closing of chest

Noninvasive
Continuous
Technology improving

TABLE  
14-5
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such as the PCWP or LAP, are often substituted. This introduces error 
because the relation between end-diastolic pressure and volume is usu-
ally nonlinear (as described by the diastolic ventricular compliance 
curve) and is dynamic. The Frank-Starling relation is extremely sensi-
tive to changes in afterload. Patients with LV or RV dysfunction may 
have severe decrements in SV with increased SVR or PVR, respectively.

End-Systolic Elastance and Pressure-
Volume Loops
An important limitation of isovolumic and ejection phase indices of 
contractility (e.g., the Frank-Starling relationship) is their significant 
sensitivity to ventricular loading conditions. The use of load-indepen-
dent indices has been explored to overcome this shortcoming. One 
such index is the LV end-systolic pressure-volume relation, also known 
as end-systolic elastance.459 To measure this, multiple end-systolic pres-
sures and volumes need to be measured during rapid and, preferably, 
pronounced alterations in LV preload (e.g., inferior vena cava occlu-
sion). On a pressure-volume diagram, points defined by the end-systolic 
pressures and volumes of the several contractions will be positioned on 
a single line. The slope of this line is relatively independent of loading 
conditions and proportional to contractility; the steeper the slope, the 
greater the contractility (Figure 14-25; see Chapter 5).

The intraoperative determination of contractility by this technique 
has been hampered by difficulties in obtaining accurate ventricular 
volumes and pressures. Continuous LV pressure-volume loops may be 
displayed during cardiac surgery using LV conductance and microma-
nometry catheters that are introduced through the pulmonary veins.460 
End-systolic pressure-volume relation is still not a practical or routine 
means of assessing LV contractility in the clinical setting.

PULSE OXIMETRY
Pulse oximetry is probably one of the most important advances in anes-
thesia monitoring technology and has been accepted as an intraoperative 
monitoring standard. This is reflected in current practice parameters and 
recommendations for perioperative anesthetic monitoring published by 
the American Society of Anesthesiologists.461 The results of outcome 
studies of pulse oximetry have been inconsistent, and the numbers of 
patients who would have to be studied in  prospective, well-controlled 

trials to show a change in outcome are prohibitively large.462–464 In a 
recently published meta-analysis of controlled trials (Cochrane Central 
Register of Controlled Trials, searched time period 1956–2009) with a 
total of 22,992 patients included in the analysis, using pulse oximetry 
in the perioperative setting reduced the incidence of hypoxemia in the 
operating room, as well as in the recovery room.465 Postoperative cogni-
tive function, however, was not influenced by pulse oximetry monitor-
ing. Postoperative complications (cardiovascular, respiratory, neurologic, 
and infectious) did not differ between patients monitored with or with-
out pulse oximetry.

The advantages and limitations of the technique merit discus-
sion to prevent misinterpretation of data provided by pulse oxim-
etry devices. The absorbance spectra of oxyhemoglobin and reduced 
hemoglobin differ significantly. Oxyhemoglobin absorbs most infra-
red light (940 nm) and transmits most red light (660 nm). This may 
be remembered by considering that the red appearance of oxyhe-
moglobin would not be possible if it did not reflect (or transmit) 
red light. Reduced hemoglobin absorbs more red light (and appears 
blue) and transmits infrared light. The pulse oximeter uses this prin-
ciple to determine the relative concentration of oxyhemoglobin in 
the blood.

Several things in addition to arterial blood also absorb red and infra-
red light in the tissues. These include capillary blood, venous blood, 
soft tissue, skin, and bone. All of these, however, absorb red and infra-
red light at a constant rate. The absorbance of the two waveforms 
of light increases as arterial blood rushes into the tissue during each 
 cardiac cycle. It is this pulsatile component of the light absorbance that 
the pulse oximeter uses to calculate the arterial oxygen concentration. 
Many things interfere with the accuracy of pulse oximetry. Some of 
these include diminished tissue perfusion (e.g., limb ischemia, hypo-
thermia, vasoconstricting drugs), ambient light, intravenous dyes, 
 carboxyhemoglobin, and methemoglobin.466

As the signal strength of the pulse decreases in relation to the 
 continuous absorption of the tissues, the ratio of absorbance of red-
to-infrared light approaches unity. This would normally correlate with 
a saturation rate of 85%. It is important to regard a poor plethysmog-
raphy tracing with a saturation rate of 85% as possibly representing 
 artifact and to confirm the result with an independent technique.

In the lateral decubitus position, the downward hand may give 
a less reliable reading because of diminished tissue perfusion. It 
could be argued that this might serve as a good sign of improper 
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Figure 14-24 The graph of left ventricular (LV) stroke work versus LV 
preload (i.e., end-diastolic volume) is known as the Frank-Starling rela-
tion. Shifting of the curve upward and to the left represents increased 
contractility. Shifting of the curve downward and to the right represents 
decreased contractility. Alterations in afterload significantly affect the 
curve.
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Figure 14-25 The end-systolic pressure-volume relation, also known 
as end-systolic elastance, is the line connecting the end-systolic points 
of multiple pressure-volume loops that are obtained at various preloads. 
An increased slope (i.e., steeper line) represents increased contractility, 
and a decreased slope represents decreased contractility. This measure-
ment is relatively insensitive to variations in afterload.
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axillary padding. However, the information provided by pulse oxi-
metry is probably too important to lose intermittently during the 
operative procedure.

Another problem in cardiac procedures is that the plethysmography 
tracing often decreases in amplitude over the course of the procedure 
until the signal-to-noise ratio is too low for accurate oximetry. This is 
most likely due to hypothermia of the digits but also may be related 
to positioning, hypovolemia, high catecholamine levels, and extremes 
of age. It has been demonstrated that a digital perfusion pressure of 
13 mm Hg and temperature of 24°C are the minimum requirements 
for accurate pulse oximetry readings before and after CPB.467

Reich et al468 showed that there is a very high incidence of pulse oxi-
metry failure in the cardiac surgery setting. The overall incidence rate 
of cases that had at least one continuous gap of 10 minutes or more 
in pulse oximetry data was 31%. The independent preoperative pre-
dictors of pulse oximetry data failure included ASA physical status III, 
IV, or V, and cardiac surgery. Intraoperative hypothermia, hypotension 
and hypertension, and duration of procedure also were independent 
risk factors.

Electrocautery also interferes with pulse oximetry. The electromag-
netic field from the cautery device induces electrical current in the 
wires that connect to the pulse oximetry probe. These create a very 
high degree of electrical noise and may disrupt the oximetry reading.

The main disadvantage of pulse oximetry is that the Pao
2
 must 

decline to less than 100 mm Hg before the device will begin to detect 
any change, and less than 60 mm Hg before rapid changes will occur. 
Thus, the device is not sensitive to changes in PaO

2
 over wide ranges 

that are of clinical significance.

OXYGEN TRANSPORT CALCULATIONS
The ultimate purpose of circulation is the delivery of oxygen to the 
tissues. Oxygen is bound to hemoglobin and is also dissolved in the 
plasma (to a much smaller extent). If the hemoglobin concentration, 
arterial and mixed venous blood gases, and CO are available, then oxy-
gen transport calculations may be performed. This can then allow for 
optimization of these parameters to improve delivery and uptake of the 
proper amount of oxygen to the tissues. These calculations are shown 
in Table 14-3.

Monitoring Coronary Perfusion
The coronary perfusion pressure (CPP) is usually defined as the aortic 
diastolic blood pressure (DAP) minus the LVEDP:

Elevation of the LVEDP will decrease the gradient of blood flow to the 
vulnerable subendocardial tissue during diastole, as will a decrease in 
the DBP.469 If coronary artery disease is present, significant stenosis will 
decrease the coronary artery DBP well below the aortic DBP, and ele-
vation of LVEDP can seriously jeopardize the subendocardium.470 An 
increase in the LVEDP is detrimental in two ways: decreased coronary 
blood flow and increased myocardial oxygen demand (Mvo

2
), which 

explain the severe ischemia seen with overdistention of the left ven-
tricle. Tachycardia is also extremely detrimental because it decreases 

coronary filling time and increases oxygen demand. Subendocardial 
ischemia is commonly produced by a combination of tachycardia and 
increased LVEDP (see Chapters 6 and 18).

Cerebral Oximetry
Near-infrared spectroscopy technology has been used to monitor cere-
bral oxygenation noninvasively, and these data may be predictive of 
adverse neurologic outcomes. Murkin et al471 monitored near-infrared 
spectroscopy and targeted therapy to optimize cerebral tissue oxygen 
saturation (Scto

2
) in patients undergoing CABG. They found that a 

composite measure of postoperative organ dysfunction was substan-
tially improved in the treatment group where goal-directed therapy 
aimed to maintain the Scto

2
 values within 25% of the preinduction 

baseline.471 More recently developed Scto
2
 technology using a four-

wavelength interrogation of brain tissue has been validated as a moni-
tor of absolute Scto

2
.472 A potential advantage of absolute brain tissue 

oxygenation is that threshold values may be more strongly associated 
with adverse outcomes than trends. Using that technology, Fischer 
et al's473 recent investigation demonstrated that decreased Scto

2
 values 

were associated with the major complications of prolonged postopera-
tive mechanical ventilation and prolonged ICU and hospital length of 
stay in thoracic aortic arch surgical repairs. Both the nadir of Scto

2
 and 

the integral of low Scto
2
 over time were associated with severe adverse 

outcomes. Each additional decade of life was associated with greater 
risk for adverse outcomes.473

Slater et al474 found that patients with prolonged low Scto
2
 undergo-

ing CABG had a greater incidence of early postoperative neurocogni-
tive dysfunction and prolonged hospital length of stay (see Chapters 16 
and 36). Casati et al475 showed a shorter length of postanesthesia care 
unit and hospital length of stay in abdominal surgery when patients 
were actively treated to maintain Scto

2
 greater than 75% of the baseline 

values using a preset algorithm.
In cardiac surgery, Scto

2
 monitoring may be an index of overall 

organ perfusion and injury. Various investigators' findings that Scto
2
 

data predicted patient outcomes suggest that future studies may iden-
tify target Scto

2
 values that should be maintained in different clinical 

settings.

SUMMARY
The choice of appropriate monitoring is a difficult task. Despite many 
years of clinical experience, there are no convincing outcome data that 
demonstrate the superiority of more invasive versus less invasive moni-
toring techniques. Therefore, the clinician must make a rational deci-
sion based on the following conditions:

risk, and fluid shift likely to result from the proposed surgery

cardiovascular system

risks, benefits, and alternatives to the different types of hemody-
namic monitoring

in the perioperative period

CPP DAP LVEDP
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Electrocardiographic Monitoring

As late as 1970, the electrocardiographic monitor was not considered 
an integral part of monitoring strategies in the perioperative period. 
As a matter of fact, luminaries in the specialty regarded the use of 
ECG monitoring as "questionable value because of possible iatrogenic 
problems." Concern also was expressed that anesthesiologists' atten-
tion would be diverted from the patient.1 Currently, monitoring the 
ECG is a fundamental standard of monitoring of the American Society 
of Anesthesiologists.2 Despite the introduction of more sophisticated 
cardiovascular monitors such as the pulmonary artery catheter and 
echocardiography, the electrocardiogram (ECG; coupled with blood 
pressure measurement) serves as the foundation for guiding cardio-
vascular therapeutic interventions in the majority of anesthetics.3 It is 
indispensable for diagnosing arrhythmias, acute coronary syndromes, 
electrolyte abnormalities, (particularly of serum potassium and  
calcium), and some forms of genetically mediated electrical or  structural 
cardiac abnormalities (e.g., Brugada syndrome; Table 15-1).4

One of the most important changes in electrocardiography that 
has occurred recently is the widespread use of computerized systems 
for recording ECGs. Bedside units are capable of recording diagnostic 
quality 12-lead ECGs that can be transmitted over a hospital network, 
for storage and retrieval. Most of the ECGs in the United States are 
recorded by digital, automated devices, equipped with software, which 
can measure ECG intervals and amplitudes and provide a virtually 
instantaneous interpretation. However, different automated systems 
may have different technical specifications that can result in significant 
differences in the measurement of amplitudes, intervals, and diagnos-
tic statements.5,6 The diagnostic specificity and sensitivity of the ECG to 

diagnose a particular abnormality also are not consistent. For example, 
finite limits are defined by the relation between sensitivity and specific-
ity (usually inversely related) for detecting obstructive coronary artery 
disease (CAD). During exercise testing, the 12-lead ECG has a mean 
sensitivity of only 68% and a specificity of 77%.7,8 The resting 12-lead 
ECG is even less sensitive and specific.8 More complex ECG modalities 
are likely to improve its utility in the future (high-frequency QRS sig-
nal averaging). In this chapter, the theory and the operating character-
istics of ECG hardware used in the perioperative period are presented 
to facilitate proper use and interpretation of monitoring data.

HISTORICAL PERSPECTIVE
An extensive review of the history of electrocardiography is beyond 
the scope of this chapter. However, several excellent reviews were pub-
lished in honor of the centennial of the first recording of the human 
ECG.9–14 Willem Einthoven is universally considered the father of elec-
trocardiography (for which he won the 1924 Nobel Prize for Medicine/
Physiology). Many of the basic clinical abnormalities in electrocardio-
graphy were first described using the string galvanometer (e.g., bundle 
branch block, delta waves, ST-T changes with angina). It was used until 
the 1930s, when it was replaced by a system using vacuum tube ampli-
fiers and a cathode ray oscilloscope. With advancements in electrical 
engineering technology, the devices became more compact, portable, 
and user friendly. In the 1950s, a portable direct-writing ECG cart was 
introduced. The first analog-to-digital (A/D) conversion systems for 
the ECG were introduced in the early 1960s, although their off-line 
use was impractical and restricted until the late 1970s. In the 1980s, 
microcomputer technology became widely available and is now stan-
dard for all diagnostic and monitoring systems. Further improvements 
in hardware and software design led to the development of automated 
ST-analysis algorithms and their use in routine clinical practice.

BASIC ELECTROPHYSIOLOGY AND 
ELECTRICAL ANATOMY OF THE HEART
The ECG is the final result of a complex series of physiologic and 
 technologic processes.15 Physiologically, the ECG reflects differences in 
transmembrane voltages in myocardial cells that occur during depo-
larization and repolarization within each cycle. Ionic currents are 
 generated because of ionic fluxes across cell membranes in myocardial 

KEY POINTS

1. The electrocardiogram (ECG) reflects differences 
in transmembrane voltages in myocardial cells that 
occur during depolarization and repolarization within 
each cycle.

2. Processing of the ECG occurs in a series of steps.
3. Where and how ECG electrodes are placed on the 

body are critical determinants of the morphology of 
the ECG signal.

4. ECG signals must be amplified and filtered before 
display.

5. The ST segment is the most important portion of 
the QRS complex for evaluating ischemia.

6. How accurately the clinician places ECG leads on 
the patient's torso is probably the single most 
important factor influencing clinical utility of the 
ECG.

7. Use of inferior leads (II, III, aVF) allows superior 
discrimination of P-wave morphology, facilitating 
visual diagnosis of arrhythmias and conduction 
disorders.

Basic Clinical Information Available from 
Electrocardiography

Anatomy or Morphology

Physiology

TABLE 
15-1
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cells during depolarization and repolarization. The cardiac cells are con-
tiguous and electrically connected by ion channels (gap junctions), which 
allows the ion current to pass through the cells and spread depolariza-
tion.16 Thus, the membrane potential changes in the heart can be con-
sidered a single depolarization that propagates through the whole heart, 
assuming different forms along the way.16 The pattern and sequence of 
depolarization that occur in the heart are depicted in Figure 15-1. There 
are many different types and subtypes of ion channels that are involved 
in the synchronized generation of electrical activity in the heart. Of note 
are the sodium, potassium, calcium, and chloride channels.15–17 Detailed 
discussion of these channels is beyond the scope of this chapter.

At any point in time, the electrical activity of the heart is composed 
of differently directed electrical forces. However, these currents are syn-
chronized by cardiac activation and recovery sequences to generate a 
cardiac electrical field in and around the heart that varies with time 
during the cardiac cycle. This cardiac electrical field passes through 
various internal structures such as lungs, blood, and skeletal muscles. 
The currents reaching the skin are then detected by the electrodes that 
are placed in specific locations on the body and uniquely configured to 
produce different ECG patterns or waveforms. Direction and strength 
of a lead vector depend on the geometry of the body and on the varying 
electric impedances of the tissues in the torso.18,19 As expected, place-
ment of electrodes on the torso is distinct from direct placement on 
the heart because the localized signal strength that occurs with direct 
electrode contact is markedly attenuated and altered by torso inhomo-
geneities, which include thoracic tissue boundaries and variations in 
impedance. The standard 12-lead ECG records potential differences 
(represented as change of voltage over time) between prescribed sites 
on the body surface that vary during the cardiac cycle.4

The first deflection noted on the ECG is caused by atrial depolar-
ization and is called the P wave. Although the depolarization of the 
sinoatrial node precedes the atrial depolarization (see Figure 15-1), the 
potential from these pacemaker cells are too small to be detected on 
the surface ECG. The width of the P wave reflects the time taken for 
the wave of depolarization to spread over both the right and left atria. 
In comparison with the ventricular action potential, the atrial action 
potential is narrower and has a less prominent plateau. The duration of 
atrial contraction is, thus, shorter, which permits another action poten-
tial to occur sooner and makes atria prone to a very high rate (atrial 
flutter). The repolarization atrial wave rarely is seen in a normal ECG 
because it is buried in the much larger QRS wave.

The ECG returns to its baseline between the end of atrial depolarization 
and the commencement of the QRS complex, which is the start of the QRS 
ventricular depolarization. This interval is called the PR interval. Though 
this period may seem electrically silent, it is a time of significant electrical 
activity. During this period, the wave of depolarization that started in the 
sinoatrial node is propagated through the AV node, the AV bundle, right 
and left bundle branches, and Purkinje fibers (see Figure 15-1).

The QRS complex is generated by potential differences that originate 
from the rapid depolarization of the ventricular myocardium (phase 0). 
The duration of the QRS complex (ventricular depolarization) is simi-
lar to that of the P wave (atrial depolarization). However, the amplitude 
of the QRS complex is significantly greater than that of P wave because 
the ventricular mass is much larger than that of the atria. The duration 
of the QRS complex can be increased when conduction through one of 
the bundle branches is blocked or a ventricle is depolarized by an ecto-
pic focus that depolarizes one of the ventricles sooner than the other.

The QRS wave is followed by a period when the ECG returns to the 
baseline and is called the ST segment. It is a time when the ventricle 
is completely depolarized and is represented by phase 2 of the action 
potential (see Figure 15-1). Even though the ventricles are depolarized, 
the ECG does not record any positive or negative waveforms because 
the whole ventricles are depolarized and there is no potential difference 
between sites. The ECG does not measure absolute levels of membrane 
potential but only records the potential differences.15 The same expla-
nation also holds true for the T-P segment, which represents a time 
when the ventricles are fully repolarized; hence no significant potential 
difference is recorded on a surface ECG.

Atrial
muscle

ria
uscle

0 0.1 0.2 0.3 0.4 0.5

Systole
0

120

60

m
L 

or
 m

m
 H

g

–100

0

V
m

 (
m

V
)

V
m

 (
m

V
)

–100

0

V
m

 (
m

V
)

–100

0

V
m

 (
m

V
)

–100

0

V
m

 (
m

V
)

–100

0

 Sec

Electrocardiogram
Lead II

Sinoatrial
node

Atrial
muscle

Atrioventricular
node

Right
atrium

Left
atrium

His
bundle

Purkinje
fibers

Proximal

Distal

Epicardium

Endocardium

Left
ventricular

volume

Left ventricular pressure

R

P
T

QS

rVentricular
muscle

Figure 15-1 The action potential of an automatic cell such as the  sinoatrial 
node differs from that of the ventricular muscle cell in that the cell slowly depo-
larizes spontaneously during phase 4. The inward current (If) is responsible for 
diastolic depolarization. The action potential in a Purkinje cell has the most 
rapid rate of depolarization, 400 to 800 V/sec. When the cell is stimulated, 
an action potential occurs because of a rapid influx of sodium ions (inward 
current) into the cell (phase 0). Phase 1 includes a notch caused by the "early 
outward current" (Ito), which is a transient K efflux, probably activated by an 
intracellular calcium increase. Phase 2 is the plateau of the action potential 
resulting principally from calcium entry (inward currents ICaL and ICaT) through 
the slow channel of the cell membrane. During phase 3, repolarization of the 
cell occurs (outward current IK1), whereas during phase 4, the sodium enter-
ing during phase 0 is actively pumped out of the cell. In a ventricular muscle 
cell, unlike the automatic cells, there is no spontaneous phase 4 depolariza-
tion. (From Lynch C, Lake CL: Cardiovascular anatomy and physiology. In 
Youngberg J, Lake C, Roizen M et al (eds): Cardiac, Vascular, and Thoracic 
Anesthesia. Philadelphia: Churchill Livingstone, 2000, p 87.)



454 SECTION III Monitoring

A T wave is generated by repolarization of the ventricles. Repolarization 
proceeds slowly, is not due to a propagated wave, and hence the  
T wave is broad and of longer duration. It is influenced by many local 
factors.

The time between the onset of the QRS complex and the end of the 
T wave is called the QT interval and gives a useful measure of ven-
tricular action potential duration. Measurement of this interval can be 
used to evaluate for certain diseases or effects of certain medication 
on ventricular repolarization. QT prolongation is important clinically 
because delayed repolarization is a substrate for arrhythmias and 
sudden death.

Sometimes small undulations can be seen after T waves but before 
P waves. These are called U waves and are thought to be generated by  
M cells, which are specialized midmyocardial cells with prolonged 
action potentials.15

TECHNICAL ASPECTS OF  
THE ELECTROCARDIOGRAM
Most clinicians assume that the ECG is a relatively simple technical 
device. However, an extensive amount of advanced electrical theory 
underlies both the recording and display of the ECG signal. Digital sig-
nal processing (DSP) is now used universally, and the average ECG unit 
incorporates several microprocessors. Anesthesiologists should famil-
iarize themselves with the theory behind ECG acquisition to maximize 
rational clinical application and appreciate its clinical limitations. In 
this section, the basics of electrocardiography are presented, briefly 
considering the major components that are involved in the faithful 
 rendition of the surface ECG, working from the skin and electrodes 
progressively to the final output on the screen. The reader is referred to 
a number of technical reviews for more detail.4,5,12,20–23

Processing of the ECG occurs in a series of steps as shown in Figure 
15-2.4 These steps include (1) signal acquisition, including filtering; 
(2) data transformation, or rendition of data for further process-
ing, including finding the complexes, classification of the complexes 
into "dominant" and "nondominant" (ectopic) types, and formation 
of an average or median complex for each lead; (3) waveform recog-
nition, which is the process for identification of the onset and offset 
of the diagnostic waves; (4) feature extraction, which is the measure-
ment of intervals and amplitudes; and (5) for the bedside 12-lead ECG 
machines, diagnostic classification.4 Diagnostic classification may be 
heuristic (i.e., deterministic, or based on experience-based rules) or 
statistical in approach.24

Signal Acquisition and Power Spectrum 
of the Electrocardiogram
It is relevant to consider an electrocardiographic signal in terms of its 
amplitude (or voltage) and its frequency components (generally called 
its phase) to appreciate ECG signal acquisition. Voltage considerations 
differ depending on the signal source. Surface recording involves ampli-
fication of smaller voltages (on the order of 1 mV) than recording sites 
closer to the heart beneath the electrically resistant layers of the skin 
(e.g., endocardial, esophageal, and intratracheal leads). The "power 
spectrum" of the ECG (Figure 15-3) is derived by Fourier transforma-
tion, in which a periodic waveform is mathematically decomposed to 
its harmonic components (sine waves of various amplitudes and fre-
quencies). The fundamental frequency for the QRS complex at the body 
surface is approximately 10 Hz, and most of the diagnostic information 
is contained below 100 Hz in adults. Spectra representing some of the 
major sources of artifact must be eliminated during the processing and 
amplification of the QRS complex.22 The frequency of each of these 
components can be equated to the slope of the component signal.6 The 
R wave with its steep slope is a high-frequency component (100 Hz), 
whereas P and T waves have lesser slopes and are lower in frequency  
(1 to 2 Hz). The ST segment has the lowest frequency, not much 
different from the "underlying" electrical (i.e., isoelectric) baseline of 
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Figure 15-2 Schematic representation of the processes resulting in 
recording of the electrocardiogram.
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Figure 15-3 The typical power spectrum of the electrocardiogram 
(ECG) signal (obtained during ambulatory monitoring), including its 
subcomponents and common artifacts (i.e., motion and muscle noise). 
The power of the P and T waves (PT) is low frequency, and the QRS 
complex is concentrated in the midfrequency range, although residual 
power extends up to 100 Hz. (From Thakor NV: From Holter monitors 
to automatic defibrillators: Developments in ambulatory arrhythmia 
 monitoring. IEEE Trans Biomed Eng 31:770, 1984.)
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the ECG. Before the introduction of DSP, accurately displaying the ST 
segment presented significant technical problems, particularly in oper-
ating room and intensive care unit bedside monitoring units. Although 
the overall frequency spectrum of the QRS complex does not appear to 
exceed 40 Hz, many components of the QRS complex, particularly the 
R wave, can exceed 100 Hz. The American Heart Association (AHA) 
recommends a bandwidth of 0.05 to 100 Hz for monitoring and detec-
tion of myocardial ischemia.4 Very-high-frequency signals of particu-
lar clinical significance are pacemaker spikes. Their short duration and 
high amplitude present technical challenges for proper  recognition 
and rejection to allow accurate determination of the heart rate. The 
 frequencies of greatest importance for optimal ECG processing are 
presented in Table 15-2.5

Digital Signal Processing of the 
Electrocardiogram
Computerized ECG processing has been adapted to all major clinical 
applications of the ECG. The earliest application of A/D signal pro-
cessing occurred during exercise tolerance testing, when significant 
motion artifact and electromyographic noise make acquisition of a 
"clean" ECG signal difficult. Outside of the exercise treadmill labora-
tory, computer processing allows automated analysis of the diagnostic 
12-lead ECG.25 The reader is referred elsewhere for more detailed dis-
cussions of this technology, and to the reports of the scientific council 
of the AHA on standardization and specifications for automated ECG 
and bedside monitors.4,25–28

Processing of the ECG signal by a digital electrocardiograph involves 
initial sampling of the signal from electrodes on the body surface. 
Nearly all current-generation ECG machines convert the analog ECG 
signal to digital form before further processing. The foundation of DSP 
is the A/D converter, which samples the incoming "continuous" ana-
log signal (characterized by variable amplitude or voltage over time) 
at a very rapid rate, converting the sampled voltage into binary num-
bers, each of which has a precise time index or sequence. Greater sam-
pling rates ( 10,000 to 15,000/sec), which are typically less than 0.5 
millisecond in duration help detect pacemaker output reliably. Several 
 technical recommendations regarding low-frequency filtering and 
high-frequency filtering recently have been published by the AHA.4

Formation of a Representative  
Single-Lead Complex
After A/D conversion, the resultant data bits are inspected by a micro-
processor using some form of mathematical construct to determine 
where reference points ("fiducial points") are located. A common 
method locates the point of most rapid change in amplitude (located 
on the downslope of the R wave). This process characterizes the base-
line QRS complex (QRS recognition), providing a "template" on which 
subsequent beats are overlaid (beat alignment) and averaged (signal 
averaging). This not only allows visual display of the QRS complex 
and quantification of its components, but eliminates random electrical 
noise and wide-complex beats that fail to meet criteria established by 
the fiducial points.

QRS waveform amplitudes and durations are subject to beat-to-beat 
variability and to respiratory variability between beats. Digital ECGs 

can adjust for respiratory variability and decrease beat-to-beat noise 
to improve the measurement precision in individual leads by form-
ing a representative complex for each lead. Signal averaging is a critical 
component of this process. Noise is reduced using this technique pro-
portionate by the square root of the number of beats averaged.4 Thus, a 
10-fold reduction in noise is accomplished by averaging only 100 beats. 
Automated measurements are made from these representative tem-
plates, not from measurement of individual complexes. Average com-
plex templates are formed from the average amplitude of each digital 
sampling point for selected complexes. Median complex templates are 
formed from the median amplitude at each digital sampling point. As 
a result, measurement accuracy is strongly dependent on the fidelity 
with which representative templates are formed. Because of the propri-
etary nature of this technology (the specific algorithms used are pat-
ented), the method used may vary by manufacturer. Consequently, the 
 processed QRS complexes may vary in the "quality" of representation 
(i.e., if noise or aberrant beats are averaged into the complex, it will 
vary from the raw analog complex). The averaging process involves 
comparison of the voltages at a particular time point between the 
incoming complex and the template. Although the easiest method is to 
use the mean difference between voltages to update the "template," the 
most accurate method is to use the median (because it is less affected 
by outliers, such as aberrant beats or other signals that have escaped 
QRS matching)4 (Figure 15-4).

A feature incorporated into most monitors is a visual trend line 
from which deviations in the position of the ST segment can be rap-
idly detected, which can aid online detection of ischemia. In addition, 
nearly all monitors display on-screen numerical values for the position 
of the ST segment used for ischemia detection (generally 60 to 80 milli-
seconds after the J point), although the specific fiducial point (based on 
heart rate) used usually can be adjusted by the clinician (Figure 15-5).

History and Description of the  
12-Lead System
Where and how ECG electrodes are placed on the body are critical 
determinants of the morphology of the ECG signal. Lead systems have 
been developed based on theoretical considerations and references to 
anatomic landmarks that facilitate consistency between individuals 
(e.g., standard 12-lead system). Einthoven established electrocardiog-
raphy using three extremities as references: the left arm, right arm, and 
left leg. He recorded the difference in potential between the left arm 
and right arm (lead I), between the left leg and right arm (lead II), and 
between the left leg and left arm (lead III) (Figure 15-6). Because the sig-
nals recorded were differences between two electrodes, these leads were 
called bipolar. The right leg served only as a reference electrode. Because 
Kirchoff 's loop equation states that the sum of the three voltage differen-
tial pairs must equal zero, the sum of leads I and III must equal lead II.21  
The positive or negative polarity of each of the limbs was chosen by 
Einthoven to result in positive deflections of most of the waveforms 
and has no innate physiologic significance. He postulated that the three 
limbs defined an imaginary equilateral triangle with the heart at its 
center. Wilson refined and introduced the precordial leads into clini-
cal practice. To implement these leads, he postulated a mechanism 
whereby the absolute level of electrical potential could be measured at 
the site of the exploring precordial electrode (the positive electrode). 
A negative pole with zero potential was formed by joining the three 
limb electrodes in a resistive network in which equally weighted sig-
nals cancel each other out. He called this the "central terminal," and in 
a fashion similar to Einthoven's vector concepts, he postulated it was 
located at the electrical center of the heart, representing the mean elec-
trical potential of the body throughout the cardiac cycle. He described 
three additional limb leads (aVL, aVR, and aVF; Figure 15-7). These 
leads measured new vectors of activation, and in this way, the hexaxial 
reference system for determination of electrical axis was established. 
He subsequently introduced the six unipolar precordial V leads in 1935 
(see Figure 15-6).29 Six electrodes are placed on the chest in the  following 

Range of Signal Frequencies Included in Different 
Phases of Processing in an Electrocardiographic 
Monitor

Processing Frequency Range

Display 0.5 (or 0.05)–40 Hz
QRS detection 5–30 Hz
Arrhythmia detection 0.05–60 Hz
ST-segment monitoring 0.05–60 Hz
Pacemaker detection 1.5–5 kHz

TABLE 
15-2
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locations: V
1
, fourth intercostal space at the right sternal border; V

2
, 

fourth intercostal space at the left sternal border; V
3
, midway between 

V
2
 and V

4
; V

4
, fifth intercostal space in the midclavicular line; V

5
, in the 

horizontal plane of V
4
 at the anterior axillary line, or if the anterior axil-

lary line is ambiguous, midway between V
4
 and V

6
; and V

6
, in the hori-

zontal plane of V
4
 at the midaxillary line4 (see Figure 15-6).

Clinical application of the unipolar limb leads was limited because 
of their significantly smaller amplitude relative to the bipolar limb 
leads from which they were derived. They were not clinically applied 
until Goldberger augmented their amplitude (by a factor of 1.5) by  
severing the connection between the central terminal and the lead 
extremity being studied (which he called "augmented limb leads") in 
1942. The limb leads, the precordial leads, and the augmented unipo-
lar limb leads form what was accepted by the AHA as the conventional 
12-lead ECG system.30 Einthoven's law indicates that any one of the 
standard limb leads can be mathematically derived from the other two 

limb leads. Therefore, the "standard" 12-lead ECG actually contains 
eight independent pieces of information: two measured potential dif-
ferences from which the four remaining limb leads can be calculated 
and the six independent precordial leads.4 In essence, all leads are effec-
tively "bipolar," and the differentiation between "bipolar" and "unipo-
lar" in the description of the standard limb leads, the augmented limb 
leads, and the precordial leads is discouraged in the most recent state-
ment by the AHA.4

Technical Aspects of Electrode Placement
Monitoring electrodes preferentially should be placed directly over 
bony prominences of the torso (e.g., clavicular heads, iliac promi-
nences) to minimize excursion of the electrode during respiration, 
which can cause baseline wander. Electrode impedance must be opti-
mized to avoid loss and alteration of the signal. Skin impedance can 

ECG contaminated with
baseline drift and
24 µV RMS noise

4 sec

0.4 sec

Median

Mean

Original

1 mV

1 mV

Figure 15-4 Effects of averaging 
techniques on resolution of an elec-
trocardiographic signal heavily con-
taminated with baseline and electrical 
noise. Despite a greater degree of 
baseline and electrical noise, median 
averaging results in a more accurate 
rendition of the original signal. Notice 
the abnormal J-point elevation in 
the mean averaged complex. ECG, 
electrocardiogram; RMS, root mean 
square. (From Froelicher VF: Special 
methods: Computerized exercise 
ECG analysis. In Exercise and the 
Heart. Chicago: Year Book Medical 
Publishers, 1987, p 36.)
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be reduced by a factor of 10 to 100 by removing a portion of the stra-
tum corneum (e.g., gentle abrasion with a dry gauze pad resulting in a 
minor amount of surface erythema). Optimal impedance is 5000 ohms 
or less. The electrode may be covered with a watertight dressing to 
prevent surgical scrub solutions from undermining electrode contact.

Intrinsic and Extrinsic 
Electrocardiogram Artifact
Skin Impedance
Motion artifact and "baseline wander" result from several causes. 
Intrinsic to the body are electrical potentials generated by the skin.31 
Skin impedance has been shown to vary at different skin sites.

Electrodes
Direct current (DC) potentials actually are stored by the electrode 
itself (i.e., offset potentials), varying with the type of electrode used. 
A striking example of an offset potential is the transient obliteration 
of the ECG that occurs immediately after electrical defibrillation. Poor 
electrode contact enhances pickup of alternating current power-line 
interference (60-Hz signals).

Motor Activity
Another major physiologic source of artifact is electromyographic 
noise produced by motor activity, either voluntary (i.e., during tread-
mill testing or ambulatory ST-segment monitoring) or involuntary 
(i.e., shivering or Parkinsonian tremor). Electromyographic noise is 
similar in amplitude to the ECG but is generally of considerably higher 
frequency. Because it is a random signal, in contrast with the regular 
repetitive ECG, it is amenable to significant attenuation using routine 
DSP techniques (Figure 15-8).32

Extrinsic
There are also extrinsic or nonphysiologic causes of artifact. An impor-
tant one is called common-mode rejection. The ECG signal is recorded 
as the difference in potential between two electrodes and is technically a 
differential signal. The body is not at absolute ground potential, which 
is why the right leg lead is used as a reference electrode.22 This higher 
potential (over that of an absolute ground to earth) is called common-
mode potential because it is common to both electrode inputs to the 
differential amplifier used to amplify the ECG signal. Common-mode 
potential must be rejected or it may alter the ECG signal.

Electrical Power-line Interference
Electrical power-line interference (60 Hz) is a common environmen-
tal problem. Power lines and other electrical devices radiate energy 
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Figure 15-5 The graphic output of the ST-adjustment window from a 
Marquette Electronics Series 7010 monitor (Milwaukee, WI) ST-segment 
analyzer. This software allows trending and display of three leads (i.e., I, 
II, and any single V lead). In this window, the initial complex ("learned" 
when the program was activated) is displayed together with the cur-
rent complex. Two complexes are superimposed with different intensi-
ties to facilitate comparison. ST analysis is performed automatically at 
80 milliseconds after the J point, although the user can manually adjust 
this. The number of QRS complexes that are input to the monitor is dis-
played. (From Reich DL, Mittnacht A, London M, Kaplan J: Monitoring of 
the heart and vascular system. In Kaplan JA, et al (eds): Kaplan's Cardiac 
Anesthesia, 5th ed. Philadelphia: Saunders/Elsevier, 2006.)
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Figure 15-6 Top, Electrode connections for 
recording the three standard limb leads I, II, and III. 
R, L, and F indicate locations of electrodes on the 
right arm, the left arm, and the left foot, respec-
tively. Bottom, Electrode locations and electrical 
connections for recording a precordial lead. Left, 
The positions of the exploring electrode (V) for the 
six precordial leads. Right, Connections to form the 
Wilson central terminal for recording a precordial 
(V) lead. (Reprinted from Mirvis DM, Goldberger AL:  
Electrocardiography. In Bonow RO, Mann DL, 
Zipes DP, Libby P (eds): Braunwald's Heart Disease: 
A Textbook of Cardiovascular Medicine, 8th ed. 
Philadelphia: Saunders/Elsevier, p.153, 2008.)
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that can enter the monitor by poor electrode contact or cracked or 
poorly shielded lead cables. Interference can also be induced electromag-
netically as these signals radiate through the loop formed by the body, 
lead cables, and monitor.31 This type of interference can be reduced by 
twisting the lead cables together (reducing the loop area) or by mini-
mizing the distance between the lead cables. In newer diagnostic ECG 
machines, A/D signal conversion occurs in an acquisition module close 
to the patient, which effectively reduces the length of the lead cables 
and the amount of signal induction possible. A line frequency "notch" 
 filter is often used to remove 60-Hz noise. Other means of mathematical 
manipulation and processing also can remove 60-Hz noise.33

Electrocautery
Electrocautery units generate radiofrequency currents at very high 
frequencies (800 to 2000 kHz) and high voltages (1 kV, which is 100 
times greater than the ECG signal). Older units used a modulation 
frequency of 60 Hz, which spread substantial electrical noise into the 
QRS frequency range of the ECG signal. Newer units use a modulation 
frequency of 20 kHz, minimizing this problem.5 To minimize electro-
cautery artifact, place the right leg reference electrode as close as possi-
ble to the return plate and plug the ECG monitor into a different power 
outlet from the electrosurgical unit.

Clinical Sources of Artifact
Clinical devices with which the patient is in physical contact, particu-
larly via plastic tubing, may at times cause clinically significant ECG 
artifact.34–37 Although the exact mechanism is uncertain, two leading 
explanations are either a piezoelectric effect caused by mechanical 
deformation of the plastic or buildup of static electricity between two 
dissimilar materials, especially those in motion (as in the case of cardio-
pulmonary bypass [CPB] tubing and the roller pump head described 
later). In this scenario, the electricity generated in the pump flows 
into the patient via the tubing and is picked up by the electrodes. This 
artifact is not related to the electricity used to power the CPB pump 
because it has been reproduced by manually turning the pump heads.

Although ECG interference during CPB has been recognized for 
many years, Khambatta et al36 were the first to document it in the lit-
erature. It is manifested by marked irregularity of the baseline, similar 
to ventricular fibrillation, with a frequency of 1 to 4 Hz and a peak 
amplitude up to 5 mV. Uncorrected, it may make effective diagnosis of 
arrhythmias and conduction disturbances difficult (Figure 15-9), espe-
cially during the critical period of weaning from CPB, and make accu-
rate determination of asystolic arrest from the cardioplegia difficult. 
This artifact is more common in the winter than summer (56% vs. 
13% of patients), with low relative humidity (45% to 48% or less), and 
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Figure 15-7 Electrode locations and electrical connections for recording the three augmented limb leads aVR, aVL, and aVF. Dashed lines indicate 
connections to generate the reference electrode potential. (Reprinted from Mirvis DM, Goldberger AL: Electrocardiography. In Bonow RO, Mann DL, 
Zipes DP, Libby P (eds): Braunwald's Heart Disease: A Textbook of Cardiovascular Medicine, 8th ed. Philadelphia: Saunders/Elsevier, p. 153, 2008.)
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Figure 15-8 Reduction of muscle 
artifact (simulated) by digital signal 
processing using signal averaging 
(PC2 Bedside Monitor; Spacelabs 
Healthcare, Redmond, WA). Top, The 
initial learned complex (i.e., dominant) 
on the left is followed by real-time com-
plexes. Bottom, Median complexes 
are smoothed by signal processing. 
Notice that the ST segment position 
is isoelectric in the normal complex, 
but it does vary in accuracy with this 
degree of noise. The degree of noise 
reduction is proportional to the square 
root of the number of beats averaged. 
(From Reich DL, Mittnacht A, London 
M, Kaplan J: Monitoring of the heart 
and vascular system. In Kaplan JA,  
et al (eds): Kaplan's Cardiac 
Anesthesia, 5th ed. Philadelphia: 
Saunders/Elsevier, 2006.)
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with room temperature less than 18° C to 20° C. Accumulation of static 
electricity is assumed to be the major causative factor, and the authors 
recommended maintaining ambient temperature above 20° C.

ECG artifact often mimics arrhythmias, primarily atrial, because 
the baseline artifact may resemble flutter waves or atrial fibrillation. 
Kleinman et al37 (see earlier pump artifact) reported the commonly 
observed "atrial flutter" artifact (see Figure 15-9). Baseline artifact simu-
lating flutter waves at 300 per minute occurred on an operating room 
monitor. The waves were observed to precisely track the pump head 
speed, disappearing when the pump was turned off. The artifact appears 
to have been caused by poor ECG electrode contact because the authors 
were able to produce it by undermining an ECG electrode with liq-
uids. They pointed out that poor application of only one electrode can 
markedly impair the common-mode rejection capabilities of the ECG 
differential amplifier. This type of artifact also has been reported dur-
ing noncardiac surgery.34 Other clinical devices associated with ECG 
interference, albeit rarely, include infusion pumps and blood warmers. 
Isolated power supply line isolation monitors have also been associated 
with 60-Hz interference. This can be diagnosed by removing the line 
isolation monitor fuses to see whether the artifact disappears.38

Frequency Response of 
Electrocardiographic Monitors: Monitoring 
and Diagnostic Modes
ECG signals must be amplified and filtered before display. Each must be 
amplified equally to reproduce the component frequencies accurately. 
The monitor must have a "flat amplitude response" over the wide range 
of frequencies present. Similarly, because the slight delay in a signal as 
it passes through a filter or amplifier may vary in duration with differ-
ent frequencies, all frequencies must be delayed equally. This is termed  
linear phase response. If the response is nonlinear, various components 
may appear temporally distorted (called phase shift). Given the impor-
tance of the ECG in diagnosing myocardial ischemia, it is important to 
realize that "significant" ST-segment depression or elevation can occur 
solely as a result of improper signal filtering in 12-lead ECG machines 
and bedside or ambulatory ST-segment monitors.39–43 This artifact 
was a particular problem before the introduction of DSP. The AHA 
Committee on Electrocardiography Standardization has addressed 
 specific frequency requirements for monitoring in this setting.6,26

Nonlinear frequency response in the low-frequency range (0.5 Hz) 
can cause artifactual ST depression, whereas phase delay in this range can 

cause ST-segment elevation.6 The AHA recommends a bandwidth from 
0.05 to 100 Hz (at 3 dB).30 Although a completely linear response is desir-
able, with analog filters, it is not generally possible. Because greater base-
line noise is present when a 0.05-Hz cutoff is used, the 0.5-Hz cutoff often 
is used to display a more stable signal. This commonly is referred to as 
"monitoring mode," and use of a 0.05-Hz low-frequency cutoff is known 
as "diagnostic mode."44 The difference in ST-segment morphology at var-
ious low-frequency cutoffs is illustrated in Figure 15-10. Because most 
newer monitors use signal averaging techniques that effectively eliminate 
most artifact even in the diagnostic mode, the clinician can usually (and 
should) avoid using the monitoring mode, whenever possible.

High-frequency response is of less importance clinically because the 
ST segment and T wave reside in the low-frequency spectrum. However, 
at the commonly used high-frequency cutoff of 40 Hz, the amplitude 
of the R and S waves may diminish significantly, making it difficult 

150–

100–

50–

n–

Figure 15-9 Baseline artifact simulates atrial flutter in a cannulated 
patient (top), with stable arterial pressure (middle) just before institution 
of full cardiopulmonary bypass, similar to that described by Kleinman 
et al.37 The "pseudoflutter waves" are corrected by application of the 
grounding cable (bottom). (From London MJ, Kaplan JA: Advances 
in electrocardiographic monitoring. In Kaplan JA, et al (eds): Cardiac 
Anesthesia, 4th ed. Philadelphia: Saunders/Elsevier, 1999.)
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Figure 15-10 A, Monitoring versus diagnostic mode in leads II (top 
trace) and V5 (bottom trace) in a patient undergoing coronary artery 
bypass grafting. Notice the straightening of the baseline with use of the 
monitoring mode, which is most notable in lead II. The degree of the PR 
and ST segments is exaggerated in both leads. B, Effects of monitor-
ing mode on ST-segment depth and morphology are illustrated using 
a digital electrocardiographic simulator. A SpaceLabs PC2 monitor 
(Redmond, WA) was switched from monitoring (0.5 to 40 Hz) to diagnos-
tic mode (0.05 to 70 Hz). Notice the increase in the depth of ST-segment 
depression and the alteration of slope in both leads. (From London MJ: 
Ischemia monitoring: ST segment analysis versus TEE. In Kaplan JA [ed]: 
Cardiothoracic and Vascular Anesthesia Update, vol. 3. Philadelphia: 
WB Saunders, 1993, pp 1–20.)
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to diagnose ventricular hypertrophy.40,45 Significant reduction in QRS 
amplitude may occur in the following circumstances: major decreases 
in LV function, obesity, pericardial and pleural effusions, anasarca, and 
infiltrative or restrictive cardiac diseases.46,47

Tsuda et al48 studied changes in R-wave amplitude in V
5
 through-

out the intraoperative period in 35 patients undergoing CABG or valve 
replacement. Amplitude was reduced by 50% to 60% before institu-
tion of CPB. CABG patients had a slower recovery of R-wave ampli-
tude. Marked reduction and failure of recovery of R-wave amplitudes 
occurred in patients who died perioperatively, a finding often observed 
clinically but not previously documented in the literature. Crescenzi 
et al49 have extended these observations by comparing R-wave ampli-
tude in leads V

4
 and V

5
 in patients undergoing CABG with (n = 35) or 

without CPB (n = 35). A control group of patients undergoing mitral 
valve repair (n = 31) without CAD was included. A lack of change of 
amplitude in the R wave was found in the off-pump cases in contrast 
with reductions of R-wave amplitude in patients undergoing CABG or 
mitral valve surgery with CPB. Although biochemical markers of car-
diac damage were significantly lower in the off-pump CABG group, 
no significant correlation was observed between alteration of R-wave 
amplitude and biochemical marker levels. It does not appear that fluid 
shifts or weight changes were considered in this analysis, factors that 
are more likely with the use of CPB. Larger sample sizes and more 
detailed analyses are required to better refine any potential clinically 
useful applications of QRS amplitude changes.

ELECTROCARDIOGRAPHIC CHANGES 
WITH MYOCARDIAL ISCHEMIA

Detection of Myocardial Ischemia
The ST segment is the most important portion of the QRS complex 
for evaluating ischemia.50,51 It may come as a surprise that there are no 
gold standard criteria for the ECG diagnosis of myocardial  ischemia. 

Many anesthesiologists, when evaluating an ECG for signs of ischemia, 
look for signs of repolarization or ST-segment abnormalities. There 
are also many other signs of myocardial ischemia that may be evi-
denced in the ECG. These include T-wave inversion, QRS and T-wave 
axis  alterations, R- or U-wave changes, and the development of pre-
viously undocumented arrhythmias or ventricular ectopy.10 None of 
these, however, is as specific for ischemia as ST-segment depression or 
elevation.

The origin of the ST segment, at the J point, is easy to locate. However, 
J-point termination, which is generally accepted as the beginning  
of any change of slope of the T wave, is more difficult to determine. 
In normal individuals, there may be no discernible ST segment as the 
T wave starts with a steady slope from the J point, especially at rapid 
heart rates. The TP segment has been used as the isoelectric baseline 
from which changes in the ST segment are evaluated, but with tachy-
cardia, this segment is eliminated, and during exercise testing, the PR 
segment is used. The PR segment is used in all ST-segment analyzers.

Repolarization of the ventricle proceeds from the epicardium to the 
endocardium, opposite to the vector of depolarization. The ST segment  
reflects the midportion, or phase 2, of repolarization during which 
there is little change in electrical potential.52 It is usually isoelec-
tric. Ischemia causes a loss of intracellular potassium, resulting in a  
current of injury. The electrophysiologic mechanism accounting for 
ST-segment shifts (elevation or depression) remains controversial. The 
two major theories are based on a loss of resting potential as current 
flows from the uninjured to the injured area (i.e., diastolic current) and 
on a true change in phase 2 potential as current flows from the injured 
to the uninjured area (i.e., systolic current; Figure 15-11). With suben-
docardial injury, the ST segment is depressed in the surface leads. With 
epicardial or transmural injury, the ST segment is elevated (Figure 
15-12). When a lead is placed directly on the endocardium, opposite 
patterns are recorded.

With myocardial ischemia, repolarization is affected, resulting in 
downsloping or horizontal ST-segment depression. Various local effects 
and differences in vectors during repolarization result in different  
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Figure 15-11 Pathophysiology of ischemic ST  
 elevation. Two basic mechanisms have been 
advanced to explain the elevation seen with acute 
myocardial injury. A, Diastolic current of injury. In 
this case (first QRS–T complex), the ST vector will be 
directed away from the relatively negative, partly depo-
larized, ischemic region during electrical diastole (TQ 
interval), and the result will be primary TQ depression. 
Conventional alternating current electrocardiograms 
compensate for the baseline shift, and an apparent ST 
elevation (second QRS–T complex) results. B, Systolic 
current of injury. In this case, the ischemic zone will 
be relatively positive during electrical systole because 
the cells are repolarized early and the amplitude and 
upstroke velocity of their action potentials may be 
decreased. This injury current vector will be oriented 
toward the electropositive zone, and the result will 
be primary ST elevation. (Reprinted from Mirvis DM, 
Goldberger AL: Electrocardiography. In Bonow RO, 
Mann DL, Zipes DP, Libby P (eds): Braunwald's Heart 
Disease: A Textbook of Cardiovascular Medicine, 
8th ed. Philadelphia: Saunders/Elsevier, p. 174, 2008.)
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ST morphologies that are recorded by the different leads. It generally 
is accepted that ST changes in multiple leads are associated with more 
severe degrees of CAD.

The classic criterion for ischemia is 0.1 mV (1 mm) of ST-segment 
depression measured 60 to 80 milliseconds after the J point (Figure 
15-13).50,51 The slope of the segment must be horizontal or downslop-
ing. Downsloping depression may be associated with a greater number 
of diseased vessels and a worse prognosis than horizontal depres-
sion. Slowly upsloping depression with a slope of 1 mV/sec or less is 
also used but is considered less sensitive and specific (and difficult to 
assess clinically). The magnitude of ST-segment depression is related 
directly to the height of the associated R wave. Given that R waves are 
highest in the lateral precordium and lowest in the inferior regions, 
some have proposed "normalizing" ST depression for this variable.53 
However, this is controversial and not practical clinically. Nonspecific 
ST-segment depression can be related to drug use, particularly digoxin.54 
Interpretation of ST-segment changes in patients with LV hypertro-
phy is particularly controversial given the tall R-wave baseline, J-point 
depression, and steep slope of the ST segment. Although a number 
of studies have excluded such patients, others (including those using 
other modalities or epidemiologic studies) observed that LV hypertro-
phy is a highly significant predictor of adverse cardiac outcome.55

The criteria for myocardial ischemia with ST-segment elevation 
(0.1 mV in two contiguous leads) are used in conjunction with clini-
cal symptoms or elevation of biochemical markers to diagnose acute 
coronary syndromes. It usually results from transmural ischemia, but it 
may potentially represent a reciprocal change in a lead oriented oppo-
site to the primary vector with subendocardial ischemia (as may be 
seen in the reverse situation).56,57 Perioperative ambulatory monitoring 

studies also have included more than 0.2 mV in any single lead as a cri-
terion, but ST elevation rarely is reported in the setting of noncardiac 
surgery. It is commonly observed, however, during weaning from CPB 
in cardiac surgery and during CABG surgery (on- and off-pump) with 
interruption of coronary flow in a native or graft vessel. ST elevation in 
a Q-wave lead should not be analyzed for acute ischemia, although it 
may indicate the presence of a ventricular aneurysm.

Despite the clinical focus on the ST segment for monitoring, the 
earliest ECG change at the onset of transmural ischemia is the almost 
immediate onset of tall and peaked (i.e., hyperacute) T waves, a  
so-called primary change. This phase is often transient. A significant 
increase in R-wave amplitude may also occur at this time.58 T-wave 
inversions (symmetrical inversion) commonly accompany transmu-
ral ST-segment elevation changes, although most T-wave inversions or 
flattening observed perioperatively is nonspecific, resulting from tran-
sient alterations of repolarization because of changes in electrolytes, 
sympathetic tone, and other noncardiac factors.

Although repolarization changes (e.g., ST-T wave) are the focus of 
ischemia detection, computerized ECG analysis using signal averag-
ing techniques has well-documented changes in depolarization with 
ischemia manifested by reduction in high-frequency components of 
the QRS complex (150 to 250 Hz). Such changes are not visible on 
the standard ECG, as they are in the range of only 10 to 20 mV, and 
are measured quantitatively using the root mean square (RMS) value 
(calculated by squaring the amplitude of each sample, determining the 
means of the squares, and then the square root of that mean value). 
Absolute changes in the RMS value greater than 0.6 mV or relative 
changes of more than 20% are considered clinically significant. This 
effect is likely due to slowing of conduction velocity in the ischemic 
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Figure 15-12 Current of injury patterns with acute ischemia. A, With predominant subendocardial ischemia, the resultant ST vector is directed 
toward the inner layer of the affected ventricle and the ventricular cavity. Overlying leads, therefore, record ST depression. B, With ischemia involv-
ing the outer ventricular layer (transmural or epicardial injury), the ST vector is directed outward. Overlying leads record ST elevation. Reciprocal ST 
depression can appear in contralateral leads. (Reprinted from Mirvis DM, Goldberger AL: Electrocardiography. In Bonow RO, Mann DL, Zipes DP, 
Libby P (eds): Braunwald's Heart Disease: A Textbook of Cardiovascular Medicine, 8th ed. Philadelphia: Saunders/Elsevier, p. 174, 2008.)
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region.59 One study documented higher sensitivity of this approach 
compared with 12-lead ST-segment analysis in the detection of acute 
coronary occlusion during percutaneous transluminal coronary angio-
plasty.60 The overall sensitivity was 88%, compared with 71% using 
ST-segment elevation criteria, or 79% by combining ST-segment eleva-
tion and depression. Its greatest value was in the detection of circum-
flex and right coronary artery occlusions.

Although this technology has been applied in several studies of 
patients undergoing cardiac surgery, all compared preoperative data 
with late (>1 week) postoperative data. Matsushita et al,61 however, 
described its perioperative use in 70 patients undergoing CABG or 
valve surgery, evaluating RMS values 1 to 2 hours after removal of the 
aortic crossclamp. Dividing patients into quartiles of RMS values, they 
observed that decreases in cardiac index correlated significantly with 
progressive reductions in RMS, use of inotropes, and longer cross-
clamp times. At a threshold of 35% of preoperative values, a low car-
diac output syndrome was more common. They hypothesized that the 
increase in intracellular calcium with ischemia is the common thread 
linking changes in conduction velocity with function. They recom-
mended more common use of this technology because it is performed 
using an orthogonal lead set, which avoids the surgical field, is nearly 
real-time in nature, and extends the connection between ECG-derived 
parameters and cardiac function. Although intriguing, further studies 
from other groups clearly are required. It is unlikely this will be used 
commonly in the near future given the expense of replacing or upgrad-
ing existing equipment, but it remains a fertile topic for research.

Anatomic Localization of Ischemia with 
the Electrocardiogram
As noted earlier, ST-segment depression is a common manifestation 
of subendocardial ischemia. From a practical clinical standpoint, it has 
a single major strength and limitation. Its strength is that it is almost 
always present in one or more of the anterolateral precordial leads (V

4
 

through V
6
).62 However, it fails to "localize" the offending coronary 

lesion and has little relation to underlying segmental asynergy.63,64

In contrast, ST elevation correlates well with segmental asynergy and 
localizes the offending lesion relatively well.63,65 Reciprocal ST-segment 
depression often is present in one or more of the other 12 leads. In 
patients with angiographically documented single-vessel disease, ST 
elevations (as well as Q waves or inverted T waves) in leads I, aVL, 
or V

1
 through V

4
 are closely correlated with disease of the left ante-

rior descending artery, whereas similar findings in leads, II, III, and 
aVF indicate disease of the right coronary or left circumflex arteries 
(surprisingly, the latter two cannot be differentiated by ECG criteria).65 
A multivariate analysis suggested that ST-segment elevation, abnormal 
Q waves, and inverted T waves in leads I and aVL (with normal V

1
 and V

6
)  

can be used to differentiate isolated first diagonal branch occlusion 
from the more ominous proximal left anterior descending artery 
occlusion.66

Berry et al64 demonstrated the insensitivity of surface leads rela-
tive to a unipolar intracoronary lead (the distal end of a guidewire 
across a coronary stenosis) for evaluating ischemia in certain regions 
of the heart during percutaneous transluminal coronary angioplasty. 
Occlusion of the left circumflex artery resulted in ST elevation in only 
32% of patients on the surface ECG, primarily in the inferior leads 
(83%) or in V

5
 or V

6
 (33%).

Clinical Lead Systems for 
Detecting Ischemia
Early clinical reports of intraoperative monitoring using the V

5
 lead in 

high-risk patients were based on observations during exercise testing, 
in which bipolar configurations of V

5
 demonstrated high sensitivity for 

myocardial ischemia detection (up to 90%). Subsequent studies using 
12-lead monitoring (torso mounted for stability during exercise) con-
firmed the sensitivity of the lateral precordial leads.67,68 Some studies,  

however, reported higher sensitivity for leads V
4
 or V

6
 compared 

with V
5
, followed by the inferior leads (in which most false-positive 

responses were reported).62,69–74

The factors responsible for precipitating ischemia during exercise 
testing and surgical settings may differ. For example, during exercise 
stress testing, most ischemia is demand related; whereas in the periop-
erative period, a larger proportion may be related to reduced oxygen 
supply. The most sensitive leads during exercise testing, however, are 
useful in the perioperative setting.

Given the relatively low sensitivity and specificity of the ECG, radio-
nuclide and echocardiographic imaging now are used routinely in 
addition to the ECG in cardiac evaluations, but they are not practi-
cal in most perioperative settings. Other infrequently used parameters, 
such as R-wave amplitude and various patterns of heart rate change 
(e.g., heart rate recovery after exercise, heart rate change related to the 
slope of the ST segment), have been proposed as more sensitive means 
of detecting ischemia, compared with isolated ST-segment depression.

With the widespread growth of percutaneous coronary interven-
tion for acute myocardial infarction and unstable angina in the 1990s, 
a number of investigators have reported on the use of continuous ECG 
monitoring (3 or 12 leads) in this setting. These observations have 
extended the classic teaching regarding localization of sites of coronary 
artery occlusion. Horacek and Wagner75 reviewed the complexities and 
controversies regarding vessel-specific ECG responses to acute myo-
cardial ischemia in detail. In general, ST-segment elevation in leads 
V

2
 and V

3
 is most sensitive for occlusion of the left anterior descend-

ing coronary artery, and leads III and aVF are most sensitive for the 
right coronary artery. In contrast, circumflex occlusion results in vari-
able responses, with primary elevation in the posterior precordial leads 
V

7
 through V

9
 (which are rarely monitored clinically), and reciprocal 

ST-segment depression in the standard precordial leads (V
2
 or V

3
).76,77 

For transmural ischemia, sensitivity is highest in the anterior rather 
than the lateral precordial leads. An international multidisciplinary 
working group specifically recommended continuous monitoring of 
leads III, V

3
, and V

5
 for all acute coronary syndrome patients.78

Intraoperative Lead Systems
Detection of perioperative myocardial ischemia is an integral part of 
clinical monitoring and guides therapy (e.g., perioperative -blockade). 
Many studies have demonstrated associations of perioperative ischemia 
with adverse cardiac outcomes in adults undergoing a variety of cardiac 
and noncardiac surgical procedures, particularly major vascular sur-
gery.79–82 Perhaps the bigger challenge is interpreting minor ST-segment 
changes in the context of the overall risk profile of the patient to avoid 
costly diagnostic tests being performed inappropriately. Studies docu-
ment that transient myocardial ischemia occurs in the absence of sig-
nificant CAD in unexpected patients, such as parturients, particularly 
with significant hemodynamic stress or hemorrhage.83 Although the 
precise cause of such changes is uncertain, significant troponin release 
has been documented in these patients, confirming the suspicion that 
these ECG changes are true ischemic responses (probably related to 
subendocardial ischemia caused by global hypoperfusion).

How accurately the clinician places ECG leads on the patient's torso 
is probably the single most important factor influencing clinical util-
ity of the ECG. Placement of the limb leads almost anywhere on the 
torso at, or near the origin of, the arms allows accurate rendition of 
lead II because both electrodes are farther than 12 cm from the heart 
(a distance considered to be the electrical infinity value beyond which 
amplitude of the QRS complex is unchanged).84

The cardiac anesthesiologist encounters a variety of ECG changes 
consistent with or pathognomonic for myocardial ischemia or infarc-
tion at many phases of the perioperative period in patients undergoing 
cardiac surgery. In the majority of these patients (i.e., those with known 
CAD), the sensitivity and specificity of the major signs described later 
are high, and few false-positive or -negative changes are encountered. 
However, the abnormal physiology of CPB, including acute changes in 
temperature, electrolyte concentrations, catecholamine levels, and so 
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on, can significantly influence sensitivity and specificity. In addition, 
patients undergoing valve replacement, even those without coronary 
artery lesions, can develop significant subendocardial and transmural 
ischemia (e.g., coronary artery embolus of valve calcification, vegeta-
tions, or air). Even neonates can experience development of myocar-
dial ischemia85 (Figure 15-14).

Detecting and recognizing the clinical significance of various ECG 
signs of ischemia or infarction can enhance patient care acutely, as in 
emergency treatment of coronary artery spasm or air embolus, or by 
alerting the surgeon that myocardial revascularization may have been 
inadequate. This may lead to re-exploration of a saphenous vein or inter-
nal mammary artery anastomosis, especially if the TEE data support 
the diagnosis of ischemia. The early reports of Kaplan87 and Dalton,86 
recommending routine intraoperative monitoring of V

5
 in high-risk 

patients, cited exercise tolerance tests as the source of their recommen-
dations (see Chapter 18). Subsequently, the recommended leads for 
intraoperative monitoring, based on several clinical studies, do not dif-
fer substantially from those used during exercise testing, although con-
siderable controversy as to the optimal leads persists in both clinical  
settings. The coronary care unit's use of continuous ECG monitoring 
has received increasing attention.88 A clinical study using continuous,  
computerized 12-lead ECG analysis in a mixed cohort (for vascular and 
other noncardiac procedures) by London et al89 reported that almost 
90% of responses involved ST-segment depression alone (75% in V

5
 

and 61% in V
4
). In approximately 70% of patients, significant changes 

were observed in multiple leads. The sensitivity of each of the 12 leads 
in that study is shown in Figure 15-15. When considered in combina-
tion (as occurs clinically), the use of leads V

4
 and V

5
 increased sensitiv-

ity to 90%, whereas sensitivity for the standard clinical combination of 
leads II and V

5
 was only 80%. Use of leads V

2
 through V

5
 and lead II 

captured all episodes (Table 15-3). A larger clinical study by Landesberg 
et al90 of patients undergoing vascular surgery, using a longer period of 
monitoring (up to 72 hours) with more specific criteria for ischemia 
(>10-minute duration of episode), extended these observations. They 
reported that V

3
 was most sensitive for ischemia (87%) followed by V

4
 

(79%), whereas V
5
 alone was only 66% sensitive (Figure 15-16).90 In 

the subgroup of patients in whom prolonged ischemic episodes ulti-
mately culminated in infarction, V

4
 was most sensitive (83%). In this 

study, all myocardial infarctions were non–Q-wave events detected by 
troponin elevation. Use of two precordial leads detected 97% to 100% 
of changes. Based on analysis of the resting isoelectric levels of each of 
the 12 leads (a unique component of this study), it was recommended 
that V

4
 was the best single choice for monitoring of a single precordial 
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Figure 15-14 Early ST-segment 
changes in lead II in a 2-day-old, 3.5-
kg male infant undergoing Senning 
procedure first with permission noted 
immediately postbypass (1500 hr) and 
30 minutes later (1530 hr). Significant 
ST elevation during chest closure 
(1535 hr) improved after administra-
tion of trinitroglycerin (TNG), isoprot-
erenol (ISUP), and dopamine (DOP) at 
1545 hr. BP, blood pressure; ECG, elec-
trocardiogram. (From Bell C, Rimar S, 
Barash P: Intraoperative ST-segment 
changes consistent with myocardial 
ischemia in the neonate: A report of 
three cases. Anesthesiology 71:601–
604, 1989.)
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ischemia based on 51 episodes detected in 25 patients undergoing non-
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Data from London MJ, Hollenberg M, Wong MG, et al: Intraoperative myocardial 
ischemia: Localization by continuous 12-lead electrocardiography. Anesthesiology 
69:232, 1988.

Sensitivity for Different Electrocardiographic Lead 
Combinations

Number of Leads Combination Sensitivity (%)

1 lead II 
V4 
V5

 33
 61
 75

2 leads II/V5
II/V4
V4/V5

 80
 82
 90

3 leads V3/V4/V5
II/V4/V5

 94
 96

4 leads II/V2-V5 100

TABLE 
15-3
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lead, because it was most likely to be isoelectric relative to the resting 
12-lead preoperative ECG. In contrast, the baseline ST segment was 
more likely above isoelectric in V

1
 through V

3
 and below isoelectric 

in V
5
 and V

6
. Surprisingly, no episodes of ST elevation occurred in 

this study, as opposed to 12% in the earlier study of London et al,89 
in which such changes were detected in inferior and anteroseptal pre-
cordial leads. Martinez et al91 evaluated a cohort of vascular surgical 
patients monitored in the intensive care unit for the first postoperative 
day with continuous 12-lead monitoring using a threshold of 20 minutes 
for an ischemic episode. Eleven percent of 149 patients met criteria, 
with ST depression in 71% and ST elevation alone in 18% (12% had 
both). Most changes were detected in V

2
 (53%) and V

3
 (65%). Using 

the standard two-lead system (II and V
5
), only 41% of episodes would 

have been detected. Although these studies clearly support the value 
of precordial monitoring in patients at risk for subendocardial isch-
emia, clinicians must be vigilant for the rare patient with acute Q-wave 
infarction (most commonly in the inferior leads). The studies previ-
ously cited have all been conducted in patients undergoing noncardiac 
surgery because it is not practical to conduct such studies in those with 
open chests or extensive surgical dressings in the precordial region. 
There is no reason, however, to assume that there would be any sig-
nificant differences in the cardiac patient. Sudden episodes of acute 

 transmural ischemia (associated with ST-segment elevation) are much 
more likely in this setting from acute ischemia/infarction (e.g., throm-
botic occlusion) or surgery-induced reductions in coronary blood 
flow. The use of multiple precordial leads, although appealing, is not 
likely to become common clinical practice because of the limitations 
of existing monitors (and cables). Even if such equipment were avail-
able, it is likely that considerable resistance would occur from practitio-
ners because of the extra effort associated with this approach. Perhaps, 
in the future, when lower cost wireless technologies are perfected, this 
approach may become a clinical reality.

Abnormalities in T-wave morphology are probably the most com-
mon perioperative ECG abnormality in the general surgical popula-
tion. Breslow et al92 noted new T-wave abnormalities within 1 hour 
after surgery in 18% of an unselected surgical population of 394 
patients (excluding cardiac and neurosurgery). About two thirds 
of the changes were limited to T wave flattening, and the remainder 
had new inversions. The incidence was no different between patients 
with known CAD and those without. Out of a battery of variables, the 
only one statistically associated with T-wave abnormalities was intra-
abdominal surgery. Importantly, the ECG changes were not associated 
with any clinical morbidity. This study illustrates the known relation of  
T wave changes with a variety of autonomic stimuli, including changes in 
serum glucose, increased catecholamines, acute hyperventilation, and 
upper gastrointestinal disease. Similar analyses in patients undergoing 
cardiac surgery are not available, and the specificity of the response 
would be expected to be much lower.

ELECTROCARDIOGRAPHIC CHANGES 
WITH MEDICATIONS, ELECTROLYTES, AND 
PACEMAKERS
Use of inferior leads (II, III, aVF) allows superior discrimination of 
P-wave morphology, facilitating visual diagnosis of arrhythmias and 
conduction disorders. Although esophageal (and even intracardiac) 
leads allow the greatest sensitivity in detecting P waves, these rarely 
are used clinically. Nevertheless, they should be kept in mind for difficult 
diagnoses. With the increasing use of implantable defibrillators and 
automatic external defibrillators to treat ventricular fibrillation and 
ventricular tachycardia, there is considerable interest in the refine-
ment of arrhythmia detection algorithms and their validation.93 As 
expected, the accuracy of the devices for detecting ventricular arrhyth-
mias is high, but is much lower for detecting atrial arrhythmias. In the 
settings of critical care and ambulatory monitoring, a variety of arti-
facts are common causes of false-positive responses.93 Detection of 
pacemaker spikes may be complicated by very-low-amplitude signals 
related to bipolar pacing leads, amplitude varying with respiration, 
and total-body fluid accumulation.93,94 Most critical care and ambu-
latory monitors incorporate pacemaker spike enhancement for small 
high-frequency signals (typically 5 to 500 mV with 0.5- to 2-millisec-
ond pulse duration) to facilitate recognition. However, this can lead to 
artifact if there is high-frequency noise within the lead system.

In
ci

de
nc

e 
of

 le
ad

s 
w

ith
 S

T-
de

vi
at

io
n 70

60

50

40

30

20

10

0

aV
L L1

–a
VR L2

aV
F L3 V1 V2 V3 V4 V5 V6

% OF ISCHEMIC EVENTS, AT ONSET OF ISCHEMIA

All longest ischemic events
Ischemic events progressing to myocardial infarction

Figure 15-16 Histogram showing the incidence in which prolonged 
ischemia was first noted by each lead at the onset of ischemia in all 38 
longest ischemic events and in the 12 ischemic events that progressed 
to myocardial infarction. (From Landesberg G, Mosseri M, Wolf Y, et al: 
Perioperative myocardial ischemia and infarction: Identification by con-
tinuous 12-lead electrocardiogram with online ST-segment monitoring. 
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Many important new developments in neuromonitoring have 
occurred since the previous edition of this textbook went to press. First, 
professional society practice guidelines have been published for elec-
troencephalographic (EEG), auditory- (AEPs), and somatosensory-
evoked potentials (SSEPs), and transcranial Doppler (TCD) surgical 
monitoring. Second, randomized clinical trials have proved the clini-
cal benefit of EEG and cerebral oximetry monitoring. Third, motor-
evoked potential (MEP) monitoring has received U.S. Food and Drug 
Administration (FDA) clearance and has become a valuable tool to 
protect descending motor pathways in the brain and spinal cord. In this 
new edition, each of these developments is discussed, as well as many 
new studies extending the clinical value of perioperative neuromoni-
toring for cardiothoracic and vascular surgery.

Nearly half of the 1 million patients undergoing cardiac surgery each 
year worldwide will likely experience persistent cognitive decline.1 The 
direct annual cost to U.S. insurers for brain injury from just one type 
of cardiac surgery, myocardial revascularization, is estimated at $4 bil-
lion.2 Furthermore, the same processes that injure the central nervous 
system (CNS) also appear to cause dysfunction of other vital organs. 

Thus, there are enormous clinical and economic incentives to improve 
CNS protection during cardiac surgery.

Historically, there has been little enthusiasm for neurophysiologic 
monitoring during cardiac surgery because of the presumed key role of 
macroembolization. It is widely assumed that most brain injuries during 
adult cardiac surgery result from cerebral embolization of atheromatous 
or calcified material dislodged from sclerotic blood vessels during their 
manipulation. Until the introduction of myocardial revascularization 
without cardiopulmonary bypass (CPB) or aortic clamp application, 
these injuries often have been viewed as unavoidable and untreatable.

Technical developments have begun to alter this perception. First, 
CNS injuries still occur despite reductions in aortic manipulation with 
the new approaches to coronary artery bypass and aortic surgery.3 
Second, neurophysiologic studies have implicated hypoperfusion and 
dysoxygenation as major causative factors in CNS injury4,5 (Box 16-1). 
Because these functional disturbances are often detectable and correct-
able, there is an impetus to examine the role of neurophysiologic moni-
toring in CNS protection (see Chapter 36).

Cardiac anesthesia provider familiarity with neuromonitoring is 
becoming increasingly important. The introduction of compact and 
simplified monitors of brain electrical activity, blood flow velocity, and 
oxygenation promises to integrate these devices and their informa-
tion into cardiac anesthetic management. The goal of this chapter is to 
highlight the practical issues involved with these emerging neuromoni-
toring technologies. This emphasis on practicality limits discussion to 
FDA-approved devices.

ELECTROENCEPHALOGRAPHY
EEG monitoring for ischemia detection has been performed since the 
first CPB procedures, but this long experience is not broad.6 In contrast 
with its widespread use during carotid endarterectomy, EEG monitor-
ing for cardiac surgery is performed primarily in academic centers  
or those specializing in pediatric surgery. Limited use appears to have 
several causes.

First, small, practical, and affordable EEG monitors have only 
recently become available. For example, using a book-sized box of elec-
tronics and a notebook computer, it is now possible to concurrently 
display multichannel conventional and processed EEG, as well as bilat-
eral TCD ultrasonic spectra and cerebral oxygen saturation. All of the 
resulting data can be easily transmitted over high-speed data lines for 
Web-based consultation or archival or post hoc analysis.

KEY POINTS

1. Cardiac surgery–associated brain injury is 
common, multifactorial, and often preventable.

2. Electroencephalography can detect both 
cerebral ischemia/hypoxia and seizures and can 
measure hypnotic effect.

3. Middle-latency auditory-evoked potentials 
objectively document inadequate hypnosis.

4. Brainstem auditory-evoked potentials measure 
the effects of cooling and rewarming on deep 
brain structures.

5. Somatosensory-evoked potentials may detect 
developing injury in cortical and subcortical brain 
structures and peripheral nerves.

6. Transcranial electric motor-evoked potentials 
monitor function of the descending motor 
pathways.

7. Transcranial Doppler ultrasound assesses the 
direction and character of blood flow through 
large intracranial arteries and identifies 
microemboli.

8. Cerebral oximetry, using spatially resolved 
transcranial near-infrared spectroscopy, provides 
a continuous measure of change in the balance 
of cerebral oxygen supply and demand.

9. Used in concert, these technologies can reduce 
the incidence of brain injury and ensure the 
adequacy of hypnosis.

BOX 16-1. FACTORS CONTRIBUTING TO BRAIN 
INJURY DURING CARDIAC SURGERY

Central Nervous System Monitoring
HARVEY L. EDMONDS, JR., PHD
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Second, the traditional diagnostic approach to EEG analysis 
depended on complex pattern recognition of 16-channel analog wave-
forms to identify focal ischemic changes.7 This analytic format neces-
sitated extensive training and constant vigilance. As a result, cardiac 
surgery EEG monitoring directly by anesthesia providers has often 
been viewed as impractical. However, Craft et al8 and Edmonds et al9 
have shown that a four-channel recording, which included bilateral 
activity from both the anterior and posterior circulation, was effec-
tive in identifying focal ischemia. In addition, computerized processing 
of EEG signals provides simplified trend displays that have helped to 
overcome many of the earlier complexities.

Third, EEG analysis during cardiac surgery was often confounded 
by anesthetics, hypothermia, and roller-pump artifacts.10 Fortunately, 
these technical problems have now been overcome in the following 
ways: (1) elimination or replacement of the troublesome roller pumps 
with centrifugal pumps, (2) routine use of mild hypothermic or nor-
mothermic bypass, and (3) adoption of fast-track anesthesia protocols 
that avoid marked EEG suppression.

 Physiologic Basis of 
Electroencephalography
EEG-directed interventions designed to correct cerebral hypoperfusion 
during cardiac surgery require an appreciation of the underlying 
neurophysiologic substrate. Scalp-recorded EEG signals reflect 
the temporal and spatial summation of long-lasting (10 to 100 
milliseconds) postsynaptic potentials that arise from columnar cortical 
pyramidal neurons (Figure 16-1). These potentials are produced by 
dipoles distributed over soma-dendritic surfaces. Pyramidal neurons 
have a long, vertically oriented, apical dendrite and shorter basal 
dendrites radiating from the soma base. Near-synchronous excitation 
(or inhibition) of neighboring dendritic membranes produces large-
amplitude spatially summating vertical dipoles, whereas radial current 
layers are generated in the somatic region. Simultaneous current 
generation in the two regions may appear to be self-canceling at distant 
surface electrodes. In addition, traditional EEG depicts only voltage 
change, not absolute voltage. Thus, sustained high-frequency neuronal 
activity may result in a large but nonvarying surface voltage deviation 
that would be invisible to the conventional EEG. These important EEG 
characteristics should be appreciated when interpreting low-amplitude 
signals; they do not necessarily indicate synaptic quiescence.

EEG rhythms represent regularly recurring waveforms of similar 
shape and duration. These signal oscillations depend on the synchro-
nous excitation of a neuronal population. The descriptive nature of 
conventional EEG characterizes the oscillations (measured in cycles per 
second [cps] or Hertz [Hz]) as sinusoids that were classified according 
to their amplitude and frequency. The terminology used to describe the 
frequency bands of the most common oscillatory patterns is illustrated 
(Figure 16-2). In addition, a high-frequency (25 to 55 Hz) gamma band 
is recognized (Box 16-2).

EEG oscillatory patterns are functional manifestations of specific 
intraneuronal networks. The extent of cortical processing among neigh-
boring neuronal columns influences the extent of scalp-recorded EEG 
waveform synchronization and is not necessarily dependent on the 
subcortically mediated arousal level. At a high level of cortical process-
ing, each neuronal palisade may function in relative independence. The 
resultant EEG signal will be of low amplitude, representing the distance-
weighted average of many desynchronized micropotentials. The large 
number of small potentials is reflected in an EEG pattern characterized 
by a high dominant frequency (13- to 24-Hz beta waves). Such a pat-
tern may be seen during very different vigilance states, such as awake, 
mentally alert (see Figure 16-2, top trace) versus rapid eye movement 
(REM; i.e., dream) sleep (see Figure 16-2, bottom trace). Partial corti-
cal columnar synchronization develops with a reduction in  information 
processing, resulting in higher amplitude and lower   frequency EEG 
oscillations associated with a relaxed, drowsy state (see Figure 16-2; 8- to 

Figure 16-1 Production of electroencephalographic (EEG) waves. 
Scalp electrodes record potential differences that are caused by post-
synaptic potentials in the cell membrane of cortical neurons. The closed 
loops of the lighter dashed lines represent the summation of extracel-
lular currents produced by the postsynaptic potentials. Open segments 
of the heavier dashed lines connect all points having the same voltage 
level. The two scalp electrodes record changes in the voltage difference 
over time (top trace at upper right). The bottom trace from a micro-
electrode inserted in a single cortical neuron has little direct relation to 
the summated EEG wave. (Modified from Fisch BJ: EEG primer, 3rd ed.  
New York: Elsevier, 1999, p 6.)

Awake–low voltage–random, fast

Drowsy–8 to 12 cps–alpha waves

Stage 1–3 to 7 cps–theta waves
Theta waves

Stage 2–12 to 14 cps–sleep spindles and K complexes
Sleep spindle

50 µV

1 sec

K complex

Delta sleep–1/2 to 2 cps–delta waves >75 µV

REM sleep–low voltage–random,
last with sawtooth waves

Sawtooth
waves

Sawtooth
waves

Figure 16-2 The specific electroencephalographic (EEG) character-
istics of the different stages of the human sleep-wakefulness cycle are 
shown. Note the appearance of the four most common frequency bands 
from the lowest frequency delta, through theta and alpha to high- 
frequency beta. An even higher gamma frequency band (25 to 55 cycles/
sec [cps]) is also described. REM, rapid eye movement. (Modified from  
Yli-Hankala A [ed]: Handbook of four-channel EEG in anesthesia and critical 
care, Helsinki, Finland: GE Medical, Datex-Ohmeda Division, 2004, p 5.)
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12-Hz alpha rhythm). Progressive suppression is associated with lower 
frequency 3- to 7-Hz theta waves. Minimal processing leads to the very-
high-amplitude, low-frequency hypersynchronous 0.5- to 2-Hz delta 
waves seen during the low vigilance states of deep coma, deepest sleep, 
hypoxia, ischemia, and some forms of surgical anesthesia.

Synchronization of cortical columns is influenced by subcortical 
structures, including the thalamus (Figure 16-3) and reticular activat-
ing system (Figure 16-4). Reticular inhibition can block the passage of 
sensory information to the cortex that is routed through thalamic relays. 
This state of functional deafferentation results in unconsciousness, an 
essential component of both natural sleep and surgical anesthesia.11 
However, the individual components of a modern balanced anesthetic 

technique may differentially affect the separate control mechanisms for 
sensory processing and vigilance. Thus, an EEG pattern suggestive of 
a low vigilance state (i.e., surgical hypnosis) does not necessarily guar-
antee the absence of subcortical (i.e., unconscious) sensory perception 
(i.e., reflexive response to painful stimuli).12 Furthermore, because the 
neuronal basis for the EEG is primarily of cortical origin, it is not sur-
prising that many univariate (i.e., single-variable) EEG amplitude or 
frequency descriptors are only weakly correlated with clinical measures 
of anesthetic effect or developing pathology involving primarily or 
exclusively subcortical structures.

 Practical Considerations of 
Electroencephalographic Recording  
and Signal Processing
This section describes practical issues involved in the conversion of 
these tiny potentials into interpretable EEG displays. The process begins 
with choice of scalp electrodes (subdermal needle, metallic disk, or sil-
ver-silver chloride gel self-adhesive patch) and their location. All three 
electrode types provide high-quality signals. Single-use sterile needle 
electrodes are easy to apply but are invasive, relatively expensive, and 
not well tolerated by conscious patients. Reusable disk electrodes, held 
in place with conductive gel, gel-free self-abrading plastic retainers, or 
built into a nylon mesh cap, may be used on conscious patients and are 
the least costly option. Adhesive patch electrodes are generally used only 
on glabrous skin and have a cost midway between the other options.

Standardized electrode placement is based on the International 
10-20 System (Figure 16-5). It permits uniform spacing of electrodes, 
independent of head circumference, in scalp regions known to corre-
late with specific areas of cerebral cortex. Four anatomic landmarks are 
used: the nasion, inion, and preauricular points. Electrodes are located 
at 10% or 20% segments of the distance between two of these land-
marks. The alphanumeric label for each site uses an initial uppercase 
letter to signify the skull region (i.e., frontal, central, temporal, parietal, 
occipital, auricular, and mastoid). Second and sometimes third letters, 
in lowercase, further delineate position (e.g., “p” represents frontal pole, 
whereas “z” indicates zero or midline). Subscript numbers  represent 
left (odd) or right (even) and specific hemispheric location, with the 
lowest numbers closest to midline. The prime notation ( ) is used to 
signify specialized locations designed for certain evoked potential  

A B
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C

Figure 16-3 Steps involved in the production of rhythmic electro-
encephalographic (EEG) activity. A, Initiation of an EEG wave results 
from afferent excitation of a thalamocortical relay neuron (TCR) in the 
thalamus (T) and subsequent simultaneous transmission to a cortical 
and inhibitory thalamic interneuron. B, Output from the thalamic inhibi-
tory interneuron suppresses neighboring TCR neurons, leading to the 
termination of the first EEG wave. C, After the inhibitory phase, addi-
tional TCR depolarization produces another EEG wave. (Modified from 
Fisch BJ: EEG primer, 3rd ed. New York: Elsevier, 1999, p 10.)

T

RF

A B

C
Figure 16-4 Diagrams depict the role of the mesencephalic reticu-
lar formation (RF) in the generation of rhythmical electroenceph-
alographic (EEG) activity. A, In the absence of strong RF input, the 
thalamic pacemaker cells produce rhythmical EEG activity. B, RF acti-
vation sends inhibitory signals to the thalamus, suppressing rhythmic 
EEG and leading to a desynchronized pattern. C, In contrast, anesthetic 
or hypnotic RF suppression augments cortical EEG rhythms. (Modified 
from Fisch BJ: EEG primer, 3rd ed. New York: Elsevier, 1999, p 12.)

BOX 16-2. ELECTROENCEPHALOGRAPHIC 
FREQUENCY BANDS
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directly over upper limb sensory cortex).
The differential amplifiers used in EEG recording measure the volt-

age difference between two inputs. By convention, a negative voltage at 
input 1 relative to input 2 results in an upward deflection of the trac-
ing. With a referential arrangement (montage) of recording channel 
selections (Figure 16-6, left), the input 2 connections from a series of 
channels are connected to a single electrode, whereas input 1 electrode 
connections all differ. Alternatively, in bipolar recordings, a common 
reference is not used (see Figure 16-6, right).

Although an array of scalp electrodes theoretically permits many pos-
sible montages to be used, the capability to quickly change montage var-
ies greatly among different EEG monitors. This ability to quickly change 
recording montage may be important in the detection and characteriza-
tion of both focal and diffuse abnormalities. With a referential montage 
(Figure 16-7), the transient will be distorted if the reference lies within 
the transient electric field. Alternatively, with a bipolar montage, the 
potential may actually disappear because of in-phase cancellation.

Montage choice also influences susceptibility to artifact. For exam-
ple, millivolt ECG potentials may contaminate the thousand-fold 
smaller EEG signal. Contamination is often problematic with an ear 
or mastoid reference montage but may be invisible with an anterior- 
to-posterior bipolar montage (Figure 16-8). The extreme lateral place-
ment of ear or mastoid references maximizes contamination by the 
perpendicularly oriented high-voltage dipole generated by the heart.

The frequency range involved in production of the EEG waveform is 
termed its bandwidth. The upper and lower bandwidth boundaries are 
controlled by filters that reject frequencies above and below the EEG 
bandwidth. Both the appearance of the unprocessed EEG waveform 
and the value of univariate numeric EEG descriptors such as the mean 
frequency may be heavily influenced by signal bandwidth. The same 
cerebral biopotential recorded by different EEG devices may result in 
dissimilar waveforms and numeric values.

Modern EEG monitors use digital microprocessors to analyze 
the amplified analog biopotentials. Yet, analog-to-digital conversion 
imposes limitations on signal processing. Digitization converts a con-
tinuously varying biopotential into a series (i.e., sample) of discrete 
quantal values. At least two samples per period are required to mini-
mize conversion inaccuracies. Sampling (Nyquist) frequency must be 
greater than twice the highest frequency of interest. For example, with 
an EEG bandwidth of 50 Hz, the minimum acceptable sampling fre-
quency is 100 Hz (e.g., 10-millisecond sampling interval). Aliasing, the 
counting of high-frequency signals as low-frequency input, may occur 
if the complex biopotential contains frequencies above the Nyquist fre-
quency. Therefore, most EEG monitors contain antialiasing filters that 
sharply attenuate waveform components above the Nyquist frequency. 
The details of filtering further add to the manufacturer-specific charac-
teristics of processed EEG.

The continuous analog signal is also simplified into a (usually)  
discontinuous set of segments of a fixed duration (i.e., epoch). Window 
functions can minimize, but not totally eliminate, digital distortion 
produced by the abrupt truncation of a continuously varying wave-
form. These window functions are numerical series containing the 
same number of elements as the epoch. Their purpose is to reduce the 
value of epoch terminal elements. In addition to windowing, com-
mercial EEG analyzers often use another form of signal conditioning 
called whitening. The energy content of the EEG is not uniform at all  
frequencies, but instead is heavily skewed to the lower range. Whitening 
mathematically alters the momentary frequency–amplitude relations 
to achieve nearly equal energy per octave and may improve pattern 
 recognition in processed waveforms. Antialiasing, windowing, and 
whitening may vary not only among different devices but among  
software versions used with a single device. The user should be aware 
that a standard unprocessed analog EEG signal may generate digitally 
processed displays and numeric descriptors that are unique for each 
monitor design and software version.
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Figure 16-5 The position of the electrodes in the International 10-20 
System according to scalp measurements. The sagittal hemicircumfer-
ence (labeled AA ) is measured from the root of one zygoma (just ante-
rior to the ear) to the other, across the vertex. The third measurement 
is the ipsilateral hemicircumference (XX ) measured from a point 10%  
of the coronal hemicircumference above the zygoma. Through these 
intersecting lines all of the scalp electrodes may be located, except 
frontal (F3, F4) and parietal (P3, P4). The frontal and parietal electrodes 
are placed along the frontal or parietal coronal line midway between 
the middle electrode and the electrode marked in the circumferential 
ring.
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Figure 16-6 Bipolar and common reference montages. The left 
parasagittal electrodes are connected in a common reference mon-
tage using the left earlobe (A1) as the common reference electrode. Five 
channels are recorded, each of them between the parasagittal electrode 
and the ear electrode. Differences among these channels represent dif-
ferences in cerebral activity among the various parasagittal electrodes 
because each channel is recorded as the difference between the activ-
ity at the parasagittal electrode and the activity at the ear electrode. 
For comparison, the right parasagittal electrodes are connected in a 
bipolar chain. In this configuration, only four channels of electroenceph-
alographic data are recorded. Each channel of data represents the elec-
trical difference between the two electrodes.
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 Display of Electroencephalographic 
Information
Time-Domain Analysis
Traditional display of the EEG is a graph of biopotential voltage 
(y-axis) as a function of time and, consequently, is described as a time-
domain process. The objective of a diagnostic EEG is to identify the 
most likely cause of a detected abnormality at one moment in time. 
Typically, a diagnostic EEG is obtained under controlled conditions, 
using precisely defined protocols. Recorded EEG appearance is visually 
compared with reference patterns. Interpretation is based on recogni-
tion of unique waveform patterns that are pathognomonic for specific 
clinical conditions.13 In contrast, the goal of EEG monitoring is to iden-
tify clinically important change from an individualized baseline. Unlike 
diagnostic EEG interpretation, monitoring requires immediate assess-
ment of continuously fluctuating signals in an electronically hostile, 
complex, and poorly controlled recording environment. Therefore, of 
necessity, interpretation relies less on pattern recognition and more 
on statistical characterization of change. Simple numerical descriptors 
thus may appropriately form an integral part of EEG monitoring.

Both EEG diagnostic and monitoring interpretations are based, in 
part, on the “Law of the EEG” (Box 16-3). It states that amplitude and 
dominant frequency are inversely related. As described earlier, synchro-
nously generated postsynaptic potentials may produce large-amplitude 
biopotentials. However, long membrane time constants limit the num-
ber of changes that may occur per second (e.g., high amplitude, low 
frequency). Conversely, summation of spatially distributed asynchro-
nous potentials results in EEG signals of low amplitude but relatively 
high frequency. Thus, the inverse relation between amplitude and fre-
quency generally is maintained during unchanging cerebral metabolic 
states. Parallel increases in both may occur in some hypermetabolic 
states such as seizure activity, whereas decreases may be seen in hypo-
metabolic states such as hypothermia. In the absence of these influ-
ences, simultaneous decreases in both amplitude and frequency may 
indicate ischemia or anoxia (Figure 16-9), whereas a parallel increase 
may be artifact (Figure 16-10).
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Figure 16-7 Accurate characterization of focal abnormalities requires 
that one of the amplifier's inputs be outside the field distribution of 
the transient. If both inputs lie within the transient field, the signal may 
become invisible because of in-phase cancellation. (Modified from 
Goldenshohn ES, Legatt AD, Koszer S, et al [eds]: Goldensohn's EEG 
interpretation, 2nd ed. Armonk, NY: Futura Publishing, 1999, p 16.)
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Figure 16-8 Ear-reference montages are particularly susceptible to 
electrocardiographic (ECG) artifact because their dipoles are oriented 
transversely to the prominent electrocardiac vector. In contrast, the 
anterior-posterior orientation of bipolar temporal chain scalp dipoles 
is oriented in parallel with the powerful cardiac vector. As a result, such 
montages are relatively immune from ECG artifact. (Modified from 
Goldenshohn ES, Legatt AD, Koszer S, et al [eds]: Goldensohn's EEG 
interpretation, 2nd ed. Armonk, NY: Futura Publishing, 1999, p 72.)

BOX 16-3. LAW OF THE 
ELECTROENCEPHALOGRAM
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Figure 16-9 This two-channel electroencephalographic recording was 
made immediately after induction of anesthesia, before head reposi-
tioning for insertion of a central venous catheter. Anesthetic induction 
apparently uncovered a preexisting asymmetry that was not evident 
in the waking electroencephalogram. Although the patient had a his-
tory of an earlier mild cerebrovascular accident and transient ischemic 
attacks, he appeared neurologically normal at preoperative assessment. 
(Modified from Yli-Hankala A [ed]: Handbook of four-channel EEG in 
anesthesia and critical care. Helsinki, Finland: GE Medical, Datex-
Ohmeda Division, 2004, p 31.)
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Time-domain analysis of traditional electroencephalography uses 
linear amplitude voltage and time scales. The amplitude range of EEG 
signals is quite large (several hundred microvolts), and univariate sta-
tistical measures of its central tendency and dispersion may contain 
clinically useful information.14 Furthermore, amplitude variation may 

present clinically significant changes in reactivity that can be obscured 
by frequency-domain analysis.15 Advances in the technology of EEG 
amplitude integration have prompted a resurgent interest in this 
attractively simple approach, particularly in pediatrics.16

Frequency-Domain Analysis
An alternative method, frequency-domain analysis, is exemplified by the 
prismatic decomposition of white light into its component  frequencies 
(i.e., color spectrum). As the basis of spectral analysis, the Fourier 
theorem states that a periodic function can be represented, in part, by a 
sinusoid at the fundamental frequency and an infinite series of integer 
multiples (i.e., harmonics). The Fourier function at a specific frequency 
equals the amplitude and phase angle of the associated sinusoid. Graphs 
of amplitude and phase angle as functions of frequency are called 
Fourier spectra (i.e., spectral analysis). The EEG amplitude spectral 
scale (Figure 16-11) squares voltage values to eliminate troublesome 
negative values. Squaring changes the unit of amplitude measure from 
microvolts to either picowatts (pW) or nanowatts (nW). However, a 
power amplitude scale tends to overemphasize large-amplitude changes. 
Clinically important changes in lower amplitude components that are 
readily discernible in the linearly scaled unprocessed EEG waveform 
may become invisible in power spectral displays.

Simplification of the large amount of spectral information generally 
has been achieved through the use of univariate numeric descriptors. 
Most commonly, the power contained in a specified traditional EEG 
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Figure 16-10 The large-amplitude 2-Hz triangular waves in the left 
frontotemporal derivation (top trace) are the result of temporalis muscle 
activation with a nerve stimulator. Current spread from the stimulating 
to the electroencephalographic recording electrodes may be minimized 
with use of the appropriate facial nerve stimulation site at the jaw angle. 
(Modified from Yli-Hankala A [ed]: Handbook of four-channel EEG in 
anesthesia and critical care. Helsinki, Finland: GE Medical, Datex-
Ohmeda Division, 2004, p 18.)
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Figure 16-11 The traditional analog electroencephalographic (EEG) signal shown in the upper left is a time-domain graph of scalp-recorded ampli-
tude ( V) as a function of time. Digitized EEG segments (epochs) are computer-processed using the fast Fourier transform (FFT), which, like a prism, 
decomposes a complex electromagnetic signal into a series of sinusoids, each with a discrete frequency. The instantaneous relation is then graphically 
depicted by the power spectrum (bottom left), a frequency-domain plot of power ( V2 or pW) as a function of frequency. The spectral edge frequency 
(SEF) defines the signal amplitude upper boundary. The three-dimensional compressed spectral array (CSA) plots successive power spectra with time 
on the z-axis (upper middle). The density spectral array (upper right) improves data compression by using dot-density to represent signal amplitude 
(i.e., power). Amplitude resolution is improved through color coding in the color density spectral array (CDSA) shown at bottom right. SEF is shown 
as the white vertical line. Note the EEG suppression at the bottom of each spectral trend.
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frequency band (delta, theta, alpha, or beta) is calculated in absolute, 
relative, or normalized terms. Relative amplitude represents the frac-
tion of total power contained in a specified frequency band (relative 
delta power = delta [−0.5 to 2 Hz] power/total [0.5 to 55 Hz] power). 
Normalization equalizes the total power of successive epochs to that of 
some arbitrary reference before the calculation of relative power (the 
delta power is described as Z-score change from a previous individu-
alized baseline). The latter two derived measures are particularly use-
ful in minimizing misinterpretation of spectral changes. For example, 
during the production of hypothermia, absolute delta power declines 
in parallel with cerebral metabolism, whereas the fraction of the total 
power in the delta band remains unchanged. In this circumstance, 
exclusive focus on absolute delta power may lead to the erroneous  
conclusion that the hypnotic state is decreasing.

The most widely used univariate frequency descriptors (Box 16-4) 
are (1) peak power frequency (the single frequency of the spectrum 
that contains the highest amplitude), (2) median power frequency 
(frequency below which 50% of the spectral power occurs), (3) mean 
spectral frequency (sum of power contained at each frequency of the 
spectrum times its frequency divided by the total power), (4) spectral 
edge frequency (SEF; frequency below which a predetermined frac-
tion, usually 95%, of the spectral power occurs), and (5) suppres-
sion ratio (SR; percentage of flatline EEG contained within sampled 
epochs). The performance of two descriptors in characterizing clini-
cally important EEG changes is compared (Figure 16-12). Note that at 
anesthetic induction, the large transient decrease in SEF and reciprocal 
SR increase. However, later transient SR increases signifying marked 
EEG suppression were not detected by SEF, apparently because of low-
level radio frequency contamination.

Pronk17 evaluated computer-processed univariate descriptors of 
EEG changes occurring before, during, and after CPB. Mean spectral 
frequency alone was sufficient to adequately describe all EEG changes 
except those occurring at very low amplitudes. Addition of a single-
amplitude factor improved agreement with visual interpretation to 
90%. Further factor addition did not improve agreement.

Multivariate (i.e., composed of several variables) descriptors have 
been developed to improve simple numeric characterization of clini-
cally important EEG changes. With this approach, algorithms are used 
to generate a single number that represents the pattern of amplitude-
 frequency-phase relations occurring in a single epoch. Several com-
mercially available monitors provide unitless numbers that have been 
transformed to arbitrary (i.e., 0 to 100) scales. Each monitor provides 
a different probability estimate of patient response to verbal instruc-
tion. Current monitors designed for use by anesthesia providers are 
listed in Box 16-5. BIS-XP, NT, PSI, and SNAP II are rule-based pro-
prietary indices empirically derived from patient data. In contrast, 
CSI uses a fuzzy logic-based  algorithm, whereas state entropy (SE) 
applies standard entropy equations to EEG analysis. Each product is 
designed to require the use of proprietary self-adhesive forehead sen-
sors. Collectively, these products are now in widespread use as objective 
measures of hypnotic effect.

These hypnotic indices appear to provide clinically useful informa-
tion. However, their fundamental differences may result in distinctly 
unique performances. Close agreement among these measures should 
not be expected. Thus, it is inappropriate and unjustified to apply clini-
cal evidence of improved outcome obtained with one of these mea-
sures to a competing index. To date, adequately powered, prospective, 
randomized evidence of a statistically significant (i.e., 82%) reduction 
in risk for intraoperative awareness in adult noncardiac surgery has 
been achieved only with BIS-XP.24 A recent meta-analysis review of the 
extensive peer-reviewed BIS literature concluded that “BIS could reduce 
the incidence of perioperative recall in surgical patients with high risk 
of awareness.”25 In addition, the review authors opined that anesthesia 
guided by BIS monitoring could decrease anesthetic consumption and 
enhance recovery from relatively deep anesthesia. These findings sug-
gest that prevention of intraoperative awareness may represent only 
the tip of the iceberg of potential clinical and economic benefit to be 
derived from routine quantitative EEG perioperative monitoring.

Scalp-recorded cerebral biopotentials are complex physiologic  
signals representing the algebraic summation of voltage changes pro-
duced from cortical synaptic activity (i.e., EEG), upper facial muscle 
activity (i.e., facial electromyogram [fEMG]), and eye movement (i.e., 
electro-oculogram [EOG]). During consciousness and light sedation, 
high-frequency gamma power (i.e., 25 to 55 Hz) is a mixture of EEG and 
subcortically influenced facial electromyogram. Muscle activity makes a 
larger contribution because of the closer proximity of signal generators 
to the recording electrodes. Hypnotics and analgesics typically suppress 
both cerebral and muscle activities, resulting in reduced gamma power. 
Because the upper facial muscles are relatively insensitive to moderate 

BOX 16-4. COMMON UNIVARIATE 
ELECTROENCEPHALOGRAPHIC DESCRIPTORS 
DETECTING ISCHEMIA
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Figure 16-12 Certain univariate electroencephalographic (EEG) 
descriptors are particularly susceptible to the confounding influence 
of electronic interference. Note the peak in the suppression ratio (SR) 
trend at 17:00, correctly identifying marked EEG suppression. In con-
trast, the spectral edge frequency remains unchanged because of the 
presence of low-intensity electronic noise.
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neuromuscular blockade, they may remain reactive to noxious stimuli.26 
Nociception results in sudden gamma power increase, independent of 
activity in the lower frequency classical EEG bands.

The EEG analyzers just described either provide separate quantitative 
estimates of the high-frequency information or incorporate it into the 
hypnotic index. For example, the Datex-Ohmeda Entropy Module sep-
arately analyzes the 32- to 47-Hz band and terms the signal “response 
entropy.” Addition of response entropy to the lower frequency SE is 
claimed by the manufacturer to facilitate distinction between changes 
in hypnosis and analgesia, although supporting evidence for this prop-
osition awaits carefully designed and adequately powered randomized, 
prospective studies. EEG suppression decreases both entropy indices 
because noise-free flatline EEG segments are generally thought to have 
near-zero entropy. However, during cardiac surgery, EEG signals that 
appear to be totally suppressed may be associated with paradoxically 
very high entropy values. To minimize this problem, SE uses a special 
algorithm that assigns zero entropy to totally suppressed EEG epochs.

In addition to the quantitative EEG numeric indices, many monitors 
also display pseudo-three-dimensional plots of successive power spectra 
as a function of time. This frequency-domain approach was originated by 
Joy27 and popularized by Bickford, who coined the term compressed spec-
tral array (CSA).28 Popularity stems, in part, from enormous data com-
pression. For example, the essential information contained in a 4-hour 
traditional EEG recording consuming more than 1000 pages of unpro-
cessed waveforms can be displayed in CSA format on a single page.

With CSA (see Figure 16-11), successive power spectra of brief (2- 
to 60-second) EEG epochs are displayed as smoothed histograms of 
amplitude as a function of frequency. Spectral compression is achieved 
by partially overlaying successive spectra, with time represented on 
the z-axis. Hidden-line suppression improves clarity by avoiding over-
lap of successive traces. Although the display is esthetically attractive, 
it has limitations. The extent of data loss caused by spectral overlap-
ping depends on the nonstandard axial rotation that varies among EEG 
monitors. More important, epoch duration and the frequency with 
which each is measured (i.e., update rate) may critically affect the pre-
sentation of clinically important change. For example, there are three 
distinctly different burst-suppression CSA patterns: high-amplitude 
bursts, flat line, or a combination of the two.29

Fleming and Smith30 designed an alternative to the CSA display to 
reduce data loss. Density-modulated spectral array (DSA) uses a two-
dimensional monochrome dot matrix plot of time as a function of  
frequency (see Figure 16-11). The density of dots indicates the ampli-
tude at a particular time-frequency intersection (e.g., an intense large 
spot indicates high amplitude). Clinically significant shifts in frequency 
may be detected earlier and more easily than with CSA. However, the 
resolution of amplitude changes is reduced. Therefore, the color den-
sity-modulated spectral array (CDSA) has been developed to enhance 
amplitude resolution (see Figure 16-11). The CSA, DSA, and CDSA dis-
plays are not well-suited for the detection of nonstationary or transient 
phenomena like burst-suppression or epileptiform activity.

In summary, a quick assessment of EEG change in either the time or 
frequency domain focuses on the following: (1) maximal peak-to-peak 
amplitude, (2) relation of maximal amplitude to dominant frequency, 
(3) amplitude and frequency variability, and (4) new or growing asymme-
try between homotopic (i.e., same position on each cerebral hemisphere) 
EEG derivations. These objectives are generally best achieved through the 
viewing of both unprocessed and processed displays with a clear under-
standing of the characteristics and limitations of each (Box 16-6).

 Electroencephalography for Injury 
Prevention during Cardiac Surgery
Since 2005, a great deal of new information has become available on 
the rationale for perioperative EEG monitoring. The American Society 
of Neurophysiologic Monitoring has just published its EEG practice 
guideline.31 It describes the technical features and limitations of cur-
rent EEG monitors and the available approaches to injury prevention. 
In addition, a new compendium has described the process of EEG 
monitoring in detail,32,33 and special journal issues have been devoted 
specifically to cardiac surgery applications.34,35

The physiologic basis for EEG monitoring is the normally tight cou-
pling among cerebral cortical synaptic activity, metabolism, and blood 
flow. Such coupling is necessary because of the large energy require-
ments of interneuronal communication. Indeed, at least 60% of neu-
ronal oxygen and glucose is consumed in the processes of synaptic and 
axonal transmission, whereas the remainder is used to maintain cellu-
lar integrity. Neurons rapidly adjust their signaling capabilities to con-
serve vital energy stores. Even a slight new imbalance between supply 
and consumption of energy substrates is manifested by altered synaptic 
activity. The EEG provides a sensitive measure of this synaptic change 
and represents an early warning of developing injury. Identification and 
correction of the physiologic imbalance may then avert serious injury. 
It must be emphasized that EEG alterations signify imbalance, not nec-
essarily injury. For example, using functional brain imaging with fluo-
rodeoxyglucose, Alkire36 demonstrated EEG relative alpha power to be 
linearly related to cerebral metabolism during propofol and isoflurane 
anesthesia. In this case, the synaptic depression manifested by the reduc-
tion in high-frequency activity signified anesthetic effect, not ischemia.

Furthermore, because clinically apparent neurologic injury often 
involves subcortical circuits and structures invisible to the EEG, an 
expectation of perfect agreement between specific EEG change and 
neurologic outcome is unwarranted. Imbalance in neuronal homeo-
stasis may lead to either enhanced or diminished excitability. The 
majority of cortical neurons are small interneurons involved with 
maintenance of inhibitory tone. Their limited capacity for ionic buff-
ering and energy storage makes them especially susceptible to imbal-
ance. Early signs of energy deficiency may paradoxically result in EEG 
signs of excitation caused by disinhibition.37 Conversely, with inade-
quate analgesia, intense sensory stimuli may result in a paradoxically 
depressed EEG activity resembling ischemia38 (Box 16-7).

Although the EEG is a very sensitive indicator of cerebrocortical syn-
aptic depression, possibly signifying cerebral ischemia or hypoxia, it 
is not specific. EEG suppression may also be the result of cooling or 
hypnotic agents. Fortunately, the time course of EEG suppression and 
information available from other monitors usually permit distinction 
between potentially harmful (e.g., ischemia) and harmless (e.g., hypo-
thermia) causes. The following clinical situations provide the rationale 
for routine EEG monitoring during cardiac surgery: documentation 
of preexisting abnormalities, hypnotic adequacy, perfusion, cooling, 
rewarming, and seizure detection.

Documentation of Preexisting 
Electroencephalographic Abnormalities
Because there is a high likelihood of latent cerebrovascular disease 
in many older cardiac surgery patients, it is essential to examine the 

BOX 16-6. MEASURES THAT DEFINE 
ELECTROENCEPHALOGRAPHIC CHANGES

BOX 16-7. IMPORTANT CONSIDERATIONS 
DURING ELECTROENCEPHALOGRAPHIC 
INTERPRETATION
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 waking EEG for signs of marked asymmetry before the induction of 
anesthesia. This serves to alert the anesthesia provider to the patient's 
increased vulnerability and to document the previously unappreciated 
risk.

Objective Measurement of Hypnotic Effect
Recording the transition from wakefulness to unresponsiveness  
permits detection of unusual sensitivity or resistance to general anes-
thetics (Figure 16-13). Such information is vital during fast-track anes-
thesia protocols to avoid excessive or inadequate anesthesia. Although 
no available neurophysiologic monitoring modality is an infallible pre-
dictor of anesthetic inadequacy, characteristic changes in the EEG fre-
quency pattern provide an easily recognized warning of potential patient 
awareness. EEG detection of excessive or inadequate hypnosis during 
cardiac surgery may be aided by the multivariate EEG descriptors.

Head Position
Because of the diffuse nature of atherosclerotic vascular disease, many 
elderly patients are at increased risk for positional focal or regional 
cerebral ischemia that may occur before incision. Head rotation for 
surgical positioning or insertion of a pulmonary artery catheter may 
compress a vital carotid or vertebral artery. Such ischemia is generally 
identified by marked depression in the affected frontotemporal EEG 
derivation (see Figure 16-13).

Vascular Obstruction and Flow Misdirection
Manipulation or torsion of the aorta or vena cava may result in regional 
or global cerebral ischemia. During CPB, the aortic cannula can mis-
direct either cardiac or pump flow away from one or more head ves-
sels while leaving the radial artery pressure unaltered. Alternatively, 
a malpositioned venous cannula may impair return from the head 
without noticeable change in central venous pressure or return flow 
to the venous reservoir.39 Resulting intracranial hypertension leads to 
 ischemic depression of the EEG (Figure 16-14).

Nonpulsatile Perfusion
Nonpulsatile perfusion used with CPB and some new left ventricu-
lar assist devices may result in microcirculatory collapse in susceptible 
regions of the cerebral cortex despite “acceptable” radial artery pres-
sures. EEG-guided increases in arterial pressure, circulating volume, 
or both may be necessary to restore perfusion in the microvasculature.

Hemodilution
Hemodilution is used to improve vital organ perfusion by reduc-
ing viscosity. However, it may cause inadequate delivery of oxygen-
ated hemoglobin to a high-demand brain, even though hematocrit 
and systemic venous oxygen saturation are within normal limits.40 
EEG deterioration may thus serve as an objective indicator for 
transfusion.
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Figure 16-13 The panels containing unprocessed bilateral electroencephalogram (EEG; top left) and bispectral index (BIS) trend (bottom left) illus-
trate right hemisphere (red) EEG high-frequency loss after head rotation after anesthetic induction. The right panel bilateral color density spectral 
array (CDSA) trend depicts global power increase (i.e., high-amplitude, low-frequency waves) during anesthetic induction and later left hemisphere 
high-frequency loss associated with placement of a left common carotid clamp. Note prompt return of the high-frequency activity with insertion of an 
intravascular shunt. The EEG return documented proper shunt function, whereas maintenance of the high-frequency activity established that blood 
pressure was sufficient to prevent cerebral cortical hypoperfusion. (Courtesy of Covidien/Aspect Medical Systems, Inc.)
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Hypocarbia and Hypercarbia
Cerebral arteries normally constrict in response to decreased carbon 
dioxide tension or hydrogen ion concentration. With reactive arter-
ies, hypocarbia may lead to cerebral ischemia because flow is reduced 
4%/mm Hg [CO

2
]. In this circumstance, return to normocarbia can 

markedly improve cerebral perfusion.41 Conversely, hypercarbia may 
steal blood from the dilated vessels of an already underperfused region, 
resulting in focal EEG slowing. This circumstance may be exacerbated 
by the use of volatile anesthetics causing cerebral vasodilation.

Cooling
During cardiac surgery requiring deep hypothermic circulatory arrest, 
the EEG provides an effective method for assessing the effects of cool-
ing. Optimal brain temperature may be viewed as a balance between 
decreased cerebral oxygen consumption and increased risk for coagu-
lopathy. Actual brain temperature cannot be measured directly and 
appears to be influenced by many variables including the rate of cool-
ing, as well as acid-base and anesthetic management. The EEG is often 
used to assess the functional consequences of brain cooling because a 
flat line pattern signifies cortical synaptic quiescence. The wide interpa-
tient variation in flat line temperature is the rationale for EEG guidance 
of the cooling process.34 Alternative use of a fixed temperature criterion 
increases the risks for both excessive and inadequate brain cooling.

As nasopharyngeal or tympanic temperature decreases (Figure 
16-15), there is a gradual loss of absolute spectral power across all fre-
quency bands.34 Although the reversible decreases in absolute spectral 

band power are quite large, computing these changes as relative spectral 
band power minimizes them suggesting that initial brain cooling exerts 
a similar decrease in spectral power across all frequency bands and  
cortical regions.42 Cooling below 28°C leads to progressive slowing of 
the residual EEG until the EEG waveform becomes a flat line.

Rewarming
After circulatory arrest, the EEG documents the recovery of synaptic 
function during rewarming. However, rapid rewarming may result 
in cerebral ischemia because of cold-triggered vasoparesis, which 
uncouples cerebral blood flow and metabolism. In this case, rewarm-
ing-induced increase in metabolic demand may outpace the lagging 
delivery of essential nutrients.43 This situation is indicated by a loss 
of EEG high-frequency activity accompanying the increase in cranial 
temperature. Although the practice is controversial, administration of 
a metabolic suppressant drug such as propofol, dosed to EEG burst 
suppression, may facilitate balancing cerebral perfusion with metabolic 
demand.44

Myocardial Revascularization without Extracorporeal 
Support
Avoidance of CPB during myocardial revascularization may pro-
tect patients from the many potential hazards of this nonphysiologic 
insult.45 EEG stability during beating-heart coronary revasculariza-
tion is often observed, despite transient hypotension and bradycardia. 
Nevertheless, some surgeons believe that neuromonitoring is manda-
tory because the combination of controlled hypotension and vascu-
lar torsion can suddenly disrupt cerebral perfusion. In the absence of 
the neuroprotective effects of mild hypothermia, even relatively brief 
 episodes of cerebral ischemia may result in injury.

Seizure Detection
Certain anesthetics and adjuvants such as etomidate, sevoflurane, and 
the opioid analgesics may produce seizure-like EEG activity, although 
the clinical manifestations may be obscured by neuromuscular block-
ade (Figure 16-16).46–48 The consequences of this anesthetic-induced sei-
zure-like activity have not been established in adults. However, seizures 
may be deleterious to the developing brain. Bellinger et al49 showed that 
perioperative EEG seizure activity in infant cardiac surgery patients was 
associated with a 10-point decline in expected IQ when subsequently 
measured in the patients' fifth year after surgery (Box 16-8).

AUDITORY-EVOKED POTENTIALS
Important new literature on the intraoperative use of auditory-evoked 
potentials (AEPs) includes the publication of a professional soci-
ety practice guideline,50 a neuromonitoring textbook,51 and a special 
 journal issue on cardiac surgery neuromonitoring.52

AEPs assess specific areas of the brainstem, midbrain, and auditory 
cortices. Because of their simplicity, objectivity, and reproducibility, 
AEPs are suitable for monitoring patients during cardiovascular sur-
gery. Specific applications of AEP monitoring in this environment 
are the assessment of temperature effects on brainstem function and 
evaluation of hypnotic effect. Direct involvement of cardiac anesthesia 
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Figure 16-14 Insertion of a 14-French venous can-
nula in this pediatric patient during repair of an atrial 
septal defect caused a sudden diffuse electroen-
cephalographic (EEG) slowing. The heart rate and 
blood pressure remained unchanged, although the 
central venous pressure increased from 6 to 45 mm 
Hg. Cannula repositioning restored both the former 
EEG pattern and central venous pressure. SVC, supe-
rior vena cava. (Modified from Rodriguez RA, Cornel G, 
Semelhago L, et al: Cerebral effects in superior vena 
caval obstruction: The role of brain monitoring. Ann 
Thorac Surg 65:1820, 1997.)

22:07

22:17

22:27

22:37

22:47

30 Hz 30 Hz20 Hz 20 Hz10 Hz 10 Hz

Figure 16-15 Progressive temperature-related electroencephalo-
graphic (EEG) suppression is shown in this bilateral color density spec-
tral array (CDSA) display. Following the onset of cooling at 22:07, note 
the gradual decline in the power of the 9-Hz (orange) frequency band. 
Establishment of moderately deep hypothermia at 22:27 results in near-
total EEG suppression. The spectral edge frequency (white vertical lines) 
does not fall to baseline because of the presence of background elec-
trical contamination of the EEG signal. (Courtesy of Covidien/Aspect 
Medical Systems, Inc.)
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providers with AEP monitoring is likely to increase after the introduc-
tion of EEG/AEP modules designed for use with available operating 
room physiologic monitors.

Acoustic stimuli trigger a neural response integrated by a synchro-
nized neuronal depolarization that travels from the auditory nerve to 
the cerebral cortex. Scalp-recorded signals, obtained from electrodes 
located at the vertex and earlobe, contain both the AEPs and other unre-
lated EEG and EMG activity. Extraction of the relatively low-amplitude 
AEPs from the larger amplitude background activity requires signal-
averaging techniques.52 Because the AEP character remains constant 
for each stimulus repetition, averaging of many repetitions suppresses 
the inconstant background. For the AEP sensory stimulus, acoustic 
clicks are the most commonly used.52 These broadband signals are gen-
erated by unidirectional rectangular short pulses (40 to 500 microsec-
onds) with frequency spectra below 10 KHz.

The AEPs comprise a series of biopotentials generated at all levels of 
the auditory system in response to an acoustic stimulus (Figure 16-17). 
A dozen peaks have been identified within the first 100 milliseconds 
after stimulus onset using scalp electrodes.52 Each peak is described by 
its poststimulus latency and peak-to-peak amplitude. AEPs are com-
monly classified as early or middle-latency potentials.52 Figure 16-18 is 
a schematic representation of the AEPs most commonly used for sur-
gical monitoring. Early AEPs are generated from the auditory nerve 
and the brainstem and include a series of wavelets recorded within 
the first 10 milliseconds poststimulus. These evoked responses have 
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Figure 16-16 These epileptiform electroencephalographic (EEG) 
patterns are associated with mask induction of sevoflurane in adults. 
The patterns include: (1) slow delta monophasic activity with spikes, 
(2) burst suppression with spikes, (3) polyspikes, and (4) rhythmic 
polyspikes. (Modified from Yli-Hankala A, Vakkuri A, Sarkela M, et al: 
Epileptiform EEG during induction of anesthesia with sevoflurane mask. 
Anesthesiology 91:1596, 1999.)

BOX 16-8. IMPORTANT IMBALANCES IDENTIFIED 
WITH ELECTROENCEPHALOGRAM
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I

Figure 16-17 Putative sites at which the brainstem auditory-evoked 
potential is generated include the cochlear nerve, cochlear nucleus, 
trapezoid complex, lateral lemniscus, inferior colliculus, medial genicu-
late nucleus, and auditory radiations. Wave I is generated in the distal 
cochlear nerve near the spiral ganglion, and wave II is generated in the 
proximal cochlear nerve near the brainstem. All other waveforms are 
generated in multiple brainstem sites and do not bear a one-to-one 
relation to any particular structures, although the later waveforms do 
tend to be generated in more rostral sites. (Modified from Friedman WA, 
et al: Advances in anesthesia. Chicago: Yearbook Medical Publishers, 
1989, p 244.)
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Figure 16-18 Schematic diagram of brainstem (BAEP) and middle-
latency (MLAEP) auditory-evoked potential production. Stimulation of 
one ear and recording between the ipsilateral earlobe and vertex pro-
duce sequences of peaks that can be displayed at two different record-
ing speeds and gain settings. Recording with a short 10-millisecond time 
base at a high gain reveals the first five peaks that comprise the BAEP. 
With a longer 100-millisecond time base and lower gain, the MLAEP 
peaks become evident. By a rather confusing convention, BAEP peaks 
represent positive deflections, whereas MLAEP peaks indicate nega-
tive deflections. (Modified from Spehlmann R: Evoked potential primer. 
Boston: Butterworth, 1985, p 196.)
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Figure 16-19 During repair of an aortic arch aneurysm, slow cooling 
resulted in a gradual loss of brainstem auditory-evoked potentials, pro-
gressing cephalad to caudad. Loss of wave III and later components 
ensured a cold-induced cessation of synaptic activity within the entire 
cerebrum. The global cessation indicated maximal neuroprotection dur-
ing circulatory arrest. (Modified from Yli-Hankala A [ed]: Handbook of 
four-channel EEG in anesthesia and critical care. Helsinki, Finland: GE 
Medical, Datex-Ohmeda Division, 2004, p 45.)

been  designated brainstem auditory-evoked potentials (BAEPs). Seven 
waves (I to VII) characterize the adult BAEP. Peaks I and II are generally 
thought to originate from the distal and proximal parts of the eighth 
nerve, and peak III arises from the cochlear nucleus. Peak IV sources 
include the superior olivary complex, cochlear nucleus, and nucleus 
of the lateral lemniscus. Peak V contributors seem to include both the 
lateral lemniscus and inferior colliculus. Peak VI and VII origins are 
not well defined but may arise from the medial geniculate body and 
the acoustic radiations. BAEPs are useful in assessing brainstem and 
subcortical function during surgery, in part because of their relative 
resistance to the suppressant effects of most anesthetics.53

The middle-latency auditory-evoked potentials (MLAEPs), with 
poststimulus latencies between 10 and 100 milliseconds, are generated 
in the midbrain and primary auditory cortex.52 In an awake adult 
subject, the MLAEPs usually consist of three main peaks: Na, Pa, 
and Nb, with respective latencies near 15, 28, and 40 milliseconds 
(see Figure 16-18). Children under general anesthesia commonly  
display the trimodal configuration of the adult MLAEP waveform (Na, 
Pa, Nb waves), although neonates may exhibit only a small Pa wave.54 
Many agents with hypnotic effects prolong the latency and suppress 
the amplitude of Pa and Nb in a concentration-dependent manner.55 It 
appears that the latency and amplitude changes allow reliable detection 
of consciousness and nociception during cardiac surgery.55 In addition, 
parallel monitoring of MLAEP and quantitative EEG descriptors (i.e., 
BIS) may permit distinction between the hypnotic and antinociceptive 
anesthetic components.55 This approach has also been used successfully 
in pediatric cardiac surgery patients to objectively assess postoperative 
sedation.56

Amplitude and latency from each of the primary MLAEP com-
ponents have been integrated into a proprietary autoregressive lin-
ear function (A-Line; Danmeter A/S, Odense, Denmark) to facilitate 
continuous perioperative monitoring.57 Subsequently, this metric was 
expanded to the A-Line Autoregressive Index (AAI), which included 
the quantitative EEG descriptors percentage burst suppression and  

 ratio (i.e., percentage of total EEG power contained in the high-
frequency  frequency band).58

Part of the benefit of AEPs to cardiac surgery derives from their 
temperature sensitivity because cooling slows both axonal conduc-
tion and synaptic transmission. During cooling, the BAEP wave V Q

10
 

(ratio of two values separated by 10°C) is 2.2.59 A decrease of tym-
panic or nasopharyngeal temperature from 35°C to 25°C doubles wave  
V latency. Further cooling will eventually suppress waves III to V com-
pletely, signifying the virtual elimination of synaptic transmission 
within the brainstem auditory circuits. BAEPs document complete 
deep hypothermic electrocerebral silence before temporary circulatory 
arrest.59

The critical protective action of hypothermia on the brain cannot 
be accurately assessed by thermometry because of marked individual 
differences in thermal compartmentation throughout the body.60 Even 
within the brain, cooling technique (e.g., rapid vs. slow, alpha-stat 
vs. pH-stat acid-base balance, -adrenergic blockade vs. none) may 
result in substantial thermal inhomogeneity within the cerebrum.59–61 
Therefore, hypothermia-induced electrocortical silence (i.e., flat EEG) 
does not necessarily indicate cessation of synaptic activity within deep 
brain structures. The high metabolic rates of some of these structures 
(e.g., basal ganglia and inferior colliculus) render them particularly vul-
nerable to ischemic injury.61 EEG quiescence plus a loss of BAEP waves 
III to V (Figure 16-19) ensure thorough cooling of the brain core. This 
approach appears to offer an optimal neuroprotective environment 
during temporary cessation of cerebral perfusion (Box 16-9).

 Somatosensory-Evoked Potentials
Somatosensory-evoked potentials (SSEPs) are briefly addressed here, 
in part, because of recent developments including: (1) a professional 
society surgical monitoring practice guideline,62 (2) neuromonitoring 
textbook descriptions,63–65 and (3) a special journal issue devoted to car-
diac surgery neuromonitoring.66 Like AEPs, SSEPs provide an  objective 

measure of ascending sensory pathway function. Figure 16-20A illus-
trates the key neural structures involved in a prominent upper limb 
sensory pathway suitable for cardiac surgery neuromonitoring.

Peripheral Nerve Injury Detection
During cardiothoracic or vascular surgery, improper patient position-
ing or sternal retraction can lead to injury, respectively, of the ulnar 
nerve67 and brachial plexus.68 Unfortunately, the standard recording 
electrode configuration illustrated in Figure 16-20A does not permit 
distinction of ulnar injury from plexopathy.66 For this purpose, addi-
tional recording sites above the elbow or adjacent to the axilla should 
be used.66 Lorenzini and Poterack69 proposed SSEP noteworthy change 
criteria that appear to minimize the incidence of false-positive and 
false-negative responses. In the absence of marked body tempera-
ture change, these criteria are either a 60% amplitude reduction or 
10% latency increase in the peripheral nerve components of the SSEP 
response.

Cerebral Ischemia Detection
In contrast with the typically robust subcortical N13 response, 
during cardiac or vascular surgery many factors other than ischemia 
may influence the SSEP N20 cortical response. These include 
anesthetic effects, body temperature, acid-base management, arterial 
blood oxygen-carrying capacity and blood pulsatility.70 Therefore, 
traditional criteria for new cortical SSEP abnormality (Figure 16-21) 
long-established for other types of surgery (50% amplitude reduction 
and 20% increase in N13-N20 interpeak latency)64 may result in an 
unacceptably high incidence of false-positive results. To overcome this 
problem, Astarci et al71 proposed a more rigorous criterion of total 
N20 loss. A recent SSEP study during carotid endarterectomy supports 
this approach.72

BOX 16-9. AUDITORY-EVOKED POTENTIALS
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Brain Thermometer
Cooling prolongs SSEP peak and interpeak latencies and suppresses 

amplitude of predominantly the cortical response (see Figure 16-20B). 
However, because subcortical SSEP responses involve far fewer synapses 
than EEG, they often persist when cortical neuronal activity is totally cold-
suppressed. Thus, detection of cerebral ischemia via SSEP can be achieved 
during EEG quiescence (Figure 16-22). In addition, the differential effect 
of cooling on the cortical and subcortical SSEP components can be used 
to identify the patient-specific nasopharyngeal or tympanic temperature 
suitable for the optimal cooling strategy for hypothermic brain protec-
tion.66 For example, Guérit et al73 found that there were no neurologic 
complications in a group of patients who underwent deep hypothermic 
circulatory arrest guided by abolition of the subcortical SSEP response. In 
contrast, patients who exhibited SSEP loss because of non–temperature-
related causes experienced postoperative neurologic sequelae.

 Motor-Evoked Potentials
The U.S. Food and Drug Administration recently cleared transcra-
nial high-intensity electric stimulators for clinical use. By relying on 
the delivery of a rapid stimulus pulse train, it is now possible to con-
tinuously monitor the integrity of descending motor pathways using 
transcranial electric motor-evoked potentials (MEPs).74–77 The most 
frequent application of this emerging monitoring modality for car-
diothoracic surgery currently is during open surgical or endovascu-
lar repair of the descending aorta.78,79 There remains a critical need for 
improved spinal cord protection because, even with modern cord pres-
ervation techniques, the 16% infarction rate during type I and II aneu-
rysm repairs in patients without potential benefit of MEP monitoring 
remains disturbingly high.80

The neurophysiologic basis for the MEP is illustrated in Figure 16-23. 
Individual high-intensity transcranial stimuli depolarize cortical motor 
neurons directly in the axon hillock region or indirectly via activation of 
interneurons. Synaptic transmission of individual impulses to segmen-
tal -motor neurons lowers the postsynaptic membrane potential but 
is often insufficient to initiate cell firing. Instead, this goal is achieved 
through use of a pulse train that triggers lower motor neuron discharge 
via temporal summation of individual subthreshold responses.
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Figure 16-20 A, The waveforms show ascending responses to median nerve electrical stimulation. With the aid of noncephalic reference elec-
trodes, the N9 clavicular (Erb's point) potential reflects signal passage through the brachial plexus, whereas the N13 potential represents activa-
tion of the cervical/brainstem lemniscal structures. Signals passing through the cortical radiations and sensory cortex result in the N20 potential 
when recorded between a scalp active electrode and cephalic reference. B, Each pair of upper-limb somatosensory-evoked potential (SSEP) 
waveforms is created by the superimposition of parietal recordings ipsilateral and contralateral to single-limb median nerve stimulation. Shaded 
area represents signal generated within the cortical mantle. Cooling to 26.2°C increases the latency of both subcortical and cortical waveform 
components, resulting in the emergence of a second (i.e., P13) brainstem potential. Although deep hypothermia at 19.1°C suppressed cortical 
activity, brainstem P13 and P14 responsiveness persists. (A, From Misulis KE, Fakhoury T: Spehlmann's evoked potential primer, 3rd ed. Boston: 
Butterworth-Heinemann, 2001, p. 98; B, modified from Nuwer MR [ed]: Handbook of clinical neurophysiology, vol 8. New York: Elsevier, 2008, p. 
834.)
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Figure 16-21 The upper traces represent normothermic, bihemispheric, 
anesthesia-suppressed electroencephalographic activity derived from 
scalp (Fpz, F3, F4, C3, and C4), cervical spine (C6sp), and earlobe (A1 
and A2) recorded 2 minutes after left common carotid clamping (CCC). 
The lower traces represent contemporaneous bihemispheric upper-limb 
somatosensory-evoked potential (SSEP) responses. Electrophysiologic 
evidence of left hemispheric hypoperfusion is suggested only by the 
suppressed SSEP N20 component amplitude. (Modified from Nuwer 
MR [ed]: Handbook of clinical neurophysiology, vol 8. New York: Elsevier, 
2008, p. 787.)
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Precise placement of subdermal stimulating electrodes (Figure 
16-24A) is important because of its influence on motor pathway acti-
vation. The transcranial electric current generated from closely spaced 
electrodes depolarizes a discrete cortical region that may control only a 
restricted muscle group. In contrast, current produced using wide elec-
trode separation bypasses the anesthetic-susceptible cortical neurons. 

This results in direct depolarization of descending motor tracts that 
affect both upper and lower limb muscles (see Figure 16-24B). Even 
though lower limb MEPs are necessary to document the functional 
integrity of motor pathways in the thoracolumbar spinal cord, upper 
limb recording is also important. The upper limb responses identify 
generalized MEP suppression. Its causes include anesthetic-induced 
synaptic inhibition, hypocapnia, and hypothermia, as well as position-
related ischemia involving cerebral and/or upper limb motor path-
ways (Figure 16-25). The effects of anesthetics on evoked potentials are 
summarized in Box 16-10. In additional to these generalized effects, it 
also should be appreciated that volatile anesthetics suppress both cor-
tical and spinal cord motor neurons. Thus, their use should be avoided 
or minimized during attempted MEP monitoring.81

In contrast with AEP and SSEP, the large amplitude of MEP EMG 
responses obviates the need for signal averaging. However, the inherent 
variability of these individual responses (see Figure 16-25) means that 
precise measurement of peak amplitude and latency are more difficult 
to achieve than with the more stable averaged sensory-evoked poten-
tials. Nevertheless, Kawanishi et al82 found 100% sensitivity and 98% 
specificity for MEP detection of motor pathway dysfunction. Their 
criterion for noteworthy change was a persistent 25% peak-to-peak 
amplitude decline. Correct interpretation of MEP amplitude change 
requires precise monitoring and control of neuromuscular blockade. 
Information on the extent of neuromuscular blockade obtained from 
evoked EMG train-of-four responses in both upper and lower limb 
muscles bilaterally helps guide relaxant administration and detects 
limb ischemia.83

Although MEP monitoring is technically challenging and places 
additional burdens on anesthesia providers, the effort seems worth-
while. Even though large-sample, prospective, randomized outcome 
studies are lacking, there are many small-sample prospective or retro-
spective studies demonstrating benefit. For example, Etz et al84 obtained 
an impressively low 2% neurodeficit incidence in 100 descending aorta 
surgical repairs, 73% of which were high-risk Crawford type I or II 
aneurysms. Current opinion on the value of MEP monitoring for this 
application is reflected by MacDonald and Dong's79 recent review, 
which states: “There is now strong evidence that … MEP monitoring 
positively impacts descending aortic aneurysm surgery outcome when 
used to guide aggressive intervention.”
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Figure 16-22 The upper traces represent bihemispheric, cold-suppressed electroencephalographic (EEG) activity derived from scalp (Fpz, F3, F4, 
C3, and C4), cervical spine (C6sp), and earlobe (A1, A2, and linked A3) recorded at 24°C. The lower traces represent contemporaneous bihemispheric 
upper-limb somatosensory-evoked potential (SSEP) responses. Arrow points to left hemispheric N20 suppression accompanying left common carotid 
clamping (CCC). Blood pressure increase restored the N20 amplitude. Note that this regional cerebral hypoperfusion was not apparent in the hypo-
thermia-suppressed EEG recording. (Modified from Nuwer MR [ed]: Handbook of clinical neurophysiology, vol 8. New York: Elsevier, 2008, p. 835.)
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Figure 16-23 High-intensity transcranial electric or magnetic stimula-
tion results in direct (d) activation of upper motor neurons. In addition, 
indirect motor neuron activation (i) results from transcranial activation of 
horizontally oriented excitatory (light) and inhibitory (dark) neuronal axons. 
Descending motor potentials are conducted unidirectionally through the 
corticospinal, rubrospinal, tectospinal, vestibulospinal, and cerebello-
spinal tracts to lower (alpha) motor neurons in the lateral and anterior 
spinal cord. In the absence of complete pharmacologic neuromuscular 
(NM) blockade, alpha motor neuron action potentials then produce mus-
cle fiber contraction that is recorded by electromyography (EMG). MEP, 
motor-evoked potential; RC, Reushaw cell-mediated recurrent inhibition  
(Modified from Nuwer MR [ed]: Handbook of clinical neurophysiology, vol 
8, New York: Elsevier, 2008, p. 219.)
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TRANSCRANIAL DOPPLER ULTRASOUND

 Ultrasound Technology
Ultrasonic probes of a clinical TCD sonograph contain an electrically 
activated piezoelectric crystal that transmits low-power 1- to 
2-MHz acoustic vibrations (i.e., insonation) through the thinnest 
portion of temporal bone (i.e., acoustic window) into brain tissue.  
Blood constituents (predominantly erythrocytes), contained in 
large arteries and veins, reflect these ultrasonic waves back to the 
probe, which also serves as a receiver. Because of laminar blood 

flow,  erythrocytes traveling in the central region of a large blood  
vessel move with greater velocity than those near the vessel wall 
(Figure 16-26). Thus, within each vascular segment (i.e., sample 
volume), a series of echoes associated with varying velocities is 
created. The frequency differences between the insonation signal and 
each echo in the series are proportional to the associated velocity, 
and this velocity is determined from the Doppler equation (see 
Figure 16-26). Although several large intracranial arteries may be 
insonated through the temporal window, the middle cerebral artery 
is generally monitored during cardiac surgery because it carries 
approximately 40% of the hemispheric blood flow.
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Figure 16-24 A, Placement of transdermal electrodes for generation of motor-evoked potential (MEP) by electrical stimulation. B, Transcranial elec-
tric current paths are shown following cortical (C1/C2) and subcortical (C3/C4) stimulation. The direct MEP responses were obtained from an electrode 
placed adjacent to exposed upper thoracic spinal cord. Note the large 240-mA current required for subcortical stimulation and the shorter latency 
between the stimulus (S) and C3/C4 response because of the reduced distance between stimulating and recording electrodes. (Modified from Nuwer 
MR [ed]: Handbook of clinical neurophysiology, vol 8. New York: Elsevier, 2008, pp. 236–237.)
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Figure 16-25 Changes are shown in upper (left hand [LHand] and right hand [RHand]) and lower (left foot [LFT] and right foot [RFT]) limb motor-
evoked potential (MEP) responses to clamping of the descending aorta during surgical repair of a thoracoabdominal aneurysm. Note the bilateral 
loss of low-limb MEP with clamp application. MEP monitoring helped guide management of left heart bypass and reimplantation of the superior 
mesenteric and renal arteries into the aortic graft.
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Pulsed-Wave Spectral Display
Pulsed-wave Doppler samples the ultrasonic echoes at a user-selected 
distance (i.e., single gate) below the scalp. The frequency composition 
of these Doppler-shifted echoes is analyzed by Fourier analysis, the same 
technique used to quantify EEG frequency patterns (see Figure 16-26). 
The analysis produces a momentary amplitude spectrum displayed as 
a function of blood flow velocity (e.g., Doppler-shift frequency). This 
relation is mapped as one vertical strip in the spectrogram display (see 
Figure 16-26, upper right). Amplitude at each frequency is expressed as 
log change (i.e., dB) from the background composed of random echoes. 
The momentary analysis is repeated 100 times a second to produce a 
scrolling spectrogram of time-related changes in flow velocity.

Signal amplitude at each frequency shift–time intersection is indi-
cated by monochromatic dot density or color coding. The maximum 
velocity, the upper edge (envelope) of the velocity spectrum (analogous 
to the EEG SEF), represents the maximum Doppler shift (erythrocyte 
velocity) in the vessel center. Peak systolic and end-diastolic velocities 
are derived from this spectral edge. Intensity-weighted mean velocity is 
calculated by weighted averaging of the intensity of all Doppler spec-
tral signals in a vessel cross section. Sampling echoes at multiple loci 
(multigating) produces spectrograms for each of the different probe-
to-sample site distances (Figure 16-27).
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Figure 16-26 Large-vessel laminar flow results in a cross-sectional 
series of erythrocyte velocities, with the lowest values nearest the ves-
sel wall. Ultrasonic vessel insonation produces a series of erythrocyte 
echoes. The frequency differences (i.e., Doppler-shift frequencies) 
between the insonating signal and its echoes are proportional to eryth-
rocyte velocity and flow direction. Fast Fourier transform (FFT) analysis 
of this complex echo produces an instantaneous power spectrum analo-
gous to that used in electroencephalographic analysis. The time series 
of successive Doppler-shift spectra (top right) resembles an arterial 
pressure waveform but represents fluctuating erythrocyte velocities dur-
ing each cardiac cycle. Some modern transcranial Doppler sonographs 
are small enough to be handheld or incorporated into multimodal neu-
rophysiologic signal analyzers. (Image of the 500P Pocket Transcranial 
Doppler is courtesy of Multigon Industries, Inc., Yonkers, NY.)

BOX 16-10. ANESTHETIC* EFFECTS ON SENSORY- AND MOTOR-EVOKED RESPONSES
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Figure 16-27 Multigating of pulsed-wave Doppler signals permits 
simultaneous display of echo spectra generated at several different 
intracranial loci. LACA, left anterior cerebral artery; LMCA, left middle 
cerebral artery; RACA, right anterior cerebral artery; RMCA, right middle 
cerebral artery.
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Power M-Mode Doppler Display
An alternative method for processing pulsed-wave Doppler echoes is 
nonspectral power M-mode Doppler (PMD; Figure 16-28). Unlike the 
series of spectra generated with multigating, PMD creates one image 
with each depth represented by a plot of signal amplitude (i.e., power) 
and depth as functions of time. A color scale signifies flow direction 
(red is flow directed toward the probe; blue is flow away from the 
probe), whereas color intensity is directly related to signal power.

Embolus Detection
Erythrocytes (approximately 5 million/mL) are the most acoustically 
reflective, nonpathologic blood elements (i.e., high acoustic imped-
ance). However, gaseous and particulate emboli are better reflectors 
of sound than erythrocytes. The presence of high-intensity transient 
signals (HITSs) within either the PMD or spectral TCD display may 
signify the presence of an embolus.85,86 Because a gaseous or particu-
late embolus cannot simultaneously appear at all distances from the 
probe, either PMD or a multigated spectral display may be used to 
distinguish them from acoustic artifact (tapping on the ultrasonic 
probe produces a high-intensity transient acoustic artifact at all 
distances).

Figure 16-29 illustrates the appearance of HITSs in the two TCD 
display formats. The bottom spectral displays are generated from a 
small vascular segment at a distance of 50 ± 3 mm (6-mm sample 
volume) from the probe surface. The midpoint of the spectral sam-
ple is indicated on the top PMD displays as a light horizontal line 
at a 50-mm depth. An embolic track labeled “a” is a single embolus 
that is shown in the top PMD display moving toward the probe (i.e., 
decreasing distance from the probe face over time). Embolic tracks 
“b” and “d” display the characteristic “lambda” acoustic signature 
in the spectral display. The PMD shows that this pattern is due to 
embolus direction reversal within the spectral sample volume. The 
true behavior of the spectrally paradoxical track “c” (start and end 
points of the single acoustic signature are not connected) becomes 
clear in the PMD view. Track “c” direction reversal is invisible on 
the spectral display because it occurs outside the sampling region. 
Currently available spectral or PMD TCD monitors can determine 
neither the size nor composition of emboliform material responsible 
for HITSs. TCD devices designed for surgical monitoring typically 
provide a semiquantitative estimate of aggregate HITSs, irrespective 
of their origin (Box 16-11).

Intervention Threshold
Because erythrocyte velocity and flow may be differentially influenced 
by vessel diameter,87 blood viscosity,88,89 and pH,89 as well as tempera-
ture,89 TCD does not provide a reliable measure of cerebral blood flow. 
However, in the absence of hemodilution, change in TCD velocity does 
correlate closely with change in blood flow.87 Sudden large changes in 
velocity or direction are readily detected by continuous TCD monitor-
ing. The clinical significance of velocity changes has been assessed in 
conscious patients during implantable cardioverter-defibrillator and 
tilt-table testing.90,91 In both circumstances, clinical evidence of cere-
bral hypoperfusion was accompanied by a mean velocity decline of 
greater than 60% and absent diastolic velocity. During nonpulsatile 
CPB, the ischemia threshold appears to be an 80% decrease below the 
preincision baseline.92

In general, reduction of flow velocity indicating severe ischemia is 
associated with profound depression of EEG activity.92 However, with 
adequate leptomeningeal collateral flow, cerebral function may remain 
unchanged in the presence of a severely decreased or absent middle 
cerebral artery flow velocity.93 Together, these findings form the ratio-
nale for a TCD-based intervention threshold. During cardiac surgery, 
mean velocity reductions of greater than 80% or velocity loss during 
diastole suggest clinically significant cerebral hypoperfusion.

 Clinical Basis for Intervention
Before Cardiopulmonary Bypass
TCD provides cerebral hemodynamic information for the timely detec-
tion and correction of perfusion abnormalities that may occur before 
the onset of CPB. Vascular torsion during neck extension or axial head 
rotation may result in regional cerebral hypoperfusion detectable by 
TCD.94 Cerebral blood flow obstruction may also be detected by TCD 
during endovascular repair of aortic dissection.95 Excessive hyperven-
tilation may result in inadvertent cerebral ischemia because blood flow 
declines by 4%/mm Hg Paco

2
 in normally reactive cerebral arteries.87 

Cerebral dysautoregulation is often seen in hypertensive and diabetic 
patients.96 This abnormality may result in pressure-dependent brain 
perfusion and place the patient at risk for ischemic brain injury dur-
ing even moderate hypotension. TCD may be used to identify pressure 
dependency and facilitate appropriate individualization of acceptable 
perfusion pressure.97 In addition, TCD has been used to identify the 
optimal aortic cannulation site.98 For example, Mullges et al99 observed 
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Figure 16-28 The transcranial Doppler (TCD) continuous-wave M-mode (top left) and pulsed-wave spectral (bottom left) displays are compared. 
The horizontal bands of the M-mode display represent a series of Doppler-shift echoes. Signals in the 30- to 50-mm-depth range (top red band) repre-
sent flow in the right middle cerebral artery (MCA) ipsilateral to the ultrasonic probe. Red color signifies flow directed toward the probe (right). Echoes 
arising between 55 and 70 mm from the probe emanate from the ipsilateral anterior cerebral artery (ACA). They are shown in the middle blue band 
of the M-mode display. Signals in the 72- to 85-mm range arise from the contralateral ACA with flow directed toward the probe (lower red band). The 
M-mode yellow line at a depth of 50 mm indicates the measurement site for the TCD frequency spectral display shown at the bottom left. (Courtesy 
of Dr. Mark Moehring, Spencer Technologies, Seattle, WA.)
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that the mean aggregate middle cerebral artery embolic load was sig-
nificantly lower with a distal arch cannulation compared with the 
traditional ascending aorta site. These results are consistent with the 
studies using epiaortic ultrasound. Detection of malpositioned aortic 
or superior vena caval perfusion cannula is rapidly achieved with TCD 
monitoring.100 In the former case, the malposition results in a sudden 
profound decrease in the peak systolic velocity (Figure 16-30), whereas 
in the latter, diastolic velocity is compromised (Figure 16-31).

During Cardiopulmonary Bypass
TCD is the only available method to continuously assess changes in 
cerebral hemodynamics associated with CPB. Despite the confounding 
influences of hemodilution, altered acid-base management, and cool-
ing on absolute flow velocity, TCD nevertheless indicates the presence 
and direction of cerebral blood flow. A sudden large decrease, increase, 
or asymmetry indicates, respectively, inadvertent occlusion of a great 
vessel, hyperperfusion of a single cranial artery, or misdirection of  
aortic cannula flow (Figure 16-32).

During surgical repair of the aortic arch, TCD documents cere-
bral artery flow direction during attempts at supplemental retrograde 
(Figure 16-33) or antegrade (Figure 16-34) cerebral perfusion during 
systemic circulatory arrest.101,102 Because peak velocity changes in large 
basal cerebral arteries are directly related to peak flow changes, TCD 
may aid in the determination of safe upper and lower limits for pump 
flow and perfusion pressure.103 Deep cooling and circulatory arrest may 
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Figure 16-29 The appearance of emboliform high-intensity transient signals (HITSs) is compared using the M-mode and frequency spectral dis-
plays. White horizontal line at a depth of 50 mm depicts the site of the spectral measurement along the axis of the vessel. HITa (white transient) rep-
resents linear migration of an embolus in the M2 segment of the ipsilateral middle cerebral artery. A single HIT (white dot) is noted on the spectral 
display as the embolus passes through the 50-mm measurement site. In contrast, emboli in the remaining panels suddenly change direction as they 
pass into a smaller branch vessel. HITb and HITd direction changes are noted on the spectral displays as the characteristic “lambda” sign. However, 
the HITc behavior is misidentified as two emboli because the direction change occurs outside the spectral sample volume. (Courtesy of Dr. Mark 
Moehring, Spencer Technologies, Seattle, WA.)

BOX 16-11. TRANSCRANIAL DOPPLER 
ULTRASONOGRAPHY
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Figure 16-30 Malposition of an aortic perfusion cannula before the onset of cardiopulmonary bypass was identified on its insertion by the sudden 
large decrease in peak systolic velocity. Repositioning led to a prompt recovery of cerebral perfusion.
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produce a transient cerebral vasoparesis and result in uncoupling of 
cerebral blood flow and metabolism.102 TCD identifies this phenom-
enon as an unchanging flow velocity during rewarming. Emboli detec-
tion by TCD can improve surgical and perfusion technique, as well as 
facilitate correction of technical problems such as an air leak104–106 (see 
Figure 16-34 and Box 16-12).

 Transcranial Doppler Clinical Benefit
A practice guideline for TCD perioperative monitoring has just been jointly 
published by the American Society of Neurophysiologic Monitoring and 
the American Society of Neuroimaging.107 In addition, evidenced-based 
medicine now supports the use of TCD monitoring during cardiovascular 
surgery.108,109 For example, the results of a randomized, prospective 
investigation demonstrated that TCD monitoring during acute aortic 
dissection repair reduced the incidence of transient neurologic deficit 
from 52% to 15%. This reduction was achieved, in part, through TCD-
directed changes in perfusion cannula placement (29% of cases) and 
adjustments in the management of retrograde cerebral perfusion (79% 
of cases).110 Prospective studies have also demonstrated the clinical utility 
of direct cerebral perfusion measurement. Although vasoconstrictors 
reliably increase arterial blood pressure, they may not alter cerebral 
perfusion pressure.111 Similarly, nitrate vasodilators typically reduce 
arterial blood pressure, whereas cerebral perfusion pressure may remain 
unaltered87 or may actually increase.111 In the absence of cerebral 
perfusion monitoring, blood pressure management can easily result in 
adverse consequences to the brain.

JUGULAR BULB OXIMETRY
Oximeter catheters transmitting three wavelengths of light are inserted 
into the cerebral venous circulation to directly and continuously mea-
sure cerebral venous oxygen saturation (Sjvo

2
). Commercially available 

devices are modifications of the catheter oximeter originally developed 
for the pulmonary circulation. External preinsertion calibration of the 
catheter and documentation of catheter position in the jugular bulb 
are required for accurate measurements. In vivo calibrations against 
co-oximeter samples can also be performed. Reflected light signals are 
averaged, filtered, and displayed. Conditions affecting the accuracy of 
these measurements include catheter kinking, blood flow around the 
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Figure 16-31 Malposition of a superior vena cava perfusion cannula before the onset of cardiopulmonary bypass was identified shortly after its 
insertion by the loss of end-diastolic velocity. Repositioning led to a prompt recovery of cerebral perfusion.
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Figure 16-32 During total cardiopulmonary bypass with nonpulsatile perfusion, cerebral malperfusion was identified by asymmetric left/right  
hemisphere velocity decline. A slight change in the position of the aortic perfusion cannula corrected the problem.

Antegrade Arrest Retrograde

Left MCA

Right MCA

Figure 16-33 These two transcranial Doppler (TCD) frequency spec-
tral displays show changes in left (top) and right (bottom) middle cere-
bral artery (MCA) flow velocity during attempted retrograde cerebral 
perfusion via the superior vena cava with carotid drainage. Spectral pat-
terns above the zero-velocity baselines indicate antegrade blood flow 
directed toward the ultrasound probe.
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catheter, changes in hematocrit, fibrin deposition on the catheter, and 
changes in temperature.

The normal Sjvo
2
 range is widely assumed to be between 60% and 

70%.112 However, a recent study using radiographically confirmed 
catheter placement observed a much wider 45% to 70% range in 
healthy subjects.113 Furthermore, the 95% confidence interval of the 
low threshold was 37% to 53%. Thus, some healthy individuals had 
Sjvo

2
 values less than 35%.

There are two major limitations of the technology. First, Sjvo
2
  

represents a global measure of venous drainage from unspecified cra-
nial compartments. Because cerebral and extracranial venous anatomy 
are notoriously varied, clinical interpretation of measured change is a 
major challenge. The difficulty is exemplified by the study of Mutch 
et al,114 who used both Sjvo

2
 and T2*-weighted magnetic resonance 

imaging to measure oxyhemoglobin and deoxyhemoglobin in a por-
cine model of CPB. Imaging demonstrated substantial hypoxic regions 
within the cerebral parenchyma that were invisible to the global jugular 
oxygen saturation measurement. Second, accurate measurement using 
jugular oximetry requires continuous adequate flow past the cathe-
ter. Low- or no-flow states such as profound hypoperfusion or com-
plete ischemia render Sjvo

2
 unreliable.115 Despite these limitations, the 

global measure of brain oxygen balance has been used successfully as 
a transfusion trigger116 and to document the deleterious effect of even 
modest cerebral hyperthermia.117 In addition, Sjvo

2
 monitoring deter-

mined that, compared with traditional myocardial revascularization, 
the “off-pump” procedure was associated with a two-fold increase in 
the  incidence of noteworthy oxygen desaturation.118

CEREBRAL OXIMETRY

 Near-Infrared Technology
Because the human skull is translucent to infrared light, intracranial 
intravascular regional hemoglobin oxygen saturation (rSo

2
) may be 

measured noninvasively with transcranial near-infrared spectroscopy 
(NIRS). An infrared light source contained in a self-adhesive patch 
affixed to glabrous skin of the scalp transmits photons through under-
lying tissues to the outer layers of the cerebral cortex. Adjacent sen-
sors separate photons reflected from the skin, muscle, skull, and dura 
from those of the brain tissue (Figure 16-35). NIRS measures all hemo-
globin, pulsatile and nonpulsatile, in a mixed microvascular bed com-
posed of gas-exchanging vessels with a diameter less than 100 m.119 
The measurement is thought to reflect approximately 75% venous 
blood.119 This ratio remains nearly constant in normoxia, hypoxia, and 
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Figure 16-34 Hyperperfusion of the right middle cerebral artery was identified by transcranial Doppler during attempted supplemental antegrade 
cerebral perfusion during total circulatory arrest. Repositioning of the right axillary perfusion cannula led to a reduction in velocity followed shortly 
thereafter by the accidental introduction of a small amount of air. The leak was quickly identified and corrected.

BOX 16-12. IMPORTANT IMBALANCES 
IDENTIFIED BY TRANSCRANIAL DOPPLER 
ULTRASONOGRAPHY

MCA

ACA

PCA

Figure 16-35 The frontal cortex anterior–middle cerebral 
artery watershed region may be sampled bilaterally by cere-
bral oximeter sensors located on the forehead above each 
eye. The diagram at right illustrates the anterior (green) 
and middle cerebral artery (pink) flow distributions and the 
approximate size and location of the oximetric sampling 
region (red dot). ACA, anterior cerebral artery; MCA, mid-
dle cerebral artery; PCA, posterior cerebral artery. (Courtesy 
of Somanetics Corporation, Troy, MI.)
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hypocapnia.119 Cerebral oximetry appears to both reliably quantify 
change from an individualized baseline and offer an objective measure 
of regional hypoperfusion.120,121 Unlike pulse and jugular bulb oxim-
etry, respectively, cerebral oximetry may be used during nonpulsatile 
CPB and circulatory arrest.

Similar to TCD monitoring, cerebral oximetry is primarily used 
to quantify change. Substantial NIRS intersubject baseline variability 
precludes establishment of an absolute threshold value for tissue isch-
emia.122 An adverse shift in oxygen supply-demand balance is indicated 
by a decreasing oxyhemoglobin fraction. The clinical significance of 
the decline has been determined in conscious patients during G-force 
studies with high-speed centrifugation, implantable cardioverter/defi-
brillator testing, tilt-table testing, carotid artery occlusion, and intra-
cranial artery balloon occlusion.91,92,123,124 In each setting, a decline of 
greater than 20% was associated with syncope or signs of focal cerebral 
ischemia. The magnitude and duration of cerebral dysoxygenation are 
associated with hospital cost-driver increase, as well as the incidence 
and severity of adverse clinical outcome.125–136

The first commercial device to receive FDA clearance for continu-
ous measurement of rSo

2
 was the single-channel INVOS 3100 cere-

bral oximeter (Somanetics Corporation, Troy, MI). The latest model 
5100 is a four-channel device that is cleared for continuous measure-
ment of cerebral and somatic tissue oxygenation in patients larger than 
2.5 kg. It uses two wavelengths of infrared light generated by broad 
bandwidth light-emitting diodes. Some investigators have expressed 
theoretical concern that the fixed 25:75 arterial/venous oxygen satu-
ration ratio used by the INVOS device does not accurately represent 
the inevitable fluctuations in the actual arterial-venous volume rela-
tion.137,138 However, experimental data demonstrate that rSo

2
 is insensi-

tive to substantial change in this ratio.139,140 Through a process termed 
spatial resolution, INVOS uses multipoint extracranial and intracranial 
measurements to suppress the influences of extracranial hemoglobin 
absorption and intersubject variation in intracranial photon scatter. 
Independent studies have shown that the source of the resultant rSo

2
 

metric is approximately 85% intracranial119 (Figure 16-36, left panel).
Three other cerebral oximeters have recently received FDA clearance. 

The CAS Medical (Branford, CT) Fore-Sight also uses two infrared 
sensors.141 The proximal sensor is positioned very near the light source 
to detect exclusively extracranial photon migration. Photons detected 

by the distal sensor arise from both extracranial and intracranial tissues 
(see Figure 16-36, right panel). Cerebral saturation is determined from 
the proximal-distal differential signal. Although this approach appears 
to suppress extracranial contamination, the single-point intracranial 
measurement may be influenced by individual variations in intracra-
nial photon scatter. The manufacturer claims that photon scatter varia-
tion is mitigated by the use of four narrow-bandwidth laser-generated 
infrared wavelengths. There are as yet no peer-reviewed articles to sub-
stantiate this claim or that compare Fore-Sight performance with other 
cerebral oximeters, but several abstracts are available.142,143

The OrNim (Los Gatos, CA) CerOx measures brain or periph-
eral tissue regional oxygen saturation using a combination of multi-
ple wavelength near-infrared light and phase-modulated ultrasound. 
Information on the manufacturer's website is insufficient to permit a 
valid comparison with other devices. There are as yet no peer-reviewed 
articles that characterize its performance.

Nonin (Minneapolis, MN) manufactures the EquanOX 7600 cere-
bral oximeter. It relies on dual light-emitting diode light sources and 
three wavelengths of infrared light. Infrared light source-sensor sepa-
ration appears to be similar to the Somanetics INVOS 5100. Currently, 
only one abstract is available that describes device performance.144

Most articles describing clinical experience with FDA-cleared tissue 
oximetry have used the Somanetics rSo

2
 metric. Unless otherwise indi-

cated, subsequent discussion refers to the use of this saturation mea-
sure. Until more information becomes available, it would be imprudent 
to assume that tissue oxygen saturation values obtained with one brand 
of tissue oximeter are interchangeable with those from another.145 
Objective performance comparison is difficult because of the lack of 
a universally accepted direct reference standard measure of regional 
brain oxygen saturation.

 Technologic Limitations
The technical limitations of cerebral oximetry primarily involve factors 
that influence photon migration. Sensor placement is currently limited 
to glabrous skin (e.g., forehead) lateral to the midline. Such placement 
prevents monitoring the critical posterior watershed at the juncture of 
the anterior, middle, and posterior cerebral arteries (see Figure 16-35). 
Dark hair and the follicles of dark hair absorb near-infrared light 
and can substantially reduce the signal-to-noise ratio. Thus, de Letter  
et al,146 using a parietotemporal placement in head-shaved neurosurgi-
cal patients, failed to obtain saturation values in 18% of their patients. 
Weak signals may also result from hematoma or sensor placement over 
a venous sinus.147 In either case, the large hemoglobin volume acts as a 
photon sink. Conversely, recording failures may arise from excessively 
large signals, such as those produced by a skull defect.148

 Validation
The rSo

2
 value has been validated from arterial and jugular bulb oxygen 

saturation measurements in pediatric and adult subjects.149,150 In these 
studies, hypoxemia involving cerebral tissue proximate to the sensors 
was consistently detected by this technology. Except during ischemia 
and CPB, Sjvo

2
 and rSo

2
 generally correlate in the midrange satura-

tion, although discrepancies may appear at the extremes.151 The validity 
of rSo

2
 also has been assessed by comparison with direct microprobe 

measurement of brain tissue oxygen partial pressure (tPo
2
). Reasonable 

agreement between these two measures has been found in neurosurgi-
cal patients.152,153

 Controversies
As with most new technologies, the emergence of cerebral and regional 
tissue oximetry has spawned controversy. Fortunately, a recent series of 
Pro and Con articles has addressed the major clinical concerns.138,154–156 
These issues are discussed later in the Intervention Rationale section.

Perhaps the most puzzling controversy involves the unqualified 
insistence by skeptics that multiple positive, large-scale prospective, 
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Figure 16-36 The mean photon path traveling through the adult cra-
nium from an infrared source to sensors on neighboring scalp is banana 
shaped. With spatially resolved near-infrared spectroscopy (NIRS), both 
sensors are sufficiently distant from the light source to ensure that the 
mean photon paths of both signals pass intracranially (left). Two-point 
extracranial and intracranial measurement permits suppression of both 
the extracranial signal and interpatient variance in intracranial photon 
scatter. The resultant cerebral oxygen saturation measurement appears 
to be about 85% intracranial.119 In contrast, differential NIRS uses a sen-
sor placed very near the light source to record exclusively extracranial 
signal and another more distant sensor for intracranial measurement 
(right). Single-point subtraction suppresses extracranial signal but not 
intersubject variation in photon scatter. This second goal is claimed 
to be achieved through the use of additional wavelengths of infra-
red light.141 LED, light-emitting diode. (Left, Courtesy of Somanetics 
Corporation, Troy, MI.)
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randomized outcome trials must precede routine use of regional tissue 
oximetry during cardiac and major vascular surgery.122,138,154 Such insis-
tence is eminently reasonable for monitoring modalities that (1) pose 
a risk of injury; (2) are very expensive; or (3) have a difficult learning 
curve or require extensive, specialized training. Because regional tissue 
oximetry meets none of these criteria, the reason for this insistence is 
less clear.

The pulse oximetry precedent seems relevant to this controversy. In 
1989, the American Society of Anesthesiologists House of Delegates 
mandated that pulse oximetry be used in every surgery involving  
general or regional anesthesia. The goal of the mandate was to reduce 
the probable risk of rare injury. No large-scale prospective, randomized 
trial preceded the mandate. Interestingly, the later trial involving more 
than 20,000 patients failed to detect an improved outcome in the pulse 
oximeter cohort.157 In the accompanying editorial, Eichhorn158 justi-
fied the earlier pulse oximeter mandate on the sensible grounds that 
“it is reasonable to be influenced and accept more indirect indications 
when considering the complex multivariate epidemiologic investiga-
tions dealing with anesthetic outcome.”

Recently, Vohra et al159 applied Eichhorn's reasoning to their 
conclusion of a 488-article cardiac surgery cerebral oximetry literature 
review. They stated, “Clinical benefit and lack of use-associated risk of 
injury at a modest expense support the use of rSo

2
 monitoring routinely 

in patients undergoing cardiac surgery.” Estimates of the extent of rSo
2
 

monitoring made in 2007 indicate that the technology is utilized in 
two thirds of pediatric126 and one third of adult125 U.S. cardiac centers. 
On the basis of these adoption rates and now-extensive evidence of 
rSo

2
 clinical benefit including three positive prospective, randomized 

trials,129–131 Murkin128 suggests that the controversy has evolved to 
“standard of care for routine CPB vs. evolving standard for selective 
cerebral perfusion.”

 Normative Values
Kishi et al160 examined surgical patient demographic influences on rSo

2
. 

The measure appeared to be independent of weight, height, head size, 
or sex, although it was negatively correlated with age and positively 
correlated with hemoglobin concentration. Values were also affected 
as the sensor was moved laterally from the recommended position 
above the eye. In contrast, it is worth considering that the apparent age 
 influence on rSo

2
 may reflect advancing pathology in older patients.

Development of local physiologic norms is a common practice in 
neurophysiology units. Following this practice, in 1000 elective adult 
cardiac surgery patients (age range, 21 to 91; female sex, 32%), this 
author has determined a preprocedure rSo

2
 value of 67 ± 10 scale 

units.139 This value is significantly less than the 71 ± 6 previously 
reported for healthy volunteers (age range, 20 to 36).150 The mean and 
median left-right difference for the cardiac surgery patients was zero, 
and only 5% of the differences were greater than 10. Only 5% of the 
rSo

2
 baseline values were less than 50 or above 80. Thus, from a sta-

tistical perspective, a preinduction baseline rSo
2
 value in adult elective  

cardiac surgery patients is abnormal if it is either outside the range 
of 50 to 80 or there is a right-left difference of greater than 10%. 
Normative data obtained with a differential spectrometer in 33 adult 
cardiac patients resulted in a similar mean saturation of 70% ± 4%.143 
The smaller  variance is a likely result of the small sample size.

 Intervention Threshold
Brain rSo

2
 values less than or equal to 50 scale units appear to 

represent an increased risk for hypoxic injury.134,136,161–165 In addition, 
numerous studies have observed clinical signs of cerebral hypoxia or 
adverse outcome, or both, after rSo

2
 declines more than 20% below 

baseline.123–133,166–170 Recently, a detailed cardiac surgery intervention 
algorithm based on this criterion has been proposed by Denault  
et al.171 Current intervention strategy incorporates both concepts (Box 
16-13). Thus, for most patients with awake baseline rSo

2
 values greater 

than 50, intervention is triggered with a decline of more than 20%. 

Alternatively, for individuals with a baseline of 50 or less, the objective 
is to maintain this abnormally low value throughout the perioperative 
period, using the tactics described in the Denault algorithm. With rSo

2
 

asymmetry, each cerebral hemisphere is managed independently. In 
this circumstance, the 20% criterion applies to a hemispheric baseline 
rSo

2
 greater than 50, whereas the baseline maintenance criterion applies 

to hemispheric values of 50 or less. This approach to rSo
2
 asymmetry 

is consistent with radiographic studies demonstrating a high incidence 
of clinically silent intracranial vascular disease before adult cardiac 
surgery.172,173

 Intervention Rationale
Baseline rSo2

Surgical cerebral oximetric monitoring should be initiated immedi-
ately after patient entry to the operating room. Self-adhesive patches 
containing the infrared light source with shallow (proximate) and deep 
(distant) sensors are fixed on the forehead on both sides of the midline. 
The initial objective is the establishment of a reference baseline before 
preoxygenation and anesthetic induction (Figure 16-37).

A high cerebral metabolic demand for oxygen may result in 
abnormally low rSo

2
 values despite normal pulse oximetry readings. 

For example, the cerebral oximeter detected oxygen imbalance during 
high-altitude trekking that was unrecognized by pulse oximetry.174 
Similarly, patients in heart failure often have preoperative baseline 
values far below the normative range.175–178 Abnormally high rSo

2
 

values may signify a silent infarction because injured or dead neurons 
consume little oxygen. Abnormal (>10 scale units) right-left rSo

2
 may 

be caused by unrecognized carotid or intracranial arterial stenosis, 
intracranial space-occupying lesion, old infarction, skull defect, or 
extracranial sources such as a hemangioma, sinusitis, or artifactual 
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Figure 16-37 Right and left regional oxygen saturations (rSo2) were 
symmetric and within normal limits (WNL) before anesthetic induction. 
Symmetric postinduction increase suggested intact CO2 reactivity of the 
cerebral arterioles. Patient positioning resulted in a transient left hemi-
sphere rSo2 decline, whereas the right hemisphere decline was per-
sistent and severe. Because all other physiologic signals were WNL, a 
patient malposition was suspected. Adjustment of the shoulder roll and 
head repositioning to correct a neck extension immediately resolved 
the regional desaturation. CABG, coronary artery bypass graft; DM, dia-
betes mellitus; HTN, hypertension.

BOX 16-13. CEREBRAL REGIONAL OXYGEN 
SATURATION
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interference from an infrared-emitting device.179–182 An asymmetry 
or abnormal rSo

2
 baseline, high or low, alerts the operative team to 

the increased potential for cerebral oxygen imbalance during  surgical 
challenge.

Developing rSo2 Asymmetry
A new asymmetry, signifying cerebral dysoxygenation, may develop 
quickly during anesthetic induction, pulmonary artery catheter 
insertion, or final patient positioning. During head positioning, 
an asymmetric rSo

2
 decrease warns of developing regional cerebral 

hypoperfusion that otherwise may remain unrecognized.139,155,183 Axial 
head rotation displaces the lateral mass of the contralateral atlas for-
ward behind the internal carotid artery, just below its entrance into 
the carotid canal at the skull base. If this process is prolonged or if 
the artery is adherent to adjacent tissue, it can be compressed from 
behind, resulting in decreased flow.184–186 Furthermore, volatile anes-
thetics may interfere with the regulatory mechanisms that normally 
maintain effective cerebral perfusion bilaterally during head rotation 
in conscious patients.187

The cerebral oximeter has detected potentially catastrophic cerebral 
desaturation because of great vessel torsion during cardiac manipula-
tion.188–192 Desaturation often appears to be the result of compromised 
venous return. Particularly in pediatric cardiac operations and in 
 myocardial revascularization without CPB, cardiac manipulation may 
produce sudden large rSo

2
 decreases without any appreciable change in 

mean arterial pressure (MAP) or arterial oxygen saturation.
Numerous reports have described rSo

2
 detection of perfusion can-

nulae malposition193–195 or regional malperfusion development during 
surgery involving the aortic arch or great vessels.194–204 Malperfusion-
related cerebral ischemia may be identified by EEG or SSEP, but these 
signals are susceptible to compromise by electrocautery, deep anes-
thesia, and hypothermia.205 Similarly, TCD signals are susceptible 
to radiofrequency, acoustic, and movement artifact. Cerebral oxim-
etry is also used during extracorporeal membrane oxygenation to 
detect regional deficiencies in brain perfusion associated with carotid 
cannulation.206

rSo2 Responsiveness to CO2

Induction of anesthesia and its attendant apnea during tracheal intu-
bation often transiently alter the brain oxygen supply-demand rela-
tion. Hypnotic agents may transiently suppress cerebral metabolism 
more than blood flow; resulting relative hyperperfusion leads to an 
rSo

2
 increase.207 With normally reactive cerebral arterioles, ventila-

tion disruption and CO
2
 accumulation during tracheal intubation 

further increase rSo
2
 as a result of the increased delivery of hyper-

oxygenated blood to a metabolically suppressed brain. Under these  
circumstances, even mild hypercapnia augments cerebral perfusion 
and oxygenation through local vasodilation.208–211 Several investigators 
have demonstrated an rSo

2
 increase (see Figure 16-37) associated with 

hypercapnia.139,140,150,171

Absence of rSo
2
 increase with increasing arterial CO

2
 tension sug-

gests impairment of both CO
2
 reactivity and cerebral autoregula-

tion. Asymmetry warns of a potential vasculopathy (e.g., intracranial 
stenosis or silent infarction) and may prompt alterations in anesthetic 
and perfusion management to maintain cerebral perfusion in both 
hemispheres.211

Acid-base management during CPB remains controversial, particu-
larly during deep cooling. Some propose that the greater CO

2
 tension 

afforded by pH-stat acid-base management results in fewer neuro-
logic complications.212 Vijay et al213 observed that during adult near- 
normothermic myocardial revascularization, vasopressor-induced 
perfusion pressure increases alone were sometimes inadequate to cor-
rect decreased rSo

2
 occurring during CPB. In this situation, judiciously 

applied permissive hypercapnia often was effective in restoring rSo
2
 to 

baseline.
Despite these seeming benefits, hypercapnia has potentially delete-

rious effects. Hypercapnia-induced cardiac output and heart rate also 

increase myocardial oxygen demand, whereas cerebral vasodilation 
may exacerbate preexisting intracranial hypertension. Cerebral oxim-
etry provides a convenient method to document appropriate bihemi-
spheric CO

2
 reactivity. In addition, continuous measurement of brain 

oxygen saturation permits CO
2
 titration to achieve optimal tissue 

 perfusion at the lowest risk.214–216

rSo2 as a Transfusion Trigger
Two important determinants of tissue oxygenation are hemoglobin 
availability and plasma volume.217,218 Madl et al219 examined the rela-
tion between hemoglobin and rSo

2
 in patients with septic shock. If a 

low hemoglobin (<8.5 mg/dL) was associated with an rSo
2
 less than the 

normative range (i.e., <60%), transfusion consistently increased both 
variables. However, transfusion had no effect on rSo

2
 values greater 

than 65%. Blas et al220 described profound desaturation accompanying 
hemodilution with all other physiologic measures within normal lim-
its. Brain saturation responded immediately to 2 units of packed red 
cells in this patient with bilateral carotid artery occlusions.

Due to the apparent association between rSo
2
 and hemoglobin, tran-

sient brain oxygen desaturation is to be expected at the onset of CPB 
because the pump prime solution briefly displaces hemoglobin in the 
cerebral circulation. Vijay et al221 demonstrated that the magnitude of 
this transient desaturation was related directly to the volume of crystal-
loid prime. Use of a blood prime in the arterial limb of the perfusion 
circuit appears to eliminate the transient rSo

2
 decline accompanying 

CPB onset.222 The hemoglobin influence on rSo
2
 is the basis for use 

of cerebral oximetry as both a transfusion trigger223 and a strategy to 
reduce or completely avoid administration of homologous blood.224,225

rSo2 and Blood Volume
Tissue oximetry has been used to visualize the effect of volume expan-
sion on cerebral perfusion during tilt-table diagnostic testing for 
syncope.226 An rSo

2
 sensor was placed on the gastrocnemius muscle  

to measure upright tilt-induced desaturation resulting from lower limb 
venous pooling. In susceptible patients, extensive pooling resulted in 
cerebral dysoxygenation and syncope. Crystalloid volume expansion 
reduced lower limb hemoglobin sequestration and prevented syn-
cope. This same concept may be applied to cardiac surgery. Vasopressor 
in effectiveness in the correction of an rSo

2
 decline may indicate compro-

mised microcirculatory gas exchange because of hypovolemia. In this 
circumstance, low rSo

2
 values often respond to volume augmentation.

rSo2 and Autoregulation
Numerous studies have concluded that cerebral autoregulation 
remains intact during cardiac operations, both before and during CPB. 
Although this conclusion may be correct for large groups of patients, 
it does not necessarily apply to each individual. Cerebral oximetry can 
identify the lower limit of autoregulation, the point at which brain 
blood flow and tissue oxygenation become pressure dependent.139,227 
The independence of MAP and cerebral oxygen saturation establishes 
intact cerebral autoregulation.228,229

Figure 16-38 illustrates the use of rSo
2
 measurement in the determi-

nation of the lower autoregulatory limit. The rSo
2
-versus-MAP rela-

tion in the top graph depicts intact autoregulation. The rSo
2
 values 

remain independent of MAP over a wide pressure range. The bottom 
graph, generated later the same day in the same operating room by the 
same surgical team, depicts dysautoregulation because rSo

2
 declines 

each time MAP declines to less than 80 mm Hg. Examination of MAP-
rSo

2
 relations from a large series of cardiac operations resulted in two 

findings.230 First, the lower limit of autoregulation varies widely among 
patients, from a MAP of less than 40 to more than 100 mm Hg. Second, 
a substantial proportion of cardiac patients do not, in fact, maintain 
autoregulation throughout the entirety of the operation. These obser-
vations illustrate the potential benefit of continuously monitoring the 
adequacy of cerebral perfusion during cardiovascular surgery.

The driving force for hemoglobin through the gas-exchanging 
microvasculature is not arterial pressure per se, but the arterial-venous 
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Figure 16-39 Cerebral oximetry provides continuous objective assess-
ment of supplemental antegrade cerebral perfusion (ACP) during deep 
hypothermic systemic circulatory arrest. In this case, a single perfu-
sion cannula for ACP was located in the right axillary artery. The stable 
regional oxygen saturation (rSo2) value in the right hemisphere and fall-
ing rSo2 in the left hemisphere document that ACP was only partially 
successful. Had a longer arrest period been anticipated, this information 
would have prompted the surgeon to perfuse through the left carotid as 
well. CPB, cardiopulmonary bypass; MAP, mean arterial pressure.

pressure difference. Factors that increase cerebral venous pressure will 
compromise oxygen delivery, even if the arterial pressure remains in 
the normally acceptable range. It is most useful to examine a trend of 
the relation between rSo

2
 and cerebral perfusion pressure (MAP − [the 

higher of central venous or intracranial pressure]).
Vasoactive drugs may have distinctly different effects on cerebral 

and systemic perfusion. These disparate pharmacologic actions further 
 confound cerebral perfusion estimates on the basis of systemic blood 
pressure. Both vasodilators and vasoconstrictors may disrupt the expected 
brain blood flow-systemic blood pressure relation. Vasodilator nitrates 
may increase cerebral rSo

2
 whereas systemic blood pressure is unchanged 

or declines.231,232 Conversely, vasoconstrictors may increase cerebral rSo
2
 

only when MAP is below the lower limit of autoregulation.233

rSo2 and Brain Temperature
Temperature has important effects on tissue oxygenation.234 Because 
standard temperature monitoring during CPB does not accurately 
characterize the efficacy of brain cooling, cerebral oximetry may facil-
itate management of hypothermic neuroprotection.235–238 In theory, 
temperature with CPB and alpha-stat acid-base management results in 
a linear decrease in cerebral blood flow and an exponential decline in 
metabolic rate.239 Consequently, predicted “luxury” flow should ensure 
adequate cerebral oxygenation during cooling. However, Daubeney  
et al151 demonstrated that other variables were also involved in the 
maintenance of adequate tissue oxygenation during deep hypothermia 
in pediatric patients. The rSo

2
 at a 20°C target cooling temperature 

varied inversely with the cooling rate by the equation: rSo
2
 = −20.5 

(cooling rate, °C/min) + 97.4. In addition, they found that the rate 
of desaturation during total circulatory arrest was a function of the 
nasopharyngeal temperature at arrest onset, described by the equation: 
desaturation rate = 0.19 (nasopharyngeal temp, °C) − 2.5. At 20°C, the 
mean desaturation rate was 0.25% min, although decay was not  linear. 
At temperatures slightly greater than 20°C (21°C to 26°C), desaturation 

rate increased nearly 10-fold (2.0%/min). In normothermic infants, 
transient disruption of cerebral perfusion resulted in another 10-fold 
increase (i.e., 20% min) in the rate of desaturation.240 The desatura-
tion rates in hypothermic pediatric patients are somewhat less than 
those reported in adults.215,216,238,241

Deep hypothermia may also produce transient cerebral vasopare-
sis.239,242 Consequently, rewarming may result in desaturation as the 
temperature-induced increase in cerebral metabolism is unsupported 
by adequate flow increase. Daubeney et al188 described an inverse rela-
tion between rSo

2
 and nasopharyngeal temperature during rewarming 

in pediatric patients, given by the equation: rSo
2
 = −2.9 (nasopharyn-

geal temp) + 148. Liu et al207 observed similar cerebral desaturation dur-
ing rewarming in adult cardiac surgery patients. Small perfusion deficits 
decreased rSo

2
 as oxygen extraction is increased to meet rising demand. 

When the oxygen extractive capacity is exceeded, functional compro-
mise will be manifested by EEG or evoked potential abnormalities.243

rSo2 Guides Supplemental Cerebral Perfusion
Several studies have demonstrated that rSo

2
-guided retrograde cerebral 

perfusion may extend the “safe time” for hypothermic circulatory arrest 
during adult aortic arch reconstruction.101,244,245 Blas et al220 reported on 
the use of cerebral oximetry for detection of a superior vena cava can-
nula malposition during retrograde cerebral perfusion.

Higami et al246 found rapid desaturation with total circulatory arrest, 
slow continual desaturation with retrograde cerebral perfusion, and no 
desaturation with supplemental antegrade cerebral perfusion (Figure 
16-39). There was a high incidence of neurologic deficit in patients 
whose saturation declined more than 30% below the conscious base-
line. Subsequently, many studies have found cerebral oximetry to be a 
useful guide for the management of regional low-flow perfusion and 
selective antegrade cerebral perfusion.247–259

rSo2 Improves Systemic Hypoxemia Detection
The high oxygen demand of the brain means that signs of develop-
ing hypoxemia may first appear in regional cerebral measurements. 
Several reports have noted rSo

2
 to decline earlier than Spo

2
 at the onset 

of hypoxia.260,261 Furthermore, continuous cerebral rSo
2
 monitoring 

has provided the first indication of impaired oxygen delivery during 
nonpulsatile CPB.262,263

rSo2 Facilitates Regional Tissue Hypoxia Detection
In 2004, Edmonds et al264 reported on simultaneous brain and periv-
ertebral rSo

2
 monitoring during thoracoabdominal aneurysm repair. 
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Figure 16-38 Relation between regional oxygen saturation (rSo2) 
and mean arterial pressure during cardiopulmonary bypass is 
depicted. Each symbol represents a single point paired measurement 
obtained at 5-minute intervals. Top, Intact cerebral autoregulation with 
clear independence of rSo2 and mean arterial pressure (MAP) over a 
wide range. The patient's outcome was uneventful. In contrast, the bot-
tom panel depicts dysautoregulation with the classic appearance of a 
vascular waterfall. Each time the MAP declined to less than 80 mm Hg, 
a marked rSo2 decrease occurred, indicating that the cerebral perfusion 
pressure had declined to less than the lower limit of autoregulation. 
Presumably, as a result of suboptimal cerebral perfusion, the patient 
experienced a prolonged recovery complicated by delirium. CABG, 
coronary artery bypass graft; ICU, intensive care unit.
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Desaturation occurring below the level of the aortic cross-clamp was 
interpreted as hypoperfusion within the extensive vertebrovenous 
plexus.265 This preliminary observation was subsequently confirmed in 
a laboratory investigation using human adult-size swine266 and a clini-
cal study in pediatric aortic coarctation repair.267 Now many reports 
document the value of multisite tissue oximetry.268–276 Hepatic, peri-
renal, and splanchnic tissue perfusion have been successfully assessed 
in neonates, whereas limb perfusion monitoring has been achieved in 
both pediatric and adult cardiac surgery and intensive care patients. 
Harel et al277 used strain-gauge and radionuclide plethysmography to 
validate the latter application of tissue oximetry.

rSo2 and Anesthetic Adequacy
Another important determinant of tissue oxygenation is pain-induced 
stress.278 With inadequate hypnosis or analgesia, pain-induced stress 
may result in cerebral oxygen consumption exceeding delivery and 
decreasing rSo

2
. Hypnosis and analgesia monitoring by EEG and facial 

electromyogram can facilitate the prompt identification and correction 
of this source of cerebral dysoxygenation (Box 16-14).

Until recently, the inability to integrate neuromonitoring informa-
tion from different modalities (Box 16-15) into a unified display has 
inhibited clinical studies using a multimodality approach in cardiac 
surgery. As a result, currently only three outcome studies have exam-
ined the impact of multimodality neuromonitoring using a combina-
tion of EEG, TCD, and cerebral oximetry. The study involving pediatric 
cardiac patients noted significant reductions in both neurologic com-
plications and hospital cost in the neuromonitored cohort.279 Both 
adult cardiac surgery studies280,281 found a 2.7-day reduction in length 
of stay associated with multimodality neuromonitoring. Edmonds's280 
study also noted an 11% reduction in hospital expenses. In addition 
to the substantial reductions in hospital stay, charges, and neurologic 
complications, the results suggested possible benefit to other vital 
organ systems. This finding is not unexpected because the same pro-
cesses that injure the brain may also injure other organs.131,140 Future 
studies of neuromonitoring efficacy should not overlook these impor-
tant accessory benefits. In addition, Lozano and Mossad282 reviewed 
studies of neuromonitoring during pediatric cardiac surgery and 
showed that the monitoring was associated with enhanced outcomes 
(see Box 16-15).

The recent technologic developments address this limitation. New 
analysis and display systems (Figures 16-40A and B) can integrate 
multimodality neurophysiologic information, additional physiologic 
signals from anesthesia or critical care monitors, and information 
from ventilators, infusion pumps, and so forth into single, unified 
displays.

SUMMARY
SSEPs assess function of the afferent somatosensory pathways, whereas 
transcranial electric MEPs monitor neural transmission through 
efferent motor pathways. Integrity and function of the subcortical 
and cortical portions of the afferent auditory pathway may be moni-
tored, respectively, by BAEPs and MLAEPs. The EEG is an exquisitely  
sensitive measure of cerebral cortical synaptic function. Modern dis-
play and numeric trending techniques make it practical for the cardiac 
anesthesia provider to monitor multichannel EEG and evoked poten-
tials. The EEG aids rapid detection of cerebral ischemia/hypoxia and 
seizure activity. Both EEG and MLAEPs quantify hypnotic adequacy, 
whereas the MLAEP and upper facial EMG may aid in assessment of 
nociception. EEG, SSEPs, and BAEPs offer simple measures of effec-
tive brain cooling. However, despite their sensitivity, EEG and evoked 
potential information is not specific. The cause of detected synaptic 
suppression must be determined by other techniques. Among these is 
TCD ultrasound, which continuously characterizes brain blood flow 
changes. In addition, TCD detects cerebral microemboli, regardless of 
their source or composition. Vital cerebral hemodynamic imbalance 
can be detected by TCD, but it offers no direct information on neu-
ronal metabolism. This essential element is provided by cerebral oxim-
etry, which describes changes in the regional balance of oxygen supply 
and demand. Recent application of this technology to noncerebral tis-
sue has further expanded opportunity for the detection of regional  
tissue hypoxia. Thus, collectively, these monitoring modalities function 
“hand-in-glove.” Newly developed, integrated, multimodality displays 
facilitate identification of physiologic imbalance, its causes, and the 
patient's response to corrective action. The risks of neuromonitoring 
are minimal, the costs modest, and the clinical and economic bene-
fits substantial; cardiac surgery neuromonitoring is an established and 
expanding reality.
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Figure 16-40 A, Multimodality neu-
romonitoring signals may be viewed 
on a single computer screen. In 
this case, the bilateral information 
includes: (1) a color density spectral 
array electroencephalographic (EEG) 
trend (top left), (2) traditional EEG 
(middle left), (3) EEG spectral edge 
frequency (SEF) and brain regional 
oxygen saturation (rSo2) trends (bot-
tom left), (4) upper limb somatosen-
sory-evoked potentials to median 
nerve stimulation (middle right), and  
(5) transcranial Doppler (TCD) M-mode 
and frequency spectral displays  
(top right). B, Other multimodality 
analysis and display systems permit 
integration of information from many 
different physiologic monitors, venti-
lators, infusion pumps, and so on, into 
a unified, single time-base display. 
For example, this new FDA-approved 
system illustrates the integration of 
bilateral cerebral oximetry data with 
key physiologic signals from a neona-
tal critical care monitor. (A, Courtesy 
of Axon Systems, Hauppauge, NY; 
the Vital SynchTM display is courtesy 
of Somanetics Corporation and was 
modified with permission.)
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Coagulation Monitoring

Cardiac surgery is an area in which coagulation monitoring has vital 
applications. Cardiopulmonary bypass (CPB) procedures could not be 
performed without an effective method of preventing blood from clot-
ting in the extracorporeal circuit. In the early part of the 20th century, 
heparin was discovered to have anticoagulant properties; it remains the 
anticoagulant most commonly used during CPB. Reversal of heparin 
effect is most frequently performed using protamine, although a number 
of different pharmacologic agents and reversal techniques can be used.

CPB itself induces a “whole-body inflammatory response” because 
of contact of blood and cellular elements with the extracorporeal cir-
cuit. The resultant alterations include leukocyte activation, release of 
inflammatory mediators, free radical formation, complement activation,  
kallikrein release, platelet activation, and stimulation of the coagulation 
and fibrinolytic cascades. This complex interplay of systems induces a 
coagulopathy characterized by microvascular coagulation, platelet dys-
function, and enhanced fibrinolysis.1,2 The homeostatic perturbations 
incurred during CPB are a major cause for the postbypass coagulopathy 
that is seen even after the effects of heparin are reversed with protamine.

The need to monitor anticoagulation during and after surgery is the 
reason that the cardiac surgical arena has evolved into a major site for 
the evaluation and use of hemostasis monitors. The rapid and accu-
rate identification of abnormal hemostasis has been the major impetus 
toward the development of point-of-care tests that can be performed at 
the bedside or in the operating room. The detection and treatment of 
specific coagulation disorders in a timely and cost-efficient manner are 
major goals in hemostasis monitoring for the cardiac surgical patient. 
This chapter discusses the mechanisms of normal coagulation and how 
they are affected by CPB. The latter portion discusses the laboratory 
and point-of-care tests available for monitoring the coagulation sys-
tem. A comprehensive overview of hemostasis, transfusion medicine, 
and the management of coagulopathy and bleeding disorders after 
CPB is provided in Chapters 30 and 31.

HEMOSTASIS
Hemostasis is the body's normal response to vascular injury and involves 
a complex interplay of systems within the body that helps to seal the 
endovascular defect and prevent exsanguination. The three major com-
ponents of hemostasis include the vascular endothelium; the platelets, 
which constitute primary hemostasis; and the  coagulation cascade gly-
coproteins (GPs), which constitute secondary hemostasis. Fibrinolysis 
is the normal physiologic response to clot formation, which ensures 
that coagulation remains localized to the area of  vascular injury.

KEY POINTS

1. Monitoring the effect of heparin is done 
using the activated coagulation time (ACT), 
a functional test of heparin anticoagulation. 
The ACT is susceptible to prolongation because 
of hypothermia and hemodilution and to 
reduction because of platelet activation or 
thrombocytopathy.

2. Heparin resistance can be congenital or acquired. 
Pretreatment heparin exposure predisposes 
a patient to altered heparin responsiveness 
because of antithrombin III (AT III) depletion, 
platelet activation, or activation of extrinsic 
coagulation.

3. Heparin-induced thrombocytopenia (HIT) type I 
is benign and is a normal aggregation response 
of platelets to heparin. HIT type II is an abnormal 
immunologic response to the heparin/platelet 
factor 4 complex and is sometimes associated 
with overt thrombosis.

4. Protamine neutralization of heparin can be 
associated with “protamine reactions,” which 
include vasodilatory hypotension, anaphylactoid 
reactions, and pulmonary hypertensive crises 
(types 1, 2, and 3, respectively).

5. Before considering a transfusion of plasma, it is 
important to document that the effect of heparin 
has been neutralized. This can be done using 
a heparinase-neutralized test or a protamine-
neutralized test.

6. Point-of-care tests are available for use in 
transfusion algorithms that can measure 
coagulation factor activity (normalized ratio, 
activated partial thromboplastin time) and 
platelet function.

7. Fibrinolysis is common after cardiopulmonary 
bypass when antifibrinolytic therapy is not used.

8. New thrombin inhibitor drugs are available 
for anticoagulation in patients who cannot 
receive heparin. These can be monitored 
using the ecarin clotting time or a modified 
ACT. Bivalirudin and hirudin are the two direct 
thrombin inhibitors that have been used most 
often in cardiac surgery.

9. Platelet dysfunction is the most common reason 
for bleeding after cardiopulmonary bypass. 
Point-of-care tests can be used to measure 
specific aspects of platelet function.

10.  The degree of platelet inhibition as measured 
by standard or point-of-care instruments 
has been shown to correlate with decreased 
ischemic outcomes after coronary intervention. 
However, cardiac surgical patients who are 
receiving antiplatelet medication are at 
increased risk for postoperative bleeding.
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 Anticoagulation for Cardiopulmonary 
Bypass
The safe conduct of CPB could not be accomplished without antico-
agulation of blood in preparation for its contact with the extracorpo-
real circuit. An ideal anticoagulant should be easy to administer, rapid 
in onset, titratable, predictable, measurable in a timely fashion, and 
reversible. Heparin use during CPB has continued until the present 
time, most likely because of its rapid onset, ease of measurement, and 
ease of reversibility. Decades of the use of heparin are either a testimo-
nial to its effectiveness or demonstrative of the inability to find a more 
suitable alternative.

Heparin acts as an antithrombin III (AT III) agonist and accelerates AT 
III binding to thrombin.3–5 In the absence of AT III, heparin is clinically inef-
fective as an anticoagulant; adequate AT III activity is necessary in patients 
about to undergo heparinization for cardiac surgical procedures.6–9

MONITORING HEPARIN EFFECT
Cardiac surgery had been performed for decades using empiric heparin 
dosing in the form of a bolus and subsequent interval dosing. Empiric 
dosing continued because of the lack of an easily applicable bedside 
test to monitor the anticoagulant effects of heparin. Many assays are 
available to measure the response to the heparin dose given to institute 
extracorporeal circulation. These tests are in the form of functional 
tests of anticoagulation or quantitative measures of the level of circu-
lating heparin. The anticoagulant effect of heparin can be monitored 
using a variety of different techniques.

The first clotting time to be used to measure heparin's effect was 
the whole-blood clotting time (WBCT) or the Lee–White WBCT. This 
simply requires whole blood to be placed in a glass tube, maintained 
at 37 C, and manually tilted until blood fluidity is no longer detected. 
This test fell out of favor for monitoring the cardiac surgical patient 
because it was so labor intensive and required the undivided atten-
tion of the person performing the test for periods up to 30 minutes. 
Although the glass surface of the test tube acts as an activator of factor 
XII, the heparin doses used for cardiac surgery prolong the WBCT to 
such a profound degree that the test is impractical as a monitor of the 
effect of heparin during cardiac surgery.10 To speed the clotting time 
so that the test was appropriate for clinical use, activators were added 
to the test tubes, and the activated coagulation time (ACT) was intro-
duced into practice.11

 Activated Coagulation Time
The ACT was first introduced by Hattersley in 1966 and is still the most 
widely used monitor of heparin effect during cardiac surgery. Whole 
blood is added to a test tube containing an activator, diatomaceous 
earth (celite) or kaolin. The presence of activator augments the contact 
activation phase of coagulation, which stimulates the intrinsic coagula-
tion pathway. ACT can be performed manually, whereby the operator 
measures the time interval from when blood is injected into the test 
tube to when clot is seen along the sides of the tube. More commonly, 
the ACT is automated as it is in the Hemochron and Hemotec systems. 
In the automated system, the test tube is placed in a device that warms 
the sample to 37 C. The Hemochron device (International Technidyne, 
Edison, NJ) rotates the test tube, which contains celite activator and a 
small iron cylinder, to which 2 mL whole blood is added. Before clot 
forms, the cylinder rolls along the bottom of the rotating test tube. 
When clot forms, the cylinder is pulled away from a magnetic detec-
tor, interrupts a magnetic field, and signals the end of the clotting time. 
Normal ACT values range from 80 to 120 seconds. The Hemochron 
ACT also can be performed using kaolin as the activator in a similar 
manner (Figure 17-1).

The Hemotec ACT device (Medtronic Hemotec, Parker, CO) is a 
 cartridge with two chambers that contain kaolin activator and is housed 
in a heat block. Blood (0.4 mL) is placed into each chamber, and a 

 daisy-shaped plunger is raised and passively falls into the chamber. The 
formation of clot will slow the rate of descent of the plunger, and this 
decrease in velocity of the plunger is detected by a photo-optical system 
that signals the end of the ACT test. The Hemochron and Hemotec ACTs 
have been compared in a number of investigations and have been found 
to differ significantly at low heparin concentrations.12 However, differ-
ences in heparin concentration, activator concentration, and the mea-
surement technique make comparison of these tests difficult and have 
led to the realization that the Hemochron ACT result and the Hemotec 
ACT result are not interchangeable. In adult patients given 300 U/kg hep-
arin for CPB, the Hemochron and Hemotec (Hepcon) ACTs were both 
therapeutic at all time points; however, at two points, the Hemochron 
ACT was statistically longer13 (Figure 17-2). This difference was even 
more pronounced in pediatric patients, who have greater heparin con-
sumption rates (Figure 17-3). The apparent “overestimation” of ACT by 
the Hemochron device during hypothermic CPB may be because of the 
different volumes of blood that each assay warms to 37 C.
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Figure 17-2 The Hemochron (circles) and Hemotec (Hepcon; squares) 
activated coagulation time (ACT) values in 20 adults at five time points 
during cardiopulmonary bypass (CPB). At 40 and 80 minutes on CPB, 
the Hemochron ACT was significantly greater. *P < 0.01. (From Horkay F, 
Martin P, Rajah SM, Walker DR: Response to heparinization in adults and 
children undergoing cardiac operations. Ann Thorac Surg 53:822–826, 
1992, by permission of Society of Thoracic Surgeons.)

Figure 17-1 The Hemochron Response is a dual-chamber point-
 of-care coagulation monitor that is capable of measuring clotting times 
that are compatible with Hemochron technology. This system has soft-
ware capability for calculation, data management, and storage of results. 
(Courtesy of International Technidyne, Edison, NJ.)
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The ACT test can be modified by the addition of heparinase. With 
this modification, the coagulation status of the patient can be moni-
tored during CPB while the anticoagulant effects of heparin are elimi-
nated. Because this test is a side-by-side comparison of the untreated 
ACT to the heparinase ACT, it also has the advantage of being a rapid 
test for the assessment of a circulating heparin-like substance or for 
residual heparinization after CPB.14

With the introduction of ACT monitoring into the cardiac surgi-
cal arena, clinicians have been able to more accurately titrate hepa-
rin and protamine dosages.11,15 As a result, many investigators report 
reductions in blood loss and transfusion requirements, although many 
of these studies used retrospective analyses.16 The improvements in 
postoperative hemostasis documented with ACT monitoring are 
potentially attributable to better intraoperative suppression of micro-
vascular coagulation and improved monitoring of heparin reversal 
with protamine.17

ACT monitoring of heparinization is not without pitfalls, and 
its use has been criticized because of the extreme variability of the 
ACT and the absence of a correlation with plasma heparin levels 
(Figure 17-4). Many factors have been suggested to alter the ACT, 
and these factors are prevalent during cardiac surgical procedures. 
When the extracorporeal circuit prime is added to the patient's 
blood volume, hemodilution occurs and may theoretically increase 
ACT. Evidence suggests that this degree of hemodilution alone is 
not enough to actually alter ACT. Hypothermia increases ACT in a 
“dose-related” fashion. It has been shown by Culliford et al18 that, 
although hemodilution and hypothermia significantly increase the 
ACT of a heparinized blood sample, similar increases do not occur 
in the absence of added heparin. The effects of platelet alterations 
are a bit more problematic. At mild- to-moderate degrees of throm-
bocytopenia, the baseline and heparinized ACT are not affected. It is 
not until platelet counts are reduced to less than 30,000 to 50,000/ L 
that ACT may be prolonged.19 Patients treated with platelet inhib-
itors such as prostacyclin, aspirin, or platelet-membrane-recep-
tor antagonists have a prolonged heparinized ACT compared with 
patients not treated with platelet inhibitors.20 This ACT prolonga-
tion is not related exclusively to decreased levels of platelet factor 4 
(PF4) (PF4 is a heparin-neutralizing substance) because it also occurs 
when blood is anticoagulated with substances that are not neutral-
ized by PF4. Platelet lysis, however, significantly shortens the ACT 
because of the release of PF4 and other platelet membrane compo-
nents, which may have heparin-neutralizing activities.21 Gravlee et al22 

showed that anesthesia and surgery decrease the ACT and create a 
hypercoagulable state, possibly by creating a thromboplastic response 
or through activation of platelets.

During CPB, heparin decay varies substantially and its measure-
ment is problematic because hemodilution and hypothermia alter the 
metabolism of heparin. In a CPB study, Mabry et al23 found that the 
consumption of heparin varied from 0.01 to 3.86 U/kg/min and there 
was no correlation between the initial sensitivity to heparin and the 
rate of heparin decay.23 In the pediatric population, the consumption 
of heparin is increased to more than that of adult levels. The heparin 
administration protocol for pediatric patients undergoing CPB should 
account for a large volume of distribution, increased consumption, 
and a shorter elimination half-life. In monitoring the effects of heparin 
in pediatric patients, the minimum acceptable ACT value should be 
increased or an additional monitor should be used. The discrepancy 
between the Hemochron ACT and the Hemotec ACT that is demon-
strated in Figure 17-2 is even more pronounced in pediatric patients 
(see Figure 17-3). Some investigators recommend the maintenance 
of heparin concentrations in addition to ACT during pediatric con-
genital heart surgery to ensure that optimal anticoagulation is being 
achieved.24,25

 Cascade POC (Point of Care) System
A completely different technology for measuring the effect of heparin 
is used by the Cascade POC analyzer (Helena, Beaumont, TX; Formerly 
Rapid Point Coagulation Analyzer Bayer Diagnostics, Tarrytown, NY). 
This test system contains disposable cards with celite activator for the 
measurement of heparin activity. This variation of the ACT is called the 
“heparin management test” (HMT). This card contains paramagnetic 
iron oxide particles that move in response to an oscillating magnetic 
field within the device. When clot formation occurs, movement of the 
iron oxide particles is decreased and the end of the test is signaled. This 
system is capable of measuring prothrombin time (PT) and activated 
partial thromboplastin time (aPTT), which is discussed later. The suit-
ability of this platform for the monitoring of ACT during cardiac surgery 
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Figure 17-3 The Hemochron (circles) and Hemotec (Hepcon; squares) 
activated coagulation time (ACT) values in 22 pediatric patients at six 
time points during cardiopulmonary bypass (CPB). Hemochron ACT was 
significantly greater than Hemotec ACT at five time points. *P < 0.01. 
(From Horkay F, Martin P, Rajah SM, Walker DR: Response to hepariniza-
tion in adults and children undergoing cardiac operations. Ann Thorac 
Surg 53:822–826, 1992, by permission of Society of Thoracic Surgeons.)
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Figure 17-4 Anticoagulation measured at baseline (−60 minutes), 
heparinization (−30 minutes), and six time points after institution of 
cardiopulmonary bypass (CPB). Note the close correlation between 
the anti–factor Xa (Xa; triangles) activity and whole blood heparin con-
centration (WBHC; squares), which does not parallel the change in 
Hemochron (HC ACT; circles) or Hemotec activated coagulation time 
(HT ACT; diamonds). (Modified from Despotis GJ, Summerfield AL, Joist 
JH: Comparison of activated coagulation time and whole blood heparin 
measurements with laboratory plasma anti-Xa heparin concentration in 
patients having cardiac operations. J Thorac Cardiovasc Surg 108:1076–
1082, 1994.)
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has been demonstrated in a variety of clinical studies.26,27 Suitability for 
monitoring heparinization in the interventional cardiology laboratory 
also has been reported. HMT correlates well with anti-Xa heparin activ-
ity in CPB patients and is less variable than standard ACT measures. In a 
comparison with ACT, the coefficients of variation were similar between 
the tests at baseline but were three times greater for the ACT during 
heparinization. This degree of agreement with plasma anti-Xa measure-
ments has not been demonstrated universally when studying blood from 
patients undergoing CPB.28

 Heparin Resistance
Heparin resistance is documented by an inability to increase the ACT of 
blood to expected levels despite an adequate dose and plasma concen-
tration of heparin. In many clinical situations, especially when heparin 
desensitization or a heparin inhibitor is suspected, heparin resistance 
can be treated by administering increased doses of heparin in a com-
petitive fashion. If an adequately prolonged clotting time is ultimately 
achieved using greater than expected doses of heparin, a better term 
than heparin resistance would be heparin tachyphylaxis of “altered 
heparin responsiveness.” During cardiac surgical procedures, the belief 
that a safe minimum ACT value of 300 to 400 seconds is required for 
CPB is based on a few clinical studies and a relative paucity of sci-
entific data. However, inability to attain this degree of anticoagula-
tion in the heparin-resistant patient engenders the fear among  cardiac  
surgical providers that the patient will experience a microvascular  
consumptive coagulopathy or that clots will form in the extracorporeal 
circuit. This potential for fibrin formation in the extracorporeal cir-
cuit was reported by Young et al,29 who found increased production of 
fibrin monomer and consumption of fibrinogen and platelets in six of 
nine rhesus monkeys when the ACT declined to less than 400 seconds. 
However, Metz and Keats30 reported no adverse effects of thrombosis 
or excessive bleeding in 51 patients undergoing CPB whose ACT was 
less than 400 seconds. In a porcine model, the group whose ACT was 
maintained between 250 and 300 seconds did not have excessive con-
sumption of coagulation factors, increases in fibrin monomer forma-
tion, or changes in oxygenator performance compared with the group 
whose ACT was maintained at greater than 450 seconds.31

Many clinical conditions are associated with heparin resistance.32 
Sepsis, liver disease, and pharmacologic agents represent just a few33,34 
(Table 17-1). Many investigators have documented decreased levels of 
AT III secondary to heparin pretreatment,35 whereas others have not 
found decreased AT III levels.36 Esposito et al37 measured coagulation 
factor levels in patients receiving preoperative heparin infusions and 

found that a lower baseline ACT was the only risk factor for predicting 
heparin resistance compared with patients not receiving preoperative 
heparin.

Patients receiving preoperative heparin therapy traditionally 
require larger heparin doses to achieve a given level of anticoagula-
tion when that anticoagulation is measured by the ACT. Presumably, 
this “heparin resistance” is due to deficiencies in the level or  activity of 
AT III.34,37–40 Other possible causes include enhanced factor VIII activ-
ity and platelet dysfunction causing a decrease in ACT response to 
heparin. Levy et al40 have shown that the in vitro addition of AT III 
enhances the ACT response to heparin. Lemmer and Despotis39 dem-
onstrated that this heparin resistance, as measured by the ACT, does 
not correlate with preoperative AT III levels. It is unclear that these 
patients have increased heparin requirements during CPB because 
the ideal ACT and monitoring techniques have yet to be elucidated. 
Nicholson et al41 demonstrated that the temporal courses of ACT and 
AT III concentration do not parallel each other, further suggesting 
that AT III depletion is not the sole cause of heparin resistance during 
CPB. Lower ACTs (lower than 480s) were tolerated in this study with 
no adverse outcome. AT III concentrate is available as a heat-treated 
human product or in recombinant form and represents a reason-
able method of treating patients with documented AT III deficiency 
(Box 17-1). Heparin responsiveness in the form of increased ACT lev-
els is documented both in vitro and in vivo when heparin-resistant 
patients are treated with AT III.

In a multicenter, randomized, placebo-controlled trial using 75 U/kg 
recombinant AT III, AT III–treated patients received less FFP to aug-
ment ACT levels and also had evidence of less hemostatic activation 
while on CPB.42 There was a trend toward increased blood loss in the 
AT III group, which is potentially a dose effect that requires further 
investigation.43,44

 Heparin-Induced Thrombocytopenia
The syndrome known as heparin-induced thrombocytopenia (HIT) 
develops in anywhere from 5% to 28% of patients receiving heparin. HIT 
is commonly categorized into two subtypes. Type I is characterized by 
a mild decrease in platelet count and is the result of the  proaggregatory 
effects of heparin on platelets. Type II (hereafter referred to as HIT) is 
considerably more severe, most often occurs after more than 5 days of 
heparin administration (average onset time, 9 days), and is mediated 
by antibody binding to the complex formed between heparin and PF4. 
Associated immune-mediated endothelial injury and complement acti-
vation cause platelets to adhere, aggregate, and form platelet clots, or 
“white clots.” Among patients developing HIT, the  incidence of throm-
botic complications approximates 20%, which, in turn, may carry a 
mortality rate as high as 40%. Demonstration of heparin-induced 
proaggregation of platelets confirms the diagnosis of HIT. This can 
be accomplished with a heparin-induced serotonin release assay or 
a specific heparin-induced platelet activation assay. A highly specific 
enzyme-linked immunosorbent assay for the heparin/PF4 complex has 
been developed and has been used to delineate the course of IgG and 
IgM antibody responses in patients exposed to unfractionated heparin 
during cardiac surgery. Bedside antibody tests are being developed that 
may speed the diagnosis of this condition.ATIII, antithrombin III; DIC, disseminated intravascular coagulation.

Disease States Associated with Heparin Resistance

Disease State Comment

Newborn Decreased AT III levels until 6 months of age
Venous thromboembolism May have increased factor VIII level

Accelerated clearance of heparin
Pulmonary embolism Accelerated clearance of heparin
Congenital AT III deficiency 40% to 60% of normal AT III concentration

 Type I Reduced synthesis of normal/abnormal 
AT III

 Type II Molecular defect within the AT III molecule
Acquired AT III deficiency < 25% of normal AT III concentration

 Preeclampsia Levels unchanged in normal pregnancy
 Cirrhosis Decreased protein synthesis
 Nephrotic syndrome Increased urinary excretion of AT III
 DIC Increased consumption of AT III
 Heparin pretreatment 85% of normal AT III concentration because 

of accelerated clearance
 Estrogen therapy
 Cytotoxic drug therapy 
(L-asparaginase)

Decreased protein synthesis

TABLE 
17-1

BOX 17-1. HEPARIN RESISTANCE
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The risks and appropriate courses of action in patients with HIT 
are unclear because the antibodies associated with HIT often become 
undetectable several weeks after discontinuing heparin. Also, the clin-
ical syndrome does not always recur on re-exposure to heparin and 
sometimes resolves despite continued drug therapy. Many patients 
never develop thrombosis and disseminated intravascular coagula-
tion despite positive laboratory testing. HIT possibly should be consid-
ered in the differential diagnosis of intraoperative heparin resistance in 
patients receiving preoperative heparin therapy.

The options for treating these patients are few. If the clinician has 
the luxury of being able to discontinue heparin for a few weeks, often 
the antibody disappears and allows a brief period of heparinization 
for CPB without complication.45,46 Changing the tissue source of hep-
arin was an option when bovine heparin was predominantly in use. 
Some types of low-molecular-weight heparin have been adminis-
tered to patients with HIT, but reactivity of the particular low-molec-
ular-weight heparin with the patient's platelets should be confirmed 
in vitro. Supplementing heparin administration with pharmacologic 
platelet inhibition using prostacyclin, iloprost, aspirin, or aspirin and 
dipyridamole have been reported, all with favorable outcomes. The use 
of tirofiban with unfractionated heparin has been used in this clinical 
circumstance. Plasmapheresis may be used to reduce antibody levels. 
The use of heparin could be avoided altogether through anticoagula-
tion with direct thrombin inhibitors such as argatroban, hirudin, or 
bivalirudin. These thrombin inhibitors have become standard of care 
in the management of the patient with HIT (Box 17-2). Bivalirudin has 
been studied in multicenter trials in HIT patients who must undergo 
CPB.47 Monitoring the direct thrombin inhibitors during CPB is 
 discussed later in this chapter.

 Measurement of Heparin Sensitivity
Even in the absence of heparin resistance, patient response to an intra-
venous bolus of heparin is extremely variable.48 The variability stems 
from different concentrations of various endogenous heparin-binding 
proteins such as vitronectin and PF4. This variability exists whether 
measuring heparin concentration or the ACT; however, variability 
seems to be greater when measuring the ACT. Because of the large 
interpatient variation in heparin responsiveness and the potential for 
heparin resistance, it is critical that a functional monitor of heparin 
anticoagulation (with or without a measure of heparin concentration) 
be used in the cardiac surgical patient. Bull et al49 documented a three-
fold range of ACT response to a 200-U/kg heparin dose and similar 
discrepancy in heparin decay rates and, thus, recommended the use 
of individual patient dose–response curves to determine the optimal 
heparin dose. This is the concept on which point-of-care individual 
heparin dose–response (HDR) tests are based.

An HDR curve can be generated manually using the baseline ACT and 
the ACT response to an in vivo or in vitro dose of heparin. Extrapolation 
to the desired ACT provides the additional heparin dose required for 
that ACT. Once the actual ACT response to the heparin dose is plot-
ted, further dose–response calculations are made based on the average 
of the target ACT and the actual ACT (Figure 17-5). This methodology 
was first described by Bull et al49 and forms the scientific basis for the 
automated dose–response systems manufactured by Hemochron and 
Hemotec. The Hemochron RxDx system uses the  heparin-response  test, 

which is an ACT with a known quantity of in vitro heparin (3 IU/mL).  
A dose–response curve is generated that enables calculation of the hep-
arin dose required to attain the target ACT using an algorithm that 
incorporates the patient's baseline ACT, estimated blood volume, and 
heparin-response test. The patient's heparin sensitivity can be calcu-
lated in seconds per international units per milliliter (sec/IU/mL) by 
dividing the heparin-response test by 3 IU/mL.

The RxDx system also provides an individualized protamine dose 
using the protamine-response test (PRT). This is an ACT with one 
of two specific quantities of protamine, depending on the amount of  
circulating heparin suspected (2 or 3 IU/mL). The protamine dose 
needed to return the ACT to baseline can be calculated on the basis 
of a protamine–response curve using the patient's heparinized ACT, 
the PRT, and an estimate of the patient's blood volume. Jobes et al50 
reported that the heparin dose directed by the RxDx system resulted 
in ACT values far greater than the target ACT. In their patients, in 
vivo heparin sensitivity was higher than in vitro sensitivity. RxDx also 
resulted in lower protamine doses, lower postoperative mediastinal 
tube losses, and reduced transfusion requirements compared with a 
ratio-based system of heparin/protamine administration. In a larger 
study that standardized the treatment of heparin rebound, the reduced 
protamine dose was confirmed; however, the reductions in bleeding 
were not substantiated.51 The use of a protamine dose–response curve 
has been shown to successfully reduce the protamine dose in vascular 
surgery  compared with standard weight-based protamine dosing.52

BOX 17-2. HEPARIN-INDUCED 
THROMBOCYTOPENIA
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Figure 17-5 Construction of a dose–response curve for heparin. 
ACT, activated coagulation time. (From Bull BS, Huse WM, Brauer FS, 
et al: Heparin therapy during extracorporeal circulation: II. The use of 
a dose-response curve to individualize heparin and protamine dosage.  
J Thorac Cardiovasc Surg 69:685–689, 1975.)
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The Hepcon HMS system uses the HDR cartridge in the Hepcon 
instrument (Figure 17-6). Each cartridge houses six chambers. 
Chambers 1 and 2 contain heparin at a concentration of 2.5 IU/mL, 
chambers 3 and 4 contain heparin at a concentration of 1.5 IU/mL, 
and chambers 5 and 6 do not contain heparin. Once information 
regarding patient weight, height, and CPB prime volume is entered, 
the information that can be obtained from this test includes the base-
line ACT (chambers 5 and 6) and an HDR slope. The dose–response 
slope, which is the increase in ACT from 1.5 to 2.5 IU/mL heparin, is 
extrapolated to the desired target ACT or target heparin concentration 
and the heparin dose is calculated.32,53

 Heparin Concentration
Proponents of ACT measurement to guide anticoagulation for CPB 
argue that a functional assessment of the anticoagulant effect of heparin 
is mandatory and that the variability in ACT represents a true variabil-
ity in the coagulation status of the patient. Opponents argue that dur-
ing CPB, the sensitivity of the ACT to heparin is altered and ACT does 
not correlate with heparin concentration or with anti–factor Xa activ-
ity measurement. Heparin concentration can be measured using the 
Hepcon HMS system (Medtronic Hemotec), which uses an automated 
protamine titration technique. With a cartridge with four or six cham-
bers containing tissue thromboplastin and a series of known protamine 
concentrations, 0.2 mL whole blood is automatically dispensed into the 
chambers. The first channel to clot is the channel whose protamine con-
centration most accurately neutralizes the heparin without a heparin or 
a protamine excess. Because protamine neutralizes heparin in the ratio 
of 1 mg protamine per 100 units heparin, the concentration of hepa-
rin in the blood sample can be calculated. A cartridge that monitors 
heparin concentration over a wide range can be used first, followed by 
another cartridge that can measure heparin concentrations within a 
more narrow range. The maintenance of a stable heparin concentration 
rather than a specific ACT level usually results in greater doses of hepa-
rin being administered because the hemodilution and hypothermia on 
CPB increase the sensitivity of the ACT to heparin. The measure of hep-
arin concentration has been shown to correlate more closely with anti–
factor Xa activity measurements than the ACT during CPB54 (Figure 
17-7), although the precision and bias of the test may not prove to be 
acceptable for exclusive use clinically (Figure 17-8).

In a small, prospective, randomized study comparing ACT and hep-
arin concentration monitoring, Gravlee et al55 demonstrated increased 
mediastinal tube drainage after surgery in the heparin concentration 
group, a finding that was initially attributed to greater total heparin 
doses. However, heparin rebound was not systematically assessed. In 
a follow-up study, the authors found a greater incidence of heparin 
rebound in the heparin concentration group, which, when treated, 
resulted in no difference in bleeding between the ACT and heparin 
concentration groups.56 In a prospective, randomized trial, Despotis 
et al57 demonstrated that by using a transfusion algorithm in associ-
ation with Hepcon-based heparin management, chest tube drainage 

Figure 17-6 The HMS heparin management system has an auto-
mated dispenser that places the appropriate volume of whole blood 
into each chamber of the test cartridge. A variety of assays can be per-
formed in this instrument, depending on the cartridge used. (Courtesy 
of Medtronic, Parker, CO.)
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was minimally reduced and transfusion of non–red blood cell prod-
ucts could be significantly reduced relative to a group of patients who 
had ACT-based heparin management. They attributed their results to 
better preservation of the coagulation system by high heparin doses 
because the doses of heparin administered in the Hepcon group were 
nearly twice the doses used in the ACT management group. However, 
Gravlee et al55 were unable to confirm suppression of ongoing coagu-
lation using Hepcon CPB management. With the exception of during 
cold CPB, fibrinopeptide A (FPA) levels in patients who had heparin 
concentration monitoring were virtually indistinguishable from those 
in patients who had ACT monitoring (Figure 17-9). The Hepcon, how-
ever, remains one of the more sensitive tests for detecting residual hep-
arinization after protamine reversal because the heparin concentration 
can be measured by protamine titration to levels as low as 0.4 IU/mL 
(see Monitoring for Heparin Rebound section later in this chapter).

Other tests that have been used to measure the heparin concen-
tration include polybrene titration (functions similarly to protamine 
titration) and factor Xa inhibition. The latter requires plasma separa-
tion and is not practical for intraoperative monitoring. A modifica-
tion of the thrombin time (TT) can be useful in monitoring heparin 
levels. One application would be an assay in which a known quantity 
of thrombin is added to patient blood or plasma. When mixed with a 
fibrin product, cleavage of the fibrin product can be measured fluoro-
metrically. Only thrombin not bound by the heparin–AT III complex is 
available to cleave fibrin, thus yielding an indirect measure of heparin 
concentration.

 High-Dose Thrombin Time
A functional test of heparin-induced anticoagulation that corre-
lates well with heparin levels is the high-dose thrombin time (HiTT; 
International Technidyne, Edison, NJ). The TT is a clotting time that 
measures the conversion of fibrinogen to fibrin by thrombin. The 
TT is prolonged by the presence of heparin and by hypofibrinogen-
emias or dysfibrinogenemias. Because the TT is sensitive to very low 

levels of heparin, a high dose of thrombin is necessary in the TT to 
accurately assay the high doses of heparin used for CPB. The HiTT 
is performed by adding whole blood to a prewarmed, prehydrated 
test tube that contains a lyophilized thrombin preparation. After the 
addition of 1.5 mL blood, the tube is inserted into a Hemochron well 
and the time to clot formation is measured. In vitro assays indicate 
that HiTT is equivalent to the ACT in evaluation of the anticoagulant 
effects of heparin at heparin concentrations in the range of 0 to 4.8 IU/
mL (Figure 17-10). Unlike ACT, HiTT is not altered by hemodilution 
and hypothermia, and has been shown to correlate better with hepa-
rin concentration than the ACT during CPB.58 While on CPB, hepa-
rin concentration and HiTT decrease, whereas the Hemochron and 
the Hepcon ACT increase (Figure 17-11). Another potential advan-
tage of HiTT monitoring is for patients receiving aprotinin therapy. In 
the presence of heparin, aprotinin augments the celite ACT,59 possibly 
because its kallikrein-inhibiting capacity prolongs activation of the 
intrinsic coagulation pathway by XIIa. This should not be interpreted 
to represent enhanced anticoagulation. The kaolin ACT is less affected 
by aprotinin therapy than the celite ACT, perhaps because kaolin, 
unlike celite, activates the intrinsic pathway by stimulation of factor 
XI directly.60 Others have suggested that kaolin binds to aprotinin and 
reduces the anticoagulant effect of aprotinin in vitro. However, the 
heparinized kaolin ACT is still somewhat prolonged in the presence 
of aprotinin. HiTT is not affected by aprotinin therapy and can be 
used as a measure of heparinization for CPB patients receiving apro-
tinin therapy.59 The high-dose thromboplastin time is another mea-
sure of anticoagulation that is not affected by aprotinin therapy.61 The 
high-dose thromboplastin time is a WBCT in which celite is replaced 
by 0.3 mL of rabbit brain thromboplastin to which 1.2 mL blood is 
added. This test measures the time to coagulation via activation of the 
extrinsic pathway. This pathway of coagulation is also stimulated dur-
ing pericardiotomy because of the rich thromboplastin environment 
of the pericardial cavity.
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HEPARIN NEUTRALIZATION 

 Protamine Effects on Coagulation 
Monitoring
Reversal of heparin-induced anticoagulation is most frequently per-
formed with protamine. Biologically, protamine binds to positively 
charged groups such as phosphate groups and may have important 
properties in angiogenesis and immune function. Different success-
ful dosing plans have been proposed.62,63 The recommended dose of 
protamine for heparin reversal is 1 to 1.3 mg protamine per 100 units 
heparin; however, this dose often results in a protamine excess.

Protamine injection causes adverse hemodynamic effects.64 
Protamine reactions have been classified into three types.65 The most 
common of these reactions is the type I reaction characterized by 
hypotension. Type II (immunologic) reactions are categorized as IIA 
(anaphylaxis), IIB (anaphylactoid), and IIC (noncardiogenic pulmo-
nary edema). Type III reactions are heralded by hypotension and cata-
strophic pulmonary hypertension leading to right-heart failure.33,52,66

In addition to hemodynamic sequelae, protamine has adverse effects 
on coagulation.67 Large doses prolong the WBCT and the ACT, possibly 

via thrombin inhibition.68 In animals and in humans, protamine has 
been associated with thrombocytopenia, likely because of activation 
of the complement cascade.64 The anticoagulant effect of protamine 
also may be caused by inhibition of platelet aggregation, alteration in 
the platelet surface membrane, or depression of the platelet response 
to various agonists.68–70 These alterations in platelet function result 
from the presence of the heparin–protamine complex, not protamine 
alone. Protamine–heparin complexes activate AT III in vitro and result 
in complement activation. The anticoagulant effects of free protamine 
occur when protamine is given in doses in excess of those used clini-
cally; however, the risk of free protamine being the cause of a hemo-
static defect is small, given the rapid clearance of protamine relative to 
heparin.

 Monitoring for Heparin Rebound
The phenomenon referred to as heparin rebound describes the re-
establishment of a heparinized state after heparin has been neutral-
ized with protamine. Various explanations for heparin rebound have 
been proposed.9,56,71,72 The most commonly postulated is that rapid 
distribution and clearance of protamine occur shortly after protamine 
administration, leaving unbound heparin remaining after protamine 
clearance. Furthermore, endogenous heparin antagonists have an even 
shorter life span than protamine and are eliminated rapidly, resulting 
in free heparin concentrations. Also possible is the release of heparin 
from tissues considered heparin storage sites (endothelium, connec-
tive tissues). Endothelial cells bind and depolymerize heparin via PF4. 
Uptake into the cells of the reticuloendothelial system, vascular smooth 
muscle, and extracellular fluid may account for the storage of heparin 
that contributes to reactivation of heparin anticoagulation, referred to 
as heparin rebound.9

Residual low levels of heparin can be detected by sensitive hepa-
rin concentration monitoring in the first hour after protamine rever-
sal and can be present for up to 6 hours after surgery. Gravlee et al's56 
study suggests that without careful monitoring for heparin rebound 
in the postoperative period, increased bleeding as a result of heparin 
rebound may occur, specifically when greater doses of heparin have 
been administered. Monitoring for heparin rebound can be accom-
plished using tests that are sensitive to low levels of circulating hep-
arin.52,57,73,74 These tests are also useful monitors for confirmation of 
heparin neutralization at the conclusion of CPB (see later).

 Heparin Neutralization Monitors
To administer the appropriate dose of protamine at the conclusion 
of CPB, it would be ideal to measure the concentration of hepa-
rin present and give the dose of protamine necessary to neutralize 
only the circulating heparin. As a result of heparin metabolism and 
elimination, which vary considerably among individuals, the dose of 
protamine required to reverse a given dose of heparin decreases over 
time. Furthermore, protamine antagonizes the anti-IIa effects of 
heparin more effectively than the anti-Xa effects and, thus, varies in 
its potency depending on the source of heparin and its anti-IIa prop-
erties. Administration of a large fixed dose of protamine or a dose 
based on the total heparin dose given is no longer the standard of 
care and may result in an increased incidence of protamine-related 
adverse effects. An optimal dose of protamine is desired because 
unneutralized heparin results in clinical bleeding and an excess of 
protamine may produce an undesired coagulopathy. The use of indi-
vidualized protamine dose–response curves uniformly results in 
a reduced protamine dose and has been shown to reduce postop-
erative bleeding.49,73 One such dose–response test, the Hemochron 
PRT test, is an ACT performed on a heparinized blood sample 
that contains a known quantity of protamine. With knowledge of 
the ACT, PRT, and the estimated blood volume of the patient, the 
protamine dose needed to neutralize the existing heparin level can 
be extrapolated. The Hepcon instrument also has a PRT, which is 
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Figure 17-11 Changes over time in the Hemochron ACT (HC-ACT; 
light circles), Hepcon ACT (HR-ACT; squares), and high-dose throm-
bin time (HiTT; upward triangles) in cardiac surgical patients. HiTT is 
unaffected by the changes in temperature (dark circles) and hemat-
ocrit (downward triangles) during cardiopulmonary bypass (CPB). The 
HC-ACT and HR-ACT increase with the initiation of CPB and the heparin 
concentration and HiTT decrease. *Significant difference from previous 
time point (P < 0.05). (From Wang J-S, Lin C-Y, Karp RB: Comparison 
of high-dose thrombin time with activated clotting time for monitoring 
of anticoagulant effects of heparin in cardiac surgical patients. Anesth 
Analg 79:9–13, 1994.)



504 SECTION III Monitoring

the protamine titration assay. The chamber that clots first contains 
the dose of protamine that most closely approximates the circulating 
dose of heparin. The protamine dose required for its neutralization 
is calculated on the basis of a specified heparin/protamine dose ratio 
by measuring the circulating heparin level.

At the levels of heparinization needed for cardiac surgery, tests that 
are sensitive to heparin become unclottable. ACT is relatively insensitive 
to heparin and is ideal for monitoring anticoagulation at high heparin 
levels but is too insensitive to accurately diagnose incomplete heparin 
neutralization. Reiner et al75 showed that ACT had a high predictive 
value for adequate anticoagulation (confirmed by laboratory aPTT) 
when longer than 225 seconds but was poorly predictive for inadequate 
anticoagulation when shorter than 225 seconds. The low levels of heparin 
present when heparin is incompletely neutralized are best measured by 
other more sensitive tests of heparin-induced anticoagulation, such as 
heparin concentration, aPTT, and TT. Thus, after CPB, confirmation 
of return to the unanticoagulated state should be performed with a 
 sensitive test for heparin anticoagulation76–79 (Box 17-3).

Thrombin Time
TT is the time it takes for the conversion of fibrinogen to fibrin clot 
when blood or plasma is exposed to thrombin. Fibrin strands form 
in seconds. Detection of fibrin formation using standard labora-
tory equipment involves incubation of the blood or plasma sam-
ple within the chamber in which an optical or electrical probe sits. 
A detector senses either movement of the probe or the creation of 
an electrical field (electrical detection) because of fibrin forma-
tion and hence signals the end of the test. Hemochron manufac-
tures a point-of-care TT test that uses a lyophilized preparation of 
thrombin in a Hemochron test tube to which 1 mL blood is added. 
Identification of fibrin formation in a Hemochron machine uses 
the standard Hemochron technology described previously with 
the ACT. The manufacturer suggests that the normal TT is 39 
to 53 seconds for whole blood and 43 to 68 seconds for citrated 
blood. Because the TT specifically measures the activity of throm-
bin, it is very sensitive to heparin-induced enhancement of AT III 
activity. It is a useful test in the post-CPB period for differentiat-
ing the cause of bleeding when both PT and aPTT are prolonged 
because it excludes the intrinsic and extrinsic coagulation path-
way limbs and evaluates the conversion of factor I to Ia. The TT 
is increased in the presence of heparin, hypofibrinogenemia, dys-
fibrinogenemia, amyloidosis, or antibodies to thrombin.80 The  
TT is also increased in the presence of fibrin  degradation products if 
the  systemic fibrinogen concentration is low.

The TT is an appropriate laboratory test for monitoring the degree 
of fibrinolytic activity in patients receiving thrombolytic therapy. 
Measurements of the quantity of fibrinogen, plasminogen, or plasma 
proteins generated during fibrinolysis are difficult to interpret and 
yield no prognostic information for dose adjustments. Thrombolytic 
agents activate the fibrinolytic system to generate plasmin, which then 

causes clot dissolution and decreases the quantities of fibrinogen and 
fibrin. This effect can be monitored using the TT. The TT should be 
measured at baseline (before institution of fibrinolytic therapy) and 
3 to 4 hours after therapy is initiated. If it is prolonged by 1.5 to 5 times 
the baseline value, therapy should be considered effective. If the TT is 
prolonged by greater than seven times the baseline value, an increased 
risk for bleeding is incurred; if the TT is not prolonged at all, therapy 
has failed to activate fibrinolysis.

Bedside Tests of Heparin Neutralization
Hepcon measures heparin concentration via a protamine titration 
assay. Cartridges with varying ranges of protamine concentration 
are available for use. The cartridge with the lower concentration of 
protamine in the titration is useful for the detection of residual cir-
culating heparin and is sensitive to levels of heparin as low as 0.2 IU/
mL. Whole-blood PT and aPTT assays are sensitive to deficiencies 
in coagulation factors and overly sensitive to low levels of heparin 
(aPTT); they lack specificity in assessing residual heparinization. 
The heparin-neutralized thrombin time (HNTT) is a TT assay with 
a small dose of protamine sufficient to neutralize 1.5 IU/mL heparin. 
Because the TT is increased in the presence of heparin, hypofibrino-
genemia, or dysfibrinogenemia, HNTT and TT should be performed 
together to discriminate among these three causes. A normal HNTT 
in the presence of an increased TT virtually confirms residual hep-
arin effect and would indicate the need for protamine administra-
tion. If HNTT is prolonged as well as the TT, the cause of bleeding 
may be attributed either to a fibrinogen problem or to a concentra-
tion of heparin greater than that which could be neutralized by the 
HNTT. In one study comparing bedside monitors of anticoagulation, 
the TT-HNTT difference bore a significant correlation with the aPTT 
increase. Using the line of best fit, aPTT elevation of 1.5 times the 
control corresponded to a 31-second difference in the TT and HNTT, 
indicating a convenient threshold value of TT-HNTT for the admin-
istration of protamine.80

 Platelet Factor 4
A component of the alpha granule of platelets, PF4 binds to and inacti-
vates heparin. The physiologic role of PF4 is that at the site of vascular 
injury, PF4 is released from platelets, binds heparin (or heparin-like 
compounds), and promotes thrombin and clot formation. PF4 ade-
quately neutralizes heparin inhibition of factors Xa and IIa and may 
be superior to protamine in neutralizing anti-Xa effects. Animal data 
suggest that PF4 is devoid of the adverse hemodynamic effects seen 
with protamine and that it may be able to be infused more rapidly.81,82 
Heparin reversal has been documented by WBCT, ACT, and hepa-
rin concentration at a PF4 concentration of 40 U/mL, approximately 
twice the reversal dose of protamine.74 Levy et al83 subsequently found 
the reversal dose of PF4 to be approximately 60 U/mL and docu-
mented similar ACT and viscoelastic measurements of clot formation 
 compared with protamine.

 Heparinase
Heparinase (Neutralase I) is an enzyme that specifically degrades hepa-
rin by catalyzing cleavage of the saccharide bonds found in the hepa-
rin molecule. As demonstrated by the ACT, heparinase in a dose of 5 mg/
kg has been shown to successfully neutralize heparin effects in healthy 
volunteers and in patients who have undergone CPB. A dose of 7 mg/kg 
has been demonstrated to be even more efficacious in returning ACT 
to baseline values. Doses sufficient to neutralize a dose of 300 IU/kg of 
heparin had no significant hemodynamic effects in a canine model.84 
Investigators have not found any platelet-depressive effects of hepari-
nase in contrast with the well-documented platelet dysfunction asso-
ciated with protamine therapy.69 Return to the unanticoagulated state 
after the use of heparinase has been confirmed using ACT monitoring 
or heparin concentration monitoring.

BOX 17-3. HEPARIN NEUTRALIZATION
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TESTS OF COAGULATION
Standard tests of coagulation, the PT and the aPTT, are performed on 
plasma to which the anticoagulant citrate has been added. Because 
these tests are performed on plasma, they require centrifugation of 
blood and generally are not feasible for use at the bedside. The aPTT 
tests the integrity of the intrinsic and the final coagulation pathways 
and is more sensitive to low levels of heparin than the ACT. Factors IX 
and X are most sensitive to heparin effects, and thus the aPTT will be 
prolonged even at very low heparin levels. The test uses a phospholipid 
substance to simulate the interaction of the platelet membrane in acti-
vating factor XII. (Thromboplastin is a tissue extract containing tissue 
factor and phospholipid. The term partial thromboplastin refers to the 
use of the phospholipid portion only.) The aPTT is prolonged in the 
presence of deficiencies of factors XII, XI, IX, and VIII, HMWK (high 
molecular weight kininogen), and kallikrein. The aPTT reaction is con-
siderably slower than the PT, and an activator such as celite or kaolin is 
added to the assay to speed activation of factor XII. After incubation of 
citrated plasma with phospholipid and activator, calcium is added and 
the time to clot formation is measured. Normal aPTT is 28 to 32 sec-
onds, which often is expressed as a ratio with a control plasma sample 
from the same laboratory. This is important because partial thrombo-
plastin reagents have different sensitivities to heparin, and many have 
nonlinear responses to heparin in various concentration ranges.

PT measures the integrity of the extrinsic and common coagula-
tion pathways. PT will be prolonged in the presence of factor VII defi-
ciency, warfarin sodium (Coumadin) therapy, or vitamin K deficiency. 
Large doses of heparin also prolong the PT because of inactivation of 
factor II. The addition of thromboplastin to citrated plasma results in 
activation of extrinsic coagulation. After a 3-minute incubation and 
recalcification, the time to clot formation is measured and is recorded 
as the PT. Normal PT is 12 to 14 seconds; however, because of dif-
ferences in the quality and lot of the thromboplastin used, absolute 
PT values are not standardized and are difficult to compare across dif-
ferent testing centers. The international normalized ratio (INR) has 
been adopted as the standard for coagulation monitoring. The INR 
is an internationally standardized laboratory value that is the ratio 
of the patient's PT to the result that would have been obtained if the 
International Reference Preparation had been used instead of the labo-
ratory reagents. Each laboratory uses reagents with a specific sensitiv-
ity (International Sensitivity Index [ISI]) relative to the International 
Reference Preparation. The ISI of a particular set of reagents is  provided 
by each manufacturer so that the INR can be reported.

 Bedside Tests of Coagulation
PT and aPTT tests performed on whole blood are available for use in 
the operating room or at the bedside. The Hemochron PT test tube con-
tains acetone-dried rabbit brain thromboplastin to which 2 mL whole 
blood is added and the tube is inserted into a standard Hemochron 
machine. Normal values range from 50 to 72 seconds and are auto-
matically converted by a computer to the plasma-equivalent PT and 
INR. Hemochron aPTT contains kaolin activator and a platelet factor 
substitute and is performed similarly to the PT. The aPTT is sensitive 
to heparin concentrations as low as 0.2 U/mL and displays a linear rela-
tion with heparin concentration up to 1.5 U/mL.

The former Thrombolytic Assessment System (TAS; Pharmanetics, 
Raleigh, NC), now the Cascade POC (Helena, Beaumont, TX), which 
was previously discussed for its ability to measure heparin via the 
HMT, also measures PT and aPTT. The sample is added to a cartridge 
containing paramagnetic iron oxide particles, which oscillate in a mag-
netic field as described. Specific activating reagents are used for each 
analyte. The analytes used include rabbit brain thromboplastin for the 
PT, aluminum magnesium silicate for aPTT, and celite for HMT. The 
blood moves by capillary action and mixes with paramagnetic iron 
oxide particles and reagent within the testing chamber. The decreased 
movement of the particles is detected optically as the sample clots, and 
the resultant time is displayed in seconds and as INRs for PT.

The CoaguChekProDM (Roche Diagnostics, Mannheim, Germany), 
former CoaguChek-plus, and formerly Ciba Corning Biotrack 512 
coagulation monitor for evaluating bedside PT and aPTT, uses 0.1 mL 
whole blood placed into a disposable plastic cartridge for either PT or 
aPTT. The sample is drawn by capillary action into a heated chamber 
where exposure to reagents occurs. The PT uses rabbit brain thrombo-
plastin. The aPTT uses soybean phosphatide as the platelet substitute 
and bovine brain sulfatide as the activator. From the reaction chamber, 
blood traverses a reaction path where clot formation is detected by a 
laser optical system. The resulting time to clot formation is converted 
to a ratio of the control value by a microprocessor that has control 
 values encoded.

Many investigators have studied the former Ciba Corning Biotrack 
system for monitoring anticoagulation in different clinical scenarios. 
For patients receiving oral anticoagulant therapy, the Biotrack 512 
monitor has been found to be suitable for monitoring PT and INR. 
Reiner et al75 compared the bedside Biotrack aPTT with the laboratory 
aPTT and heparin level in patients receiving therapeutic hepariniza-
tion after interventional cardiac catheterization. The authors found a 
strong correlation (r = 0.89) between the Biotrack aPTT and the aPTT 
from the hospital laboratory. The correlation between Biotrack aPTT 
and heparin level was not strong, probably because of the many other 
factors such as heparin neutralization and clearance that affect the 
heparin concentration in vivo.85 Another study in patients receiving 
heparin compared the Ciba Corning Biotrack aPTT assay with stan-
dard laboratory aPTT and documented that Biotrack was less sensitive 
to heparin than the laboratory aPTT; however, the correlation coeffi-
cient of these two tests was r = 0.82.86 In patients on warfarin therapy, 
the Biotrack aPTT was more sensitive than the laboratory aPTT and 
yielded consistently greater results for aPTT value. In another study in 
patients being anticoagulated for nonsurgical applications, the bedside 
aPTT was similar to the standard aPTT in its prediction of treatment 
in simple therapeutic algorithms. However, in more complex clinical 
situations, there was less agreement between the bedside aPTT and 
 laboratory aPTT.87

In a comparison of bedside coagulation monitors after cardiac sur-
gical procedures, Reich et al80 documented acceptable accuracy and 
precision levels for Hemochron and Ciba Corning Biotrack PT in 
comparison with standard laboratory plasma PT, making them poten-
tially valuable for use in the perioperative period. Neither Hemochron 
nor Ciba Corning aPTT reached this level of clinical competence com-
pared with standard laboratory tests. Others have documented that 
this monitor seems to be more precise for PT than for aPTT.88 Because 
of rapid turnaround times, these point-of-care coagulation monitors 
may be useful in predicting patients who will bleed after cardiac sur-
gery89 and have also been used successfully in transfusion algorithms 
to decrease the number of allogeneic blood products given to cardiac 
surgical patients.90,91

 Measures of Fibrin Formation
The “Tenase complex” is the group of factors and cofactors that 
includes Xa, platelet-bound factor Va, platelet factor 3, and Ca2+. All 
adhere on the platelet surface and catalyze the cleavage of prothrombin 
(factor II) to thrombin (factor IIa). Thrombin then catalyzes the cleav-
age of fibrinogen to form fibrin monomer and fibrinopeptide A and 
fibrinopeptide B. These end products of fibrinogen cleavage are com-
monly measured serum markers that help to quantify the degree of 
coagulation that occurs in certain experimental or clinical situations.

One such experimental situation is the use of heparin-bonded 
extracorporeal circuits during CPB with the expectation that throm-
bin activation and fibrin formation will be minimized. Coating of the 
extracorporeal circuit with the heparin ligand makes the circuit more 
biocompatible such that the inflammatory response elicited is dimin-
ished or nonexistent. Heparin-bonded circuits have been extensively 
studied and considered advantageous because of their ability to reduce 
the inflammatory response to CPB. Human studies reveal decreases 
in enzymes that mark leukocyte activation, thus showing a reduction 



506 SECTION III Monitoring

in the whole-body inflammatory response similar to that seen with 
 leukocyte-depletion techniques.92–94

Further enhancements in biocompatibility include less leukocyte 
activation and preserved platelet function. Reductions in thrombin 
generation have been difficult to document.95 The increases in the 
fibrinogen fragment F1.2 and in D-dimer levels when heparin-coated 
circuits are used are similar to those seen when uncoated circuits are 
used.96,97 Human studies have documented less bleeding and reduced 
transfusion requirements with the use of a heparin-coated extracor-
poreal circulation when these circuits are used in conjunction with a 
reduced systemic heparin dose.98,99 In this circumstance, markers of 
thrombin generation are increased even greater than those in patients 
in whom full-dose heparin and uncoated circuits are used. In fact, 
increases are seen in fibrinopeptide A, prothrombin fragment F1.2, 
thrombin–antithrombin III complexes, D-dimers, and plasminogen 
activators during CPB and after protamine administration regardless 
of whether heparin-coated circuits are used and regardless of hepa-
rin dose.100 Despite this, the use of reduced heparin doses and coated 
circuitry has resulted in diminished transfusion requirements and 
reduced chest tube drainage volumes without evidence of complica-
tions.97,101 Because microvascular coagulation is not fully inhibited, the 
use of a reduced dose of heparin cannot be systematically advocated 
and should be  implemented with caution.

 Fibrinogen Level
Fibrinogen concentration is traditionally measured using either clot-
table protein methods, end-point detection techniques, or immuno-
chemical tests. Of the former, the most commonly used fibrinogen 
assay relies on the method of Clauss. This method involves a 10-fold 
dilution of plasma, which ensures that fibrinogen is the rate-limiting 
step in clot formation. Subsequently, an excess of thrombin is added 
to the sample and the time to clot formation is measured. The clot-
ting time is inversely related to the fibrinogen concentration. Because 
this assay relies on detection of actual clot, it can be affected by fibrin 
degradation products, polymerization inhibitors, or other inhibi-
tors of fibrin formation. Because of the thrombin excess, small clini-
cal  concentrations of heparin do not affect fibrinogen determination 
according to the Clauss technique.

A whole-blood point-of-care fibrinogen assay is available using the 
Hemochron system. The specific test tube contains a lyophilized prep-
aration of human thrombin, snake venom extract, protamine, buf-
fers, and calcium stabilizers. The test tube is incubated with 1.5 mL 
distilled water and heated in the Hemochron instrument for 3 min-
utes. Whole blood is placed into a diluent vial, where it is 50% diluted, 
and from this vial, 0.5 mL diluted whole blood is placed into the spe-
cific fibrinogen test tube. The clotting time is measured using standard 
Hemochron technology as described previously. The fibrinogen con-
centration is determined by comparison with a standard curve for this 
test. Normal fibrinogen concentration of 180 to 220 mg/dL correlates 
with a  clotting time of 54 ± 2.5 seconds. Fibrinogen deficiency of 50 to 
75 mg/dL  correlates with a clotting time of 150 ± 9.0 seconds.

Unlike the method of Clauss, the end-point detection assays 
rely on the detection of changes in turbidity of plasma when clot is 
formed. This technique does not require the maintenance of a stable 
cross-linked fibrin product and, therefore, does not report underesti-
mated fibrinogen measurements because of the presence of inhibitors. 
Immunochemical measures of fibrinogen concentration are a direct 
and accurate measurement technique; however, they are expensive and 
time consuming and require specialized laboratory facilities.

MONITORING FIBRINOLYSIS
Fibrinolysis, the dissolution of fibrin, is the normal modifier of hemo-
stasis that ensures that coagulation does not proceed unchecked. It 
occurs in the vicinity of a clot and dissolves clot when local endothe-
lial healing occurs. Fibrinolysis is mediated by the serine protease 
 plasmin, which is the product of the cleavage of plasminogen by tissue 

 plasminogen activator (tPA). Fibrinolysis is a normal phenomenon in 
response to clot formation; when it occurs systemically, it represents a 
pathologic condition.

Fibrinolysis can be primary or secondary. Primary fibrinolysis 
occurs when fibrinolytic activators are released or produced in excess 
and does not represent a response to the coagulation process. Examples 
of primary fibrinolysis include the release of plasminogen activators 
during liver transplantation surgery and the exogenous administration 
of fibrinolytic agents such as streptokinase. During primary fibrin-
olysis, plasmin cleaves fibrinogen, yielding fibrinogen degradation 
products. These end products can be measured using immunologic 
techniques.

When fibrinolysis is a result of enhanced activation of the coagu-
lation system, secondary fibrinolysis ensues. A well-known extreme 
form of secondary fibrinolysis is seen during disseminated intravas-
cular coagulation, when both systemic coagulation and fibrinolysis are 
occurring in excess. During CPB, fibrinolysis is most likely secondary 
to the microvascular coagulation that is occurring despite attempts at 
suppression using high doses of heparin.102,103

The identification of fibrinolysis can be accomplished through 
either direct measurement of the clot lysis time (manual or viscoelastic 
tests) or measurement of the end-products of fibrin degradation. The 
manual clot lysis time simply involves the placement of whole blood 
into a test tube. This blood clots in a matter of minutes. Visual inspec-
tion determines the end point for observation of clot lysis, and this 
time period is the clot lysis time. This technique is considerably time 
consuming and requires constant observation by the person perform-
ing the test.

 Viscoelastic Tests
Viscoelastic tests measure the unique properties of the clot as it is 
forming, organizing, strengthening, and lysing. As a result, fibrinolysis 
determination by this methodology requires that time elapse during 
which clot formation is occurring. It is subsequent to clot formation 
and platelet-fibrin linkages that clot lysis parameters can be measured. 
For this reason, viscoelastic tests often require longer than 1 hour to 
detect the initiation of fibrinolysis; however, if fibrinolysis is enhanced, 
results often can be obtained in 30 minutes.

 End Products of Fibrin Degradation
Other methods for quantifying fibrinolysis include measurement 
of the end products of fibrin degradation. Fibrin degradation prod-
ucts are the result of the cleavage of fibrin monomers and polymers 
and can be measured using a latex agglutination assay. When plasmin 
cleaves cross-linked fibrin, dimeric units are formed that comprise one 
D-domain from each of two adjacent fibrin units. These “D-dimers” 
are frequently measured by researchers in clinical and laboratory inves-
tigations. They are measured by either enzyme-linked immunosorbent 
assays or latex agglutination techniques and, thus, are not available for 
on-site use. Controversy still exists regarding whether D-dimer level 
or fibrin degradation products are the most sensitive test for detecting 
fibrinolysis, but most agree that the presence of D-dimers is the most 
specific for cross-linked fibrin degradation.104

MONITORING THE THROMBIN INHIBITORS
A new class of drugs, the selective thrombin inhibitors, is a viable alter-
native to heparin anticoagulation for CPB. These agents include hiru-
din, argatroban, and other experimental agents. A major advantage 
of these agents over heparin is that they are able to effectively inhibit 
clot-bound thrombin in an AT III–independent fashion.105 The plate-
let thrombin receptor is believed to be the focus of thrombin's pro-
coagulant effects in states of thrombosis such as after coronary artery 
angioplasty. Because surface-bound thrombin is more effectively sup-
pressed, thrombin generation can be reduced at lower levels of sys-
temic  anticoagulation than are achieved during anticoagulation by 



 17 Coagulation Monitoring 507

the  heparin–AT III complex. This translates into less bleeding despite 
the lack of a clinically useful antidote for the thrombin antagonists.106,107 
Thrombin antagonists are also not susceptible to neutralization by 
PF4 and, thus, are not neutralized at endothelial sites where activated 
platelets reside. They are also useful in patients with HIT in whom the 
administration of heparin and subsequent antibody-induced platelet 
aggregation would be dangerous.108 The lack of a potent antidote (such 
as protamine) and a prolonged duration of action are the major rea-
sons that hirudin and other thrombin inhibitors have not found wide-
spread clinical acceptance for use in CPB procedures (see Chapter 31).

 Hirudin
Hirudin, a coagulation inhibitor isolated from the salivary glands of the 
medicinal leech (Hirudo medicinalis), is a potent inhibitor of throm-
bin that, unlike heparin, acts independently of AT III and inhibits clot-
bound thrombin, as well as fluid-phase thrombin. Hirudin does not 
require a cofactor and is not susceptible to neutralization by PF4. This 
would seem to be beneficial in patients in whom platelet activation and 
thrombosis are potential problems. Recombinant hirudin was admin-
istered as a 0.25-mg/kg bolus and an infusion to maintain the hirudin 
concentration at 2.5 g/mL, as determined by the ecarin clotting time in 
studies by Koster et al.109–117 The ecarin clotting time, modified for use 
in the Cascade POC analyzer, has been used in large series of patients 
with HIT.109–114 Compared with standard treatment with heparin or 
low-molecular-weight heparins, recombinant hirudin–treated patients 
maintained platelet counts and hemoglobin levels, and had few bleed-
ing complications, if renal function was normal.115,116 Hirudin is a small 
molecule (molecular weight, 7 kDa) that is eliminated by the kidney and 
is easily hemofiltered at the end of CPB.117 In patients with abnormal 
renal function, bivalirudin is preferable to hirudin. An alternative treat-
ment in this setting would be administration of unfractionated heparin 
with a platelet antagonist, such as tirofiban, to prevent the hyperag-
gregability of platelets that occurs in patients with HIT.116

 Bivalirudin
Bivalirudin is a small 20-amino acid molecule with a plasma half-life 
of 24 minutes. It is a synthetic derivative of hirudin and thus acts as a 
direct thrombin inhibitor. Bivalirudin binds to both the catalytic bind-
ing site and the anion-binding exosite on fluid-phase and clot-bound 
thrombin. The part of the molecule that binds to thrombin is actually 
cleaved by thrombin itself, so the elimination of bivalirudin activity is 
independent of specific organ metabolism. Bivalirudin has been used 
successfully as an anticoagulant in interventional cardiology procedures 
as a replacement for heparin therapy. In fact, in interventional cardiol-
ogy, bivalirudin has been associated with less bleeding and equivalent 
ischemic outcomes compared with heparin plus a platelet inhibitor.118 
This may be the result of bivalirudin being both an antithrombin anti-
coagulant and an antithrombin at the level of the platelet. Merry et al119 
showed equivalence with regard to bleeding outcomes and an improve-
ment in graft flow after off-pump cardiac surgery when bivalirudin was 
used (0.75-mg/kg bolus, 1.75-mg/kg/hr infusion). Case reports con-
firm the safety of bivalirudin use during CPB.120–122 Multicenter clinical 
trials comparing bivalirudin with heparin anticoagulation in off-pump 
surgery123 and in CPB124 demonstrated “noninferiority” of bivalirudin. 
Efficacy of anticoagulation and markers of blood loss were similar in 
the two groups, suggesting that bivalirudin can be a safe and effective 
anticoagulant in CPB. These multicenter trials used the ACT as the 
monitor of anticoagulant activity during surgery, but ideal monitor-
ing is performed using the ecarin clotting time, as seen with hirudin.125 
The ecarin clotting time has a closer correlation with anti-IIa activ-
ity and plasma drug levels than does the ACT. For this reason, stan-
dard ACT monitoring during antithrombin therapy is not preferred if 
ecarin clotting time can be measured. A plasma-modified ACT can be 
used to more accurately assay the anticoagulant effects of the thrombin 
inhibitor drugs than ACT. This test requires the addition of exogenous 
plasma and, thus, is not readily available as a point-of-care assay.126

The anticoagulant effects of the thrombin antagonists can be moni-
tored using the ACT, aPTT, or the TT. The bleeding time also may be 
prolonged. In a canine CPB model, dogs receiving a synthetic thrombin 
inhibitor had less postoperative blood loss and greater platelet counts 
than those receiving heparin; however, those who received a large dose 
of the thrombin inhibitor still had ACT increases at 2 hours after CPB.127 
There were no differences in hemodynamics noted in the groups.

Bivalirudin has been compared favorably with heparin in patients 
undergoing coronary angioplasty for unstable angina.128 The half-life 
of aPTT prolongation is approximately 40 minutes, and reductions in 
formation of fibrinopeptide A are evidence of thrombin inhibition and 
fibrinogen preservation. Careful monitoring should be used because 
there may be a rebound prothrombotic state after cessation of therapy, 
which could lead to recurrence of anginal symptoms (Box 17-4).

EVALUATION OF A PROLONGED 
ACTIVATED PARTIAL THROMBOPLASTIN 
TIME
The first step in evaluation of a prolonged aPTT is the elimination 
of heparin contamination as a cause of the elevation. Other potential 
causes of an elevated aPTT are the presence of factor deficiencies or 
inhibitors of coagulation. Factor deficiencies can be ruled out by mix-
ing studies in which patient plasma is mixed with an equal  volume of 
plasma derived from healthy volunteers. The test results should return 
to normal if a deficiency is present because mixing with normal plasma 
yields greater than the required concentrations of coagulation proteins 
for adequate clotting. If an inhibitor is present, mixing studies will not 
return the aPTT to normal values.

Inhibitors of factors VIII and IX and the “lupus anticoagulants” 
are the most common inhibitors encountered. The lupus anticoagu-
lants are antiphospholipid antibodies that react with the phospholipid 
surfaces required for coagulation, thus the prolongation of the clot-
ting time. In patients who do not have systemic lupus, this syndrome 
is referred to as primary antiphospholipid syndrome. Testing for this 
inhibitor has been performed using the aPTT or a dilute viper venom 
time. The latter consists of activation of factor X by venom and mea-
surement of the clotting time, which will be prolonged if an inhibi-
tor is present. Immunologic assays for anticardiolipin antibodies are 
available. Patient serum is incubated with solid-phase cardiolipin and 
bound immunoglobulin is measured.

MONITORING PLATELET FUNCTION
Circulating platelets adhere to the endothelium via platelet surface 
receptors that bind exposed collagen and become activated. This ini-
tiates platelet activation because collagen is a potent platelet activator. 
The unstimulated platelet, which is discoid in shape, undergoes a con-
formational change when activated. The activated platelet is spherical, 
extrudes pseudopodia, and expresses an increased number of activated 
surface receptors that can be measured to quantify the degree of plate-
let reactivity. The intensity of this platelet activation occurs in propor-
tion to the quantity and nature of the platelet stimulus and increases 

BOX 17-4. THROMBIN INHIBITORS
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in a graded fashion with increasing concentrations of agonists. The 
 glycoprotein (GP) IIb/IIIa receptor is the primary receptor responsible 
for fibrinogen binding and the formation of the platelet plug.

 Platelet Count
Numerous events occur during cardiac surgical procedures that 
 predispose patients to platelet-related hemostasis defects. The two 
major categories are thrombocytopenia and qualitative platelet defects. 
Thrombocytopenia commonly occurs during cardiac surgery as a 
result of hemodilution, sequestration, and destruction by nonen-
dothelial surfaces. Platelet counts commonly decline to 100,000/ L 
or slightly less; however, the final platelet count is greatly dependent 
on the starting value and the duration of platelet destructive interven-
tions (i.e., CPB).129 Between 10,000/ L and 100,000/ L, bleeding time 
decreases directly; however, at platelet counts greater than 50,000/ L, 
neither the bleeding time nor platelet count has any correlation with 
postoperative bleeding in cardiac surgical patients. In contrast, platelet 
size or mean platelet volume does have some correlation with hemo-
static function. Larger, younger platelets are more hemostatically active 
than smaller ones.130,131 Mean platelet volume multiplied by the plate-
let count gives an estimation of overall platelet mass and is referred to 
as the “plateletcrit.” It is important to appreciate the inverse relation 
between platelet volume and platelet count when using a measure such 
as the plateletcrit to assess the viability of the existing platelet popula-
tion. Because the mean platelet volume is dependent on the method of 
specimen collection, the anticoagulant used, and temperature of the 
storage conditions, its reproducibility is dependent on standardized 
laboratory procedures.

Qualitative platelet defects occur more commonly than thrombo-
cytopenia during CPB procedures. The range of possible causes of 
platelet dysfunction includes traumatic extracorporeal techniques, 
pharmacologic therapy, hypothermia, and fibrinolysis; the hemostatic 
insult increases with the duration of time spent on CPB.132 The use 
of bubble oxygenators, noncoated extracorporeal circulation, and car-
diotomy suctioning may cause platelets to become activated, initiate 
the release reaction, and partly deplete platelets of the contents of their 
alpha granules. Many of these changes are only transiently associated 
with CPB. Khuri et al133 characterized the hematologic changes associ-
ated with CPB in a group of 85 patients. Whereas the platelet count 
declines and reaches a plateau at 2 hours after CPB, mean platelet vol-
ume reaches its nadir at 2 hours after CPB and then begins to increase 
during the ensuing 72 hours131,133 (Figures 17-12 and 17-13). The rela-
tive thrombocytopenia seen up to 72 hours after cardiac surgery is not 

consistently associated with a bleeding diathesis. Similarly, the clot-
ting proteins fibrinogen, factor VIII–von Willebrand factor, and factor 
VIII-C also increase to levels greater than baseline in the 2 to 72 hours 
after CPB (Figure 17-14).

Large doses of heparin have been shown to reduce the ability of 
the platelets to aggregate and to reduce clot strength.68 This effect is 
not reversed when protamine is administered; however, it may be 
mitigated by the prophylactic administration of aprotinin.134,135 The 
adverse effects of heparin on platelet function may be because of 
its ability to inhibit the formation of thrombin, the most potent in 
vivo platelet activator.136 However, heparin also activates the fibrin-
olytic system, a system that, through plasmin and other activators, 
has the ability to depress platelet function through other mecha-
nisms. In an extracorporeal baboon model, intravenous heparin 
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Figure 17-12 Platelet count changes in patients undergoing cardio-
pulmonary bypass (CPB). Significant decrease in platelet count occurs 
on initiation of CPB and remains until at least 72 hours after surgery.  
*P < 0.05 change from previous value. (From Khuri SF, Wolfe JA, Josa M, 
et al: Hematologic changes during and after cardiopulmonary bypass 
and their relationship to the bleeding time and nonsurgical blood loss. 
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Figure 17-13 Changes in mean platelet volume (MPV) in patients 
undergoing cardiopulmonary bypass (CPB). Note that the decrease in 
MPV that occurs during CPB returns to and exceeds baseline values 
at 24 hours after surgery. *P < 0.05 change from previous value. (From 
Khuri SF, Wolfe JA, Josa M, et al: Hematologic changes during and after 
cardiopulmonary bypass and their relationship to the bleeding time and 
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Figure 17-14 Fibrinogen values (light squares) decrease during  
cardiopulmonary bypass (CPB). All three clotting proteins increase to 
more than baseline levels in the 24 to 72 hours after CPB. *P < 0.05 
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administration resulted in increases in plasmin activity, in the quan-
tity of immunoreactive plasmin light chain, and in immunoreactive 
fibrinogen fragment E.1,137 In addition, various degrees of fibrinoly-
sis occur after CPB. Circulating plasmin causes dissolution of the 
GP Ib platelet receptor and decreases the adhesiveness of platelets. 
Because fibrinolysis is partly responsible for the platelet dysfunction 
seen after heparin administration and CPB, the efficacy of antifi-
brinolytic agents as hemostatic drugs can be better appreciated. In 
addition to reducing platelet adhesiveness to von Willebrand factor, 
the fibrin degradation products formed depress platelet responsive-
ness to agonists.138,139

Protamine–heparin complexes and protamine alone also contribute 
to platelet depression after CPB. Mild-to-moderate degrees of hypo-
thermia are associated with reversible degrees of platelet activation 
and platelet dysfunction,140 which may be partly mitigated by the use 
of aprotinin therapy.141 Overall, the potential coagulation benefits of 
normothermic CPB compared with hypothermic CPB require further 
study in well-conducted randomized trials (Box 17-5).

 Bleeding Time
The bleeding time is performed by creating a skin incision and mea-
suring the time to clot formation via the platelet plug. The Ivy bleed-
ing time is performed on the volar surface of the forearm above which 
a cuff is inflated to 40 mm Hg (above venous pressure). Two parallel 
incisions are made using a template, and the incisions are blotted with 
filter paper every 30 seconds until no further bleeding occurs. The time 
from incision to cessation of blood seepage is the template bleeding 
time. The Duke bleeding time is performed on the earlobe and has 
advantages for cardiac surgery because the earlobe is more accessible 
and less likely to be subjected to the peripheral vasoconstriction seen 
after hypothermia. However, because neither the width/depth of the 
incision nor the venous pressure can be controlled in the Duke bleed-
ing time, the Ivy bleeding time is considered the superior test. Normal 
bleeding time is 4 to 10 minutes.

Numerous prospective blinded investigations have confirmed that 
bleeding time has little or no value in predicting excessive hemor-
rhage after cardiac surgery.142,143 Even in patients receiving therapeu-
tic doses of aspirin, an increase in bleeding time does not necessarily 
translate to an increase in mediastinal tube drainage or transfusions 
if reinfusion and blood conservation techniques are used aggres-
sively. There is substantial evidence that platelet-directed therapy in 
the form of platelet transfusions or desmopressin acetate shortens a 
prolonged bleeding time in patients with clinical hemorrhage.144,145 In 
a study of 85 patients undergoing CPB, Khuri et al133 demonstrated 
that bleeding time becomes abnormally increased during CPB and 
does not return to baseline even by 72 hours after surgery, whereas 
markers of platelet activation return to baseline by 24 hours after sur-
gery (Figure 17-15). Because the bleeding time does not follow the 
temporal course of postoperative coagulopathy, the bleeding time 
may be a nonspecific and impractical test for detecting an existing 
platelet defect but may be suitable for following patient response to 
platelet-directed therapies.

 Aggregometry
Activated platelets undergo aggregation, which is initially a reversible 
process. Activation also induces the release of substances from alpha 
and dense platelet granules and platelet lysosomes. Because platelet 
granules contain many platelet agonists, the release of granular con-
tents further stimulates platelet activation and is responsible for the 
secondary phase of platelet aggregation. This secondary phase of plate-
let aggregation is dependent on the release of thromboxane and other 
substances from the platelet granules, is an energy-consuming process, 
and is irreversible (Table 17-2).

Aggregometry is a useful research tool for measuring platelet 
responsiveness to a variety of different agonists. The end result, plate-
let aggregation, is an objective measure of platelet activation. Platelet 
aggregometry uses a photo-optical instrument to measure light trans-
mittance through a sample of whole-blood or platelet-rich plasma. 
Platelet-rich plasma undergoes a decrease in light transmittance on the 
early phase of platelet activation because of the change in platelet shape 
from discoid to spherical. When exposed to a platelet agonist such as 
thrombin, adenosine diphosphate (ADP), epinephrine, collagen, or  
ristocetin, the initial reversible aggregation phase results in increased 
light transmittance because of the platelet aggregates that decrease the 
turbidity of the sample. The larger the platelet aggregates, the greater is 
the transmittance of light. In the absence of further activation, disaggre-
gation occurs and the plasma sample becomes turbid. However, when 
the platelet release reaction occurs, thromboxane and other activators 
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Figure 17-15 Bleeding time (squares) increases on cardiopulmonary 
bypass (CPB) and remains increased until at least 72 hours after surgery. 
However, platelet activation is maximal during CPB. The increase in 
b-thromboglobulin (BTG; circles), indicating platelet activation, occurs 
on initiation of CPB and returns to baseline by 24 hours afterward.  
*P < 0.05 change from previous value. (From Khuri SF, Wolfe JA, Josa M, 
et al: Hematologic changes during and after cardiopulmonary bypass 
and their relationship to the bleeding time and nonsurgical blood loss. 
J Thorac Cardiovasc Surg 104:94–107, 1992.)

GP, glycoprotein; vWF, von Willebrand factor.

Platelet Adhesion and Aggregation

Ligand Receptor Properties

Collagen GP Ia/IIa, GP IIb/IIIa, GP IV Adhesion, aggregation, 
secretion

Thrombospondin GP IV, 
v 3

Adhesion, antiadhesion
vWF GP Ib/IX, GP IIb/IIIa Adhesion
Fibrinogen GP IIb/IIIa Aggregation
Laminin GP Ic/IIa Attachment
Vitronectin

v 3
, GP IIb/IIIa

v 3
 = vitronectin receptor

Fibronectin GP Ic/IIa, GP IIb/IIIa Attachment, spreading

TABLE 
17-2
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are released from the platelet alpha granules and the phase of second-
ary, or irreversible, aggregation occurs. This results in a further increase 
in light transmittance.

Defects in platelet aggregation can be seen in patients with storage 
pool deficiency, Bernard–Soulier syndrome, or Glanzmann's thromb-
asthenia and in patients taking salicylates. Impaired platelet aggrega-
tion has been demonstrated to occur after extracorporeal circulation, 
but investigators have had difficulty showing a correlation between 
impaired aggregation and clinical bleeding.146,147 One ex vivo study 
demonstrated a significant correlation between platelet aggregation 
and 3-hour postoperative bleeding; however, correlations were greatest 
when preoperative aggregometry was performed using whole-blood 
samples and when postoperative measurements were performed using 
platelet-rich plasma.147 The assessment of the platelet defect induced by 
aspirin consumption is more sensitive when whole-blood aggregome-
try is performed. The extreme sensitivity of this assay to minor defects 
in platelet function has resulted in a high negative predictive value but a 
rather low positive predictive value for bleeding. Its inability to be per-
formed easily in the clinical arena has designated platelet aggregometry 
as strictly a research tool with occasional clinical applications.

 Platelet-Mediated Force Transduction
An instrument that measures the force developed by platelets during 
clot retraction has been shown to be directly related to platelet concen-
tration and function148 (Hemodyne). The apparatus consists of a cup 
and a parallel upper plate. The cup is filled with blood or the platelet-
containing solution, and the upper plate is lowered onto the clotting 
solution. Clot forms and adheres to the outer edges of the cup and to 
the plate above. A thin layer of oil is deposited onto the surfaces that are 
exposed to air. The upper plate is coupled to a displacement transducer 
that translates displacement caused by platelet retraction into a force. 
Normal values for platelet force development have been suggested by 
the investigators.70 The antiplatelet effects of heparin have been evalu-
ated using this force retractometer. Using this instrument, investigators 
have shown that high heparin concentrations completely abolish plate-
let force generation.68 Furthermore, the concentration of protamine 
required to reverse the anticoagulant effects of heparin is not sufficient 
to reverse these antiplatelet effects. The antiplatelet effects of protamine 
alone also have been evaluated using this monitor.

 Fluorescence Flow Cytometry
The introduction of fluorescence flow cytometry into the clinical labo-
ratory has provided a sensitive and specific means for assessing causes of 
platelet dysfunction. Disadvantages of the in vitro assays, such as shear-
induced stress and clot retraction measurements, are that they represent 
nonspecific markers of platelet defects. The measure of specific serum 
markers of platelet activation, such as b-thromboglobulin and PF4, can 
be performed; however, plasma collection techniques for these tests are 
cumbersome, and the assays are often affected by other metabolic func-
tions. Aggregometry is only a semiquantitative process and requires a 
high concentration of platelets for its optimal performance.

Flow cytometry is ideal for the detection of low concentrations of 
specific proteins within a large population of cells. These proteins 
either may be static portions of the platelet surface or dynamic prod-
ucts of platelet activation. The platelet release reaction enables specific 
integrin proteins, which are a part of the platelet alpha granule mem-
brane, to incorporate themselves into the platelet surface membrane 
through a mechanism analogous to exocytosis. A portion of the GP 
IIb/IIIa receptor is also a protein of the alpha granule membrane that 
becomes exposed on the surface membrane of the platelet in response 
to platelet activation. Flow cytometry allows for the detection and 
quantification of many of these surface membrane constituents as a 
result of immunofluorescent innovations.149

Flow cytometry techniques have been enhanced by the develop-
ment of specific monoclonal antibodies, which recognize antigens on 
the platelet (or white blood cell) surface. Antibodies developed are 

so specific that different ligand binding sites can be measured on the 
same GP IIb/IIIa molecule that characterizes different phases of recep-
tor activation. Some of the epitopes for which monoclonal antibod-
ies have been developed include PADGEM and GMP-140 (markers of 
platelet activation), the activated GP IIb/IIIa complex, and the GP Ib 
receptor.150–152 A large number of monoclonal antibodies are available 
for identification of specific platelet ligand-binding sites (Table 17-3). 
Antibodies that bind specifically to activated platelets but minimally 
to unstimulated platelets are referred to as “activation dependent.” In 
utilizing activation-dependent monoclonal antibodies, flow cytometry 
measures the platelet reactivity or response to the addition of plate-
let agonists. The technique of flow cytometry can be performed using 
whole blood or platelet-rich plasma. The fluorescent-labeled mono-
clonal antibody directed against a specific platelet membrane protein 
is quantified by the flow cytometer, which is an instrument equipped 
with a laser or a light source of a specific excitation wavelength. Light 
scatter data are collected that help to differentiate platelets from other 
cellular particles. Fluorescent antibody detection is expressed as per-
centage of the total number of particles or as fluorescence intensity.

The ability to specifically identify platelet defects by fluorescence flow 
cytometry has greatly aided in the characterization of hematologic dis-
ease states such as the Bernard–Soulier syndrome and Glanzmann's 
thrombasthenia.153,154 In the cardiac surgical arena, flow cytometry has 
aided in diagnosing the disorders of platelet function induced by CPB 
and protamine administration.69,140,155,156 Kestin et al136 used flow cytomet-
ric techniques to study the effects of CPB on the in vivo time-dependent 
upregulation of P-selectin in blood emerging from a bleeding wound. 
They showed that P-selectin expression is depressed after heparinization 
and during CPB, and recovers at approximately 2 hours after the conclu-
sion of CPB. In contrast, in vitro activation of CPB blood with the plate-
let agonist phorbol myristate acetate did not reveal this depression of 
P-selectin expression at any time point. Using another platelet activator 
(thrombin-receptor agonist peptide) and flow cytometry, others did not 
demonstrate depression of P-selectin expression early in CPB but did so 
after 90 minutes of CPB and after protamine administration.157

Much uncertainty still exists regarding GP Ib receptor modulation in 
response to CPB. Using flow cytometry, George et al149 found a  modest 

GMP, granule membrane protein; GP, glycoprotein; LAMP, lysosme membrane protein.

Monoclonal Antibodies to Platelet Antigens

Antibody Binding Site 
(Other Name)

Antibodies 
Available

Requirement for Binding/
Functional Activity

GP Ib (CD42b) AP-1; 6D1 von Willebrand receptor; 
platelet adhesion

GP IX FMC25 Platelet adhesion to 
endothelium

GP IIb/IIIa complex 
( IIB

3
, CD41)

7E3; 10E5; 
4F10; A2A9

Fibrinogen receptor; platelet 
aggregation

GP IIb/IIIa ( IIB
3
, 

CD41a)
PAC1 Active conformation of GP  

IIb/IIIa only
Fibrinogen 2G5; 9F9 Receptor-induced changes 

because of bound fibrinogen
GP IIb heavy chain of 

GP IIb/IIIa
P2; PMI-1 Ligand-induced changes in 

GP IIb
IIIa portion of GP IIb/

IIIa (CD61)
AP6; Ab15; 

Y2/51
Receptor bound by fibrinogen

GMP140 (CD62P, 
P-selectin)

S12; KC4; 
VH10

alpha granule membrane 
protein, mediates platelet–
leukocyte interactions

LAMP-1 (CD63) CLB-gran/12; 
H5G11

Lysosome membrane protein, 
expressed after platelet 
secretion

40-kDa protein D495 Dense granule membrane 
protein

Thrombospondin P8 Bound thrombospondin
Factor VIIIa light chain 1B3 Present on a procoagulant 

surface
Factor Va light chain V237 Present on a procoagulant 

surface

TABLE 
17-3
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reduction in platelet surface GP Ib during CPB. However, a subsequent 
study by van Oeveren et al,2 confirming a reduction in GP Ib, subjected 
the platelets to centrifugation and processing techniques that might 
have induced in vitro artifactual platelet activation. Kestin et al136 used 
monoclonal antibodies to many epitopes expressed on GP Ib and con-
cluded that expression of this receptor is not reduced during CPB.

As a result of the many monoclonal antibodies directed at specific 
epitopes on the GP IIb/IIIa receptor, investigations into the dynamics of 
this receptor during CPB have yielded variable results. Some studies have 
confirmed modest reductions in the expression of GP IIb/IIIa, although 
not all have used whole-blood techniques. Rinder et al,155 using a whole-
blood technique, demonstrated a small decrease in GP IIb/IIIa expres-
sion. Monoclonal antibodies are available that bind to the GP IIb/IIIa 
fibrinogen binding site, and others are available that recognize receptor-
bound fibrinogen. Flow cytometric techniques also have helped to char-
acterize the mechanisms of action of several pharmacologic agents that 
have shown hemostatic potential in the perioperative period.69

BEDSIDE PLATELET FUNCTION TESTING

 Viscoelastic Tests: Thromboelastography 
and Sonoclot
It was the late 19th century when investigators first began to explore 
the possibility that viscoelastic tests of blood might yield information 
regarding coagulation status. The changes that occur in the viscosity 
of blood as it clots could be studied and measured, and this informa-
tion would reflect certain aspects of coagulation function. During the 
early part of the 20th century, many primitive viscometers were devel-
oped that used the basic mechanisms and principles on which modern 
 viscoelastic tests are based.

 Thromboelastography
The coaguloviscometers that were developed in the 1920s formed the 
basis of viscoelastic coagulation testing that is now known as throm-
boelastography. Thromboelastography in its current form was devel-
oped by Hartert in 1948 and has been used in many different clinical 
scenarios to diagnose coagulation abnormalities.158–160 Although not yet 
truly portable, the thromboelastograph (TEG; Haemoscope, Niles, IL 
[now Haemonetics, Braintree, MA]) can be performed “onsite” either 
in the operating room or in a laboratory and provides a rapid whole- 
blood analysis that yields information about clot formation and clot 
dissolution (Table 17-4). Within minutes, information is obtained 
regarding the integrity of the coagulation cascade, platelet function, 
platelet–fibrin interactions, and fibrinolysis. The principle is as follows:  

Whole blood (0.36 mL) is placed into a plastic cuvette into which a 
plastic pin is suspended; this plastic pin is attached to a torsion wire 
that is coupled to an amplifier and recorded; a thin layer of oil is added 
to the surface of the blood to prevent drying of the specimen; and the 
cuvette oscillates through an arc of 4 degrees, 45 minutes at 37 C. When 
the blood is liquid, movement of the cuvette does not affect the pin. 
However, as clot begins to form, the pin becomes coupled to the motion 
of the cuvette and the torsion wire generates a signal that is recorded. 
The recorded tracing can be stored by computer, and the parameters 
of interest are calculated using a simple software package. Alternatively, 
the tracing can be generated online with a recording speed of 2 mm/min. 
The tracing generated has a characteristic conformation that is the  
signature of the TEG (Figure 17-16).

ACT, activated clotting time; ADP, adenosine diphosphate; CPB, cardiopulmonary bypass; DDAVP, desmopressin; GP, glycoprotein; PAF, platelet-activating factor; TRAP, thrombin 
receptor agonist peptide; VWD, von Willebrand disease.

Mechanisms of Point-of-Care Platelet Function Monitors

Instrument Mechanism Platelet Agonist Clinical Utility

Thromboelastograph160 Viscoelastic Thrombin (native), ADP, 
arachidonic acid

Post-CPB, liver transplant, pediatric, obstetrics, 
drug efficacy

Sonoclot167 Viscoelastic Thrombin (native) Post-CPB, liver transplant
ROTEM161 Viscoelastic Thrombin (native) Post-CPB, transfusion algorithm
Hemostatus144 ACT reduction PAF Post-CPB, DDAVP, transfusion algorithm
PlateletWorks196 Platelet count ratio ADP, collagen Post-CPB, drug therapy
PFA-100197 In vitro bleeding time ADP, epinephrine vWD, congenital disorder, aspirin therapy,  

post-CPB
VerifyNow198 Agglutination TRAP, ADP GP IIb/IIIa receptor blockade therapy, drug 

therapy, post-CPB
Clot Signature Analyzer199 Shear-induced in vitro bleeding 

time
Collagen (one channel only) Post-CPB, drug effects

Whole-blood aggregometry147 Electrical impedance Multiple Post-CPB
Impact Cone and Plate(let) analyzer203 Shear-induced platelet function None Post-CPB, congenital disorder, drug effects
Multiplate analyzer210 Electrical impedance ADP, arachidonic acid, collagen, 

ristocetin, TRAP-6
Drug therapy, congenital disorder, post-CPB

TABLE 
17-4

Torsion wire

TEG recording

Pin

Cup
(Whole blood 
0.36 mL)

Fibrin strand

4.45

Figure 17-16 Schematic diagram of the thromboelastograph (TEG) 
instrumentation (left) and a sample tracing (right). A whole-blood 
sample is placed into the cup into which a plastic pin is suspended. 
This plastic pin is attached to a torsion wire that is coupled to an ampli-
fier and recorder. (From Mallett SV, Cox DJA: Thromboelastography.  
Br J Anaesth 69:307–313, 1992.)
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The specific parameters measured by the TEG include the reaction 
time (R value), coagulation time (K value), “a” angle, maximal ampli-
tude (MA), amplitude 60 minutes after the maximal amplitude (A60), 
and clot lysis indices at 30 and 60 minutes after MA (LY30 and LY60, 
respectively). The reaction time, R, represents the time for initial fibrin 
formation and is a measure of the intrinsic coagulation pathway, the 
extrinsic coagulation pathway, and the final common pathway. R is 
measured from the start of the bioassay until fibrin begins to form, 
and the amplitude of the tracing is 2 mm. Normal values vary depend-
ing on the type of activator used, range from 7 to 14 minutes using 
celite activator, and are as short as 1 to 3 minutes using tissue factor 
activator. The K value is a measure of the speed of clot formation and 
is measured from the end of the R time to the time that the amplitude 
reaches 20 mm. Normal values (3 to 6 minutes) also vary with the type 
of activators used. The a angle, another index of speed of clot forma-
tion, is the angle formed between the horizontal axis of the tracing and 
the tangent to the tracing at 20-mm amplitude. Alpha values normally 
range from 45 to 55 degrees. Because both the K value and the a angle 
are measures of the speed of clot strengthening, each is improved by 
high levels of functional fibrinogen. MA (normal is 50 to 60 mm) is 
an index of clot strength as determined by platelet function, the cross-
linkage of fibrin, and the interactions of platelets with polymerizing 
fibrin. The peak strength of the clot, or the shear elastic modulus “G,” 
has a curvilinear relation with MA and is defined as G = (5000  MA)/
(96 − MA). The percentage reduction in MA after 30 minutes reflects 
the fibrinolytic activity present and normally is not more than 7.5%.

Characteristic TEG tracings can be recognized to be indicative of 
particular coagulation defects. A prolonged R value indicates a defi-
ciency in coagulation factor activity or level and is seen typically in 
patients with liver disease and in patients on anticoagulants such as 
Coumadin or heparin. MA and a angle are reduced in states associated 
with platelet dysfunction or thrombocytopenia and are reduced even 
further in the presence of a fibrinogen defect. LY30, or the lysis index 
at 30 minutes after MA, is increased in conjunction with fibrinolysis. 
These particular signature tracings are depicted in Figure 17-17.

TEG is a useful tool for diagnosing and treating perioperative coagu-
lopathy in patients undergoing cardiac surgical procedures because of 
a variety of potential coagulation defects that may exist.159 Within 15 
to 30 minutes, on-site information is available regarding the integrity 
of the coagulation system, the platelet function, fibrinogen function, 
and fibrinolysis.160,161 With the addition of heparinase, TEG can be per-
formed during CPB and can provide valuable and timely information 
regarding coagulation status.162 Because TEG is a viscoelastic test and 
evaluates whole-blood hemostasis interactions, it is suggested that TEG 
is a more accurate predictor of postoperative hemorrhage than routine 
coagulation tests that analyze individual components of the hemosta-
sis system. A number of clinical trials have confirmed that, in cardiac 

surgical patients, TEG has a greater predictive value and greater speci-
ficity than routine coagulation tests for diagnosing patients known 
as “bleeders.”163 Tuman et al160 studied 42 patients, of whom 9 were 
classified as bleeders. A routine coagulation screen consisting of ACT, 
PT, aPTT, and platelet count had only a 33% accuracy for predicting 
bleeding, whereas TEG and Sonoclot (Sienco, Morrison, CO; another 
viscoelastic test) had 88% and 74% accuracy, respectively. Mongan and 
Hosking164 also found that TEG abnormalities predict postoperative 
bleeding, and using TEG parameters, they also were able to identify 
a population of patients who respond to therapy with desmopressin 
acetate. In a prospective study of 16-hour postoperative blood loss, 
Gravlee et al165 reported on 897 cardiac surgical patients in whom rou-
tine coagulation tests were measured immediately on heparin reversal 
in the operating room. The weak correlations and poor predictive val-
ues of these tests confirm that these tests perform poorly as predictors 
of bleeding. TEG was not studied in this trial.

In a large, retrospective evaluation in more than 1000 patients, Spiess 
et al166 found that the institution of a transfusion algorithm using TEG 
resulted in a significant reduction in the incidence of mediastinal 
exploration and in the rate of transfusion of allogeneic blood products. 
Because of its ease of use and application at the bedside, TEG has been 
used in many research settings to assess drug effects on platelet function 
and clot strength.167,168 Information from the TEG also has been used to 
guide clinical decision making during orthotopic liver transplantation, 
obstetric procedures, and vascular surgical procedures.168–171

 Thromboelastography Modifications
Thromboelastography was originally performed using recalcified 
 citrated whole blood or celite activator. The addition of recombinant 
human tissue factor as an activator can be used to accelerate the rate of 
thrombin formation and, thus, the formation of fibrin.172 This serves 
to shorten the time required for development of the MA. Because the 
MA primarily is reflective of clot strength and platelet function, this 
information can be obtained more quickly with tissue factor enhance-
ment. The recombinant tissue factor is a thromboplastin agent and is 
available from a number of manufacturers.

An application of thromboelastography in the clinical arena is its use 
in monitoring GP IIb/IIIa-receptor blockade and ADP-receptor block-
ade in patients treated with specific antiplatelet agents. TEG with tissue 
factor acceleration speeds the appearance of MA and is accurate for 
monitoring the platelet inhibition by large concentrations of GP IIb/
IIIa-receptor blockers. Using this technique with platelet-rich plasma, 
researchers have used the reduction of the MA as an index of platelet 
inhibition by GP IIb/IIIa-receptor blockers in the catheterization labo-
ratory.171 Comparison with the baseline MA yields a relative measure 
of the degree of platelet inhibition. Thrombin-receptor agonist peptide 
(TRAP)–induced aggregation correlates strongly with the TEG values 
measured in this fashion.171

Because the MA is a function of the platelet–fibrinogen interaction, 
a reduction in the MA can be accomplished by the addition of potent 
GP IIb/IIIa-receptor blockade to the assay. The resultant MA, in the 
presence of excessively high GP IIb/IIIa-receptor blockade, primar-
ily is due to the fibrinogen concentration and the strength of fibrin 
alone. This value (called Ma

f
) correlates strongly with plasma fibrino-

gen concentration.173,174

The thienopyridine ADP-receptor blockers, clopidogrel and ticlo-
pidine, are widely used in cardiovascular medicine. The ability to 
measure the platelet defect induced by these drugs is difficult unless 
sophisticated laboratory techniques such as ADP-aggregometry are 
used. Aggregometry yields accurate results; however, it is not read-
ily available in the perioperative period as a point-of-care test. Native 
TEG analysis does not measure the thienopyridine-induced platelet 
defect because the formation of thrombin in the assay has an over-
whelming effect on the development of the TEG MA. A modification 
of the TEG removes thrombin from the assay and studies a nonthrom-
bin clot, strengthened by the addition of ADP. Figure 17-18 depicts the 
different signature TEG tracings that are used to calculate the platelet 

A B C D E
Figure 17-17 Signature thromboelastograph tracings. Tracing iden-
tification from left to right: (A) normal; (B) coagulation factor deficiency; 
(C) platelet dysfunction or deficiency; (D) fibrinolysis; (E) hypercoagula-
bility. (From Mallett SV, Cox DJA: Thromboelastography. Br J Anaesth 
69:307–313, 1992.)



 17 Coagulation Monitoring 513

 contribution to MA when a platelet inhibitor is present. This assay was 
specifically created to measure the platelet inhibition by ADP antag-
onists such as clopidogrel and is referred to as the “platelet mapping 
assay.” The MA

kh
 is the maximal activation of platelets and fibrin, and 

is the largest amplitude that can be achieved. The MA
f
 is the maxi-

mal amplitude that is obtained when a thrombin-depleted fibrin clot 
is formed without a platelet contribution. The MA

pi
 is the MA

f
 con-

tribution plus the platelet contribution. MA
pi

 is created by adding an 
activator such as ADP to the MA

f
 assay (for clopidogrel testing). Only 

platelets that can be activated by ADP contribute to the MA
pi

. The fol-
lowing formula  calculates the percentage reduction in platelet activity 
using this assay:

Clopidogrel, ticlopidine, and even aspirin inhibition now can be 
studied at the point-of-care using this modification.175,176

 Sonoclot
Another test of viscoelastic properties of blood is the Sonoclot. In 
1975, von Kaulla introduced the Sonoclot (Sienco, Wheat Ridge, 
CO) which is a coagulation analyzer that measures the changing 
impedance on an ultrasonic probe that is immersed in a coagulat-
ing blood sample.177 The machine consists of a plastic disposable 
probe mounted on an ultrasonic transducer that vibrates vertically 
at 200 Hz. The probe is immersed to a standard depth into 0.4 mL 
whole blood or plasma. The fluid exerts a force, or resistance, on the 
probe, which does not allow it to vibrate freely, and when the sample 
begins to clot, fibrin strands form on the tip of the probe and fur-
ther increase the resistance. The electronic mechanism that drives 
the probe's vibration also acts as a transducer, measures the imped-
ance to vibration, and, subsequently, converts it to a signal on paper. 
This signature of the Sonoclot reflects coagulation in real time, 
from the start of fibrin formation, to fibrin cross-linkage, platelet-
mediated clot strengthening, and, eventually, to clot retraction and 
fibrinolysis.

Immersion of the probe into the blood sample causes an initial 
increase in the signal because of the increased impedance to vibration 
by fluid relative to air. The onset time is the time for initial fibrin for-
mation and is defined as the time taken to reach an amplitude of 1 mm. 
This time also has been referred to as the “SonACT” (Figure 17-19). 
Further increase in the signal occurs because of an increased rate of 
fibrinogen conversion to fibrin. The rate of rise of this first peak (R1) is 
expressed as the percentage of the peak amplitude per unit time (nor-
mal values, 18% to 45%). After R1, there is a shoulder or a dip before 
the rise in amplitude that characterizes R2. This shoulder is a result of 

the action of platelets and fibrin in producing clot retraction. As the 
clot retracts from the walls of the cuvette, the impedance to vibration 
briefly decreases. As fibrinogen converts to fibrin and fibrin polym-
erizes, the speed of clot formation and the platelet–fibrin interac-
tions are reflected by the slope R2, the second wave. In the presence of 
greater concentrations of fibrinogen, a larger clot mass is represented 
by a greater amplitude of the R2 wave because of a greater impedance 
to vibration. The amplitude of the peak of R2 is therefore related to 
the concentration of normal functional fibrinogen. The subsequent 
downward slope, R3, occurs as a result of platelet-mediated clot retrac-
tion that causes plasma expulsion and clot size diminution, and thus a 
lower impedance. The magnitude of the R3 drop is reflective of platelet 
number and function. Figure 17-19 demonstrates the normal Sonoclot 
tracing. Figure 17-20 depicts a tracing in a patient with dysfunctional 
or deficient fibrinogen levels. When fibrinolysis occurs, the signal 
decreases even further to baseline values. The time for fibrinolysis to 
occur varies with each sample and usually is seen on Sonoclot analysis 
only if a patient has accelerated fibrinolysis.

Sonoclot and TEG have been studied in the surgical arena because 
of their ability to measure viscoelastic properties of coagulation and 
their on-site applications. Tuman et al160 found an accuracy of 74% 
using Sonoclot and an accuracy of 88% using TEG to predict bleed-
ing after cardiac surgery. The reason that viscoelastic tests have been 
able to predict bleeding so successfully probably relates to their  ability 
to  measure platelet function, a major determinant of postoperative 

m
m

Time

R3
(clot
retraction)

R2

Peak
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Figure 17-19 Normal Sonoclot tracing. (From Hett DA, Walker D, 
Pilkington SN, Smith DC: Sonoclot analysis. Br J Anaesth 75:771–776, 
1995, by permission of BMJ Publishing Group.)

MAkh = Thrombin (complete platelet activation)

MApi = ADP (activate platelets not inhibited by Clopidogrel)

MAf = no ADP (zero platelet activation, MAf is the result of
fibrin contribution only)
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 Sample time: 8/8/2002 03:34:01 PM – 04:12:06 PM
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Figure 17-18 Thromboelastograph tracings using the modification to measure platelet inhibition by the thienopyridine drugs clopidogrel or ticlopi-
dine. The measurements made are the maximal amplitude allowing thrombin activation of platelets (MAkh; red). This is the standard kaolin-activated 
MA. Also measured are the maximal amplitude measuring only the fibrinogen component of MA (MAf; blue). using a fibrinogen activator, and the 
maximal amplitude measuring the platelet contribution to MA by platelets able to be activated by adenosine diphosphate (ADP; MApi; green). This 
is using a fibrinogen activator plus ADP. Only platelets that are responsive to ADP will contribute to the MApi.
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hemostasis.178 Significant correlations have been documented between 
specific Sonoclot parameters and platelet count and coagulation factor 
assays. This reproducibility has allowed the use of Sonoclot to also pre-
dict and successfully treat coagulation abnormalities in patients under-
going liver transplantation.179 Like the TEG, Sonoclot is also useful in 
the diagnosis of hypercoagulable states.180

A direct comparison of TEG with Sonoclot is not likely to reveal 
a significant advantage of one test over the other because both tests 
measure the dynamic process of hemostasis by transducing the imped-
ance changes that occur as blood clots. Both tests are easy to perform, 
can be performed on whole blood, and can be conveniently located in 
the operating room. Tuman et al160 did not document a statistical dif-
ference between these two tests in clinical accuracy; however, they did 
show the viscoelastic tests to be superior to routine plasma coagulation 
testing. Sonoclot may provide coagulation information earlier because 
the initial deflection occurs when the first fibrin strands are forming. 
However, both TEG and Sonoclot accurately reflect the platelet–fibrin 
interactions required for clot formation.

 ROTEM (Rotational Thrombelastometry)
The ROTEM gives a viscoelastic measurement of clot strength in whole 
blood (Pentapharm, Munich, Germany). A small amount of blood and 
coagulation activators is added to a disposable cuvette that is then placed 
in a heated cuvette holder. A disposable pin (sensor) that is fixed on the 
tip of a rotating shaft is lowered into the whole-blood sample. The loss 
of elasticity on clotting of the sample leads to changes in the rotation 
of the shaft that is detected by the reflection of light on a small mirror 
attached to the shaft. A detector records the axis rotation over time, and 
this rotation is translated into a graph or thromboelastogram.160,161

The main descriptive parameters associated with ROTEM are the 
following:

Clotting time: corresponding to the time in seconds from the begin-
ning of the reaction to an increase in amplitude of the tracing of 
2 mm; it represents the initiation of clotting, thrombin formation, 
and start of clot polymerization
Clotting formation time: the time in seconds between an increase in 
amplitude from 2 to 20 mm; this identifies the fibrin polymerization 
and stabilization of the clot with platelets and factor XIII
Maximum clot firmness: the maximum amplitude in millimeters 
reached in the tracing that correlates with platelet count, platelet 
function, and with the concentration of fibrinogen
Alpha (a) angle: the tangent to the clotting curve through the 2-mm 
point

Maximum lysis: the ratio of the lowest amplitude after reaching the 
maximum clot firmness to the maximum clot firmness
Maximum velocity (maxVel): the maximum of the first derivative of 
the clot curve
Time to maximum velocity (t-maxVel): the time from the start of the 
reaction until maximum velocity is reached
Area under curve: defined as the area under the velocity curve, that 
is, the area under the first derivative curve ending at a time point that 
corresponds to maximum clot firmness
ROTEM is approved for use in coagulation monitoring in Europe, 

and its use and familiarity are highest there. Spalding et al's161 recent 
study has shown that implementation of ROTEM-guided coagula-
tion management is useful in the choice of an appropriate therapeutic 
option in the bleeding patient. This reduces costs by avoiding admin-
istration of costly component therapy such as fresh-frozen plasma, 
cryoprecipitate, platelet concentrates, or antifibrinolytic agents. Its use 
in cardiac surgery and in transfusion algorithms is likely to be similar 
to that of TEG. ROTEM is currently seeking approval as a coagula-
tion monitoring device from the Food and Drug Administration in the 
United States.

 Tests of Platelet Response to Agonists
HemoSTATUS
Despite the introduction of numerous point-of-care coagulation 
 analyzers that allow for rapid determination of a patient's coagula-
tion status, the qualitative measure of platelet function, at the bed-
side, remains an elusive challenge. HemoSTATUS (Medtronic, Parker, 
CO) is a point-of-care platelet function assay that used the Hepcon  
HMS monitoring system to measure platelet reactivity. A six-chan-
nel cartridge measures the heparinized kaolin-activated ACT without 
platelet activator (channels 1 and 2) and with incrementally increasing 
doses of platelet-activating factor [PAF] (channels 3 to 6). The ACT 
of the PAF-activated channels will be shortened because of the abil-
ity of activated platelets to speed coagulation. The respective doses of 
PAF in channels 3 through 6 are 1.25, 6.25, 12.5, and 150 nmol/L. For 
each of channels 3 through 6, the degree of shortening of the ACT as 
a ratio to the ACT without PAF is the “clot ratio” and is calculated as 
1 − (ACT

activated
/ACT

control
). The “maximal” clot ratio is the clot ratio 

for channel 6 that was derived using blood from healthy volunteers 
(Figure 17-21). A comparison of the patient clot ratio to the maxi-
mal clot ratio (derived from normal volunteers) yields a comparative  
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Figure 17-20 Sonoclot tracing in a patient with fibrinogen defi-
ciency. In the presence of lower concentrations of fibrinogen, a smaller 
clot mass is represented by a smaller amplitude of the R2 wave because 
of less impedance to vibration. The amplitude of the peak of R2 is there-
fore directly related to the concentration of normal functional fibrinogen. 
(From Hett DA, Walker D, Pilkington SN, Smith DC: Sonoclot analy-
sis. Br J Anaesth 75:771–776, 1995, by permission of BMJ Publishing 
Group.)
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Figure 17-21 Schematic diagram of the HemoSTATUS measure-
ment of platelet function. A specific cartridge placed into a Hepcon 
machine measures the reduction in the activated clotting time as a 
result of the addition of increasing amounts of platelet-activating factor 
(PAF). ACT, activated coagulation time; ACTn, ACT of selected channel 
 number; ACT1+2, ACT average of channels 1 and 2.
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measure of platelet function, termed the “percentage of maximal 
platelet function.”

The potential ability to measure the qualitative function of plate-
lets using a point-of-care assay provides innumerable advantages for 
 clinicians caring for cardiac surgical patients. Platelet dysfunction is 
one of the more common hemostasis defects incurred during CPB, yet 
it is difficult to specifically measure platelet function rapidly and at the 
bedside. Viscoelastic tests conveniently measure platelet function, but 
their use in transfusion algorithms is limited by a lack of specificity to 
the measure of platelet dysfunction. Transfusion algorithms like the 
one published by Despotis et al,91 which have been suggested to result 
in reduced transfusions in cardiac surgical patients, have incorporated 
only the measure of platelet number because the on-site ability to mea-
sure platelet function has been so elusive. Inclusion of a measure of 
platelet function into a transfusion algorithm potentially would reduce 
allogeneic transfusions even further.

An initial investigation of HemoSTATUS in cardiac surgical patients 
was performed by Despotis et al.144 The authors studied 150 patients 
and conducted multivariate analyses to evaluate the relation between 
postoperative blood loss and multiple demographic, operative, and 
hemostatic measurements. They demonstrated a significant correla-
tion between HemoSTATUS measurements on arrival in the inten-
sive care unit and 4-hour postoperative mediastinal tube drainage  
(r = −0.85, channel 5; r = −0.82, channel 6). The accuracy of a number 
of hemostasis assays was measured using receiver operating character-
istic curves for the detection of excessive mediastinal tube drainage. 
The highest predictability for bleeding was found in both the channel  
5 clot ratio and the bleeding time. The PT, aPTT, and platelet count 
had much lower predictive value. HemoSTATUS-derived clot ratios 
also had the capability to detect enhanced platelet function after the 
administration of pharmacologic platelet therapy (desmopressin ace-
tate) and after the transfusion of platelet concentrates. Subsequent 
investigations in cardiac surgical patients have confirmed a significant 
yet weak correlation of HemoSTATUS with postoperative bleeding, but 
have not found this test to be superior to TEG or routine coagulation 
tests in its predictive value.163

Validation studies have been performed to compare the assessment 
of platelet reactivity using HemoSTATUS with that measured by fluo-
rescence flow cytometry. The percentage reduction in platelet function 
at multiple time points during cardiac surgery was compared using the 
two methodologies using each patient's baseline platelet function as 
the control. Both tests reflected a similar degree of platelet dysfunc-
tion at the time points 90 minutes into CPB, after protamine, and at 
intensive care unit arrival. Differences in the type of assay and the 
type of platelet activators used (thrombin peptide vs. PAF) may have 
accounted for the inability of the tests to correlate with each other at 
all of the time points studied.157 This POC platelet function assay is no 
longer  supported commercially, nor available.

Other Agonist-Activated Platelet Function Tests
VerifyNow (formerly marketed as Ultegra; Accumetrics, San Diego, 
CA) is a point-of-care monitor designed specifically to measure the 
platelet response to a TRAP. This technology was approved by the U.S. 
Food and Drug Administration for use as a platelet function assay. In 
whole blood, it measures TRAP activation-induced platelet aggluti-
nation of fibrinogen-coated beads using an optical detection system. 
After anticoagulated whole blood is added to the mixing chamber, 
the platelets become activated if they are responsive to the agonist. 
The activated GP IIB/IIIa receptors on the platelets bind to adjacent 
platelets via the fibrinogen on the beads and cause agglutination of 
the blood and the beads. Light transmittance through the chamber 
is measured and increases as agglutination increases, much like stan-
dard aggregometry. Antithrombotic drug effects cause a diminished 
agglutination (measured by light transmittance); thus, the degree of 
platelet inhibition can be quantified. Direct pharmacologic block-
ade of GP IIB/IIIa receptors with a GP IIb/IIIa antagonist is detected 
with high accuracy using this device and TRAP agonist. VerifyNow 
has been especially useful in accurately measuring receptor inhibition 

in the invasive cardiology patients receiving GP IIb/IIIa–inhibiting 
drugs.181–183 More recent cartridges using arachidonic acid as the ago-
nist have been developed that can accurately assess aspirin-induced 
platelet dysfunction. Through  inhibition of arachidonic acid, indi-
rect prevention of GP IIb/IIIa expression is accomplished. The anti-
platelet effects of the drug clopidogrel also can be measured using a 
VerifyNow cartridge that incorporates ADP as the agonist.184 Each of 
these drug effects can be measured using the appropriate cartridge of 
the VerifyNow device.185

The Hemostatometer has been renamed the Clot Signature Analyzer 
(CSA; Xylum, Scarsdale, NY). Whole blood is maintained under a 
constant driving pressure of 60 mm Hg as it is forced out into a syn-
thetic vessel. The pressure distally in the vessel is monitored. The tub-
ing of this synthetic vessel is perforated, and the distal pressure decline 
is measured. The time to restoration of this distal pressure will be a 
function of development of a platelet plug. Thus, the time for initial 
closure is a measure of platelet function. A subsequent time is mea-
sured, and that is the time to complete pressure loss caused by com-
plete vessel occlusion. This clot is the result of coagulation and clot 
formation, and the time to the second pressure decline is reflective of 
coagulation function. Another chamber of this device contains a colla-
gen-coated fibril on which platelets adhere and form a plug. A similar 
pressure measurement technique indicates the formation of a platelet 
thrombus. This point-of-care assay has been used to measure platelet 
reactivity in high-risk patients with atherosclerotic coronary artery dis-
ease.186–188 However, in cardiac surgical patients, preoperative platelet 
reactivity did not have predictive accuracy for bleeding.189 Data evalu-
ating the Clot Signature Analyzer in the postoperative period to predict 
bleeding are lacking.

The Platelet Function Analyzer (PFA-100; Dade Behring, Miami, FL) 
is a monitor of platelet adhesive capacity that is currently approved 
by the U.S. Food and Drug Administration and is valuable in its diag-
nostic abilities to identify drug-induced platelet abnormalities, platelet 
dysfunction of von Willebrand disease, and other acquired and con-
genital platelet defects.190,191 The test is conducted as a modified in vitro 
bleeding time. Whole blood is drawn through a chamber by vacuum 
and is perfused across an aperture in a collagen membrane coated with 
an agonist (epinephrine or ADP). Platelet adhesion and formation of 
aggregates seal the aperture, thus indicating the “closure time” mea-
sured by the PFA-100.192,193 In cardiac surgical patients, the preopera-
tive PFA-100 closure time significantly correlated with postoperative 
blood loss (r = 0.41; P = 0.022).194 However, preliminary evidence with 
post-CPB sampling and with in vitro addition of GP IIb/IIIa–inhibiting 
drugs suggests that these closure times may exceed those measurable 
using standard testing with the PFA-100.195

“Platelet Works” (Helena Laboratories, Beaumont, TX) is a test that 
uses the principle of the platelet count ratio to assess platelet reactivity. 
The instrument is a Coulter counter that measures the platelet count 
in a standard EDTA-containing tube. Platelet count also is measured 
in tubes containing the platelet agonist ristocetin, ADP, epinephrine, 
collagen, or thrombin. Addition of blood to these agonist tubes causes 
platelets to activate, adhere to the tube, and effectively be eliminated 
from the platelet count. The ratio of the activated platelet count to 
the nonactivated platelet count is a function of the reactivity of the 
platelets. Early investigation in cardiac surgical patients indicated that 
this assay is useful in providing a platelet count, and that it is capable 
of measuring the platelet dysfunction that accompanies CPB196 (Box 
17-6). Even more essential is the need to measure the  antiplatelet effects 
of the oral antithrombotic agents used to treat cardiovascular patients 
with intracoronary stents. The point-of-care tests that are being pro-
mulgated currently are those that can monitor the effects of drugs like 
clopidogrel, prasugrel, and aspirin.197–199

Impact Cone and Plate(let) Analyzer (CPA; DiaMed 
Cressier, Switzerland)
In the Impact cone and plate(let) analyzer, whole blood is exposed to 
uniform shear by the spinning of a cone in a standardized cup. This 
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allows for platelet function testing under conditions that mimic physi-
ologic blood flow, thus achieving the most accurate pattern of plate-
let function. After automated staining, platelet adhesion to the cup is 
evaluated by image analysis software. The test yields two parameters: 
average size and surface coverage, which determine platelet function 
in terms of adhesion and aggregation. These values constitute a gen-
eral platelet function parameter. This device identifies both congeni-
tal and acquired platelet defects, as well as the effects of antiplatelet 
drugs including GP IIb/IIIa antagonists, aspirin, and clopidogrel.200–203 
Recent studies suggest the Impact cone and plate(let) analyzer appears 
to be a useful tool for testing perioperative platelet function and may 
help in predicting postoperative blood loss.204 Widespread experience 
with this instrument is limited because it has only recently become 
 commercially available.

Multiplate Analyzer (Dynabyte Medical, Munich, Germany)
Multiplate analyzer is a test of platelet function in whole blood using 
impedance aggregometry.205,206 First introduced in 2005, it is one of the 
most widely applied platelet aggregometers in Europe today. The analysis 
is performed in a single-use test cell, which incorporates a magnetic stirrer, 
as well as two independent impedance sensors. Activated platelets adhere 
and aggregate on the electrodes and, thus, enhance the electrical resistance 
between them. Typically, 300 L buffered citrated blood is added to 300 

L isotonic saline and then analyzed. The device provides five channels 
for parallel determinations, as well as automatic analysis, calibration, and 
documentation using an integrated computer system. Several specific test 
reagents are available for stimulation of different receptors or activation 
of signal transduction pathways of platelets to detect changes induced 

by drugs, as well as by acquired or hereditary platelet disorders. After an 
incubation time of 3 minutes, the selected agonist solution is added and 
the increase in electrical impedance is recorded continuously for 6 min-
utes. The resistance change is transformed to arbitrary aggregation units 
(AUs) and plotted against time. The area under the aggregation curve is 
used to quantify the aggregation response and is expressed in units (1 
unit corresponds with 10 AU/min). The mean values of the two inde-
pendent determinations are expressed as the area under the curve of the 
aggregation tracing (Figure 17-22). The system has a high sensitivity for 
antiplatelet drugs (aspirin, clopidogrel, prasugrel, IIbIIIa-antagonists).207 
Studies also have shown that Multiplate analysis is predictive for trans-
fusion requirements in cardiac surgery205,206,208–210 and can be predictive 
of thromboembolism in stent patients who are nonresponsive to platelet 
inhibitors.211 This device is not currently available in the United States.

SUMMARY
It is essential to understand the complex array of hemostatic insults 
that occur as a result of extracorporeal circulation before selecting an 
appropriate coagulation or hemostasis monitor during cardiac surgery. 
Preoperative, intraoperative, and postoperative testing may be mandated 
for patients in whom a coagulation defect may predispose to serious 
degrees of postoperative coagulopathy. Even in hemostatically normal 
individuals, CPB induces a heparin effect, platelet dysfunction, fibrin-
olysis, and coagulation factor defects for which there are many clini-
cal laboratory tests available for accurate diagnoses. With the increase 
in prescriptions of antithrombotic platelet inhibitors, the hemostatic 
defect after CPB is even more pronounced. This chapter has introduced 
the basic principles of hemostasis and the utility of many commonly 
used monitors for detecting disorders of the coagulation cascade, plate-
let function, and fibrinolysis. In addition, an increased emphasis on 
health care economics has created a milieu in which patients have a rapid 
transit time through the cardiac operating room with minimal exposure 
to allogeneic blood products. Prophylactic measures such as heparin-
bonded circuitry and antifibrinolytics have reduced the actual incidence 
of microvascular bleeding in this population. However, when microvas-
cular bleeding does occur, rapid diagnosis and therapeutic intervention 
are made possible by point-of-care hemostasis testing, which can take 
place directly in the operating room. If on-site testing is not available or 
does not provide sufficient timely information regarding the patient's 
coagulation defect, transfusion therapy for cardiac surgical patients will 
remain indiscriminate and empiric at best.
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BOX 17-6. PLATELET FUNCTION TESTS
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Anesthesia for Myocardial 
Revascularization

The role of the anesthesiologist in the perioperative care of patients 
presenting for myocardial revascularization continues to evolve. The 
anesthesiologist has to be well versed not only in a safe anesthesia tech-
nique, but in all areas of perioperative management in patients with cor-
onary artery disease (CAD). This includes advances in pharmacologic 
risk reduction, new surgical techniques, and anesthetic management 
including monitoring techniques aiming to improve patient outcome. 
The overall number of patients presenting for coronary artery bypass 
graft (CABG) surgery has declined, mainly because of the growth of per-
cutaneous coronary interventions (PCIs). Ischemic heart disease still 
accounts for approximately 1 of every 6 deaths in the United States. For 
2010, it is estimated that 785,000 Americans will have a new heart attack, 
and every minute someone will die of it.1 Those patients who are not 
eligible for PCIs typically have an increased risk for perioperative mor-
bidity and mortality and depend more than ever on optimal anesthetic 
management. This chapter provides a sequential approach to the major 
management issues faced by the practitioner who provides anesthesia 
for patients presenting for CABG surgery with cardiopulmonary bypass 
(CPB) or for off-pump coronary artery bypass (OPCAB) procedures.

EPIDEMIOLOGY
In 2010, it is estimated that 1 in 3 Americans in the United States have 
one or more types of cardiovascular disease, with CAD estimated to 
occur in 17,600,000 individuals in the United States. The total direct 
and indirect cost of all cardiovascular disease and stroke in the United 
States for 2010 is estimated to be $503.2 billion. Ischemic heart dis-
ease constituted 13.8% of the conditions of all Medicare beneficiaries 
in 2004; this number increased to 39.1% when only patients in the 
top 5% for all expenditures were considered.1 According to the same 
source, the number of cardiac catheterizations decreased slightly from  
1996 to 2006 (Figure 18-1). There were 1,115,000 cardiac catheterizations 
performed in 2006, with 1,313,000 PCIs performed the same year.

Although precise data on the annual number of CABG and PCI pro-
cedures performed are not available, estimates based on sampling of large 
administrative and clinical databases, together with publications from dis-
crete health care systems, have been used to derive strong estimates.2–4 The 
most widely cited data for nonfederal institutions in the United States are 
obtained from the U.S. Department of Health and Human Services National 
Hospital Discharge Survey.5 The latest data available estimated that, in 2006, 
253,000 patients underwent a total of 448,000 CABG procedures.

PATHOPHYSIOLOGY OF CORONARY 
ARTERY DISEASE

Anatomy
The anesthesiologist should be familiar with coronary anatomy if only to 
interpret the significance of angiographic findings. An extensive review of 
cardiac anatomy can be found in reference cardiology or cardiac surgery 
texts.6,7 The following is an abbreviated description of the epicardial coro-
nary anatomy. The coronary circulation and common sites for placement 
of distal anastomoses during CABG are shown in Figures 18-2 to 18-4.
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KEY POINTS

1. The risk profile of the average patient presenting 
for coronary artery bypass grafting (CABG) has 
increased with greater numbers of patients with 
triple-vessel disease, poor targets, reduced 
ventricular function, and reoperations.

2. Preoperative ordering of premedication should 
include careful consideration of all of the 
patient's relevant antihypertensive, antianginal, 
and other medications.

3. Preexisting abnormalities of ventricular function, 
wall motion, and ischemic mitral regurgitation, 
together with long ischemic time during 
cardiopulmonary bypass, are predictors of 
difficulty in weaning and postoperative low 
cardiac output states.

4. Possible indications for pulmonary artery catheter 
use in cardiac surgery patients are those with 
pulmonary hypertension, right-heart failure, or 
severely impaired ventricular function who require 
postoperative cardiac output monitoring.

5. The days of high-dose opioid anesthesia for 
CABG are over, with nearly universal adoption 
of fast-tracking programs aimed at early 
extubation with reduced intensive care unit 
and hospital stay.

6. All contemporary inhalation agents have been 
shown to have potent preconditioning effects, 
and randomized trials have demonstrated 
reductions in postoperative troponin release 
and improved ventricular function relative to 
exclusively intravenous techniques.

7. The role of the postconditioning effect of 
inhalation agents is also starting to be elucidated.

8. The risk for intraoperative recall is increased 
in all cardiac surgical procedures, although 
its incidence has declined substantially with 
the increased continuous use of inhalation 
anesthetics.

9. Developments in stabilization devices for  
off-pump CABG surgery have helped to 
establish this approach for myocardial 
revascularization. Despite apparent advantages 
compared with conventional CABG surgery, 
large prospective studies have yet to prove 
better outcome.
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The right coronary artery (RCA) arises from the right sinus of 
Valsalva and is best seen in the left anterior oblique view on coronary 
cineangiography (see Figure 18-2). It passes anteriorly for the first few 
millimeters, then follows the right atrioventricular groove, and curves 
posteriorly within the groove to reach the crux of the heart, the area 

where the interventricular septum (IVS) meets the atrioventricular 
groove. In 84% of cases, it terminates as the posterior descending artery 
(PDA), which is its most important branch, being the sole supply to 
the posterior-superior IVS. Other important branches are those to the 
sinus node in 60% of patients and the atrioventricular node in approx-
imately 85% of patients. Anatomists consider the RCA to be dominant 
when it crosses the crux of the heart and continues in the atrioventric-
ular groove regardless of the origin of the PDA. Angiographers, how-
ever, ascribe dominance to the artery, right coronary or left coronary 
(circumflex [Cx]), that creates the PDA.
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Figure 18-1 Trends in cardiovascular inpatient operations and proce-
dures in the United States from 1979 to 2006. PCI, percutaneous cor-
onary intervention. (Source: National Health Data System, National 
Center for Health Statistics, and National Heart, Lung and Blood 
Institute; from the American Heart Association Committee and Stroke 
Statistics Subcommittee: Heart disease and stroke statistics 2010 
update. Circulation 121:e1–e170, 2010, Chart 19.2.)
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Figure 18-2 Thirty-degree left anterior oblique angiographic view 
of the heart, which best shows the right coronary artery. Lines indicate 
common sites of distal vein graft anastomoses. (From Stiles QR, Tucker 
BL, Lindesmith GG, et al: Myocardial Revascularization: A Surgical Atlas. 
Boston: Little, Brown, 1976.)
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Figure 18-3 Ten-degree right anterior oblique angiographic view of 
the heart, which best shows the left main coronary artery dividing into 
the circumflex and left anterior descending arteries. Lines indicate com-
mon sites of distal vein graft anastomoses. (Adapted from Stiles QR, 
Tucker BL, Lindesmith GG, et al: Myocardial revascularization: a surgical 
atlas. Boston: Little, Brown, 1976.)
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Figure 18-4 Seventy-five-degree left anterior oblique angiographic 
view of the heart, which best shows branches of the left anterior 
descending and circumflex coronary arteries. (Adapted from Stiles QR, 
Tucker BL, Lindesmith GG, et al: Myocardial revascularization: a surgical 
atlas. Boston: Little, Brown, 1976.)
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The vertical and superior orientation of the RCA ostium allows easy 
passage of air bubbles during aortic cannulation, CPB, or open valve sur-
gery. In sufficient concentration (e.g., coronary air embolus), myocardial 
ischemia involving the inferior LV wall segments and the right ventricle 
(RV) may occur (Figure 18-5). In contrast, the near- perpendicular ori-
entation of the left main coronary ostium makes air embolization much 
less common.

The left coronary artery arises from the left sinus of Valsalva as the 
left main coronary artery. This is best seen in a shallow right anterior 
oblique projection (see Figure 18-3). The left main coronary artery 
courses anteriorly and to the left, where it divides in a space between the 
aorta and pulmonary artery. Its branches are the left anterior descend-
ing (LAD) and Cx arteries. The LAD passes along the anterior intra-
ventricular groove. It may reach only two thirds of the distance to the 
apex or extend around the apex to the diaphragmatic portion of the left 
ventricle. Major branches of the LAD are the diagonal branches, which 
supply the free wall of the left ventricle, and septal branches, which 
course posteriorly to supply the major portion of the IVS. Although 
there may be many diagonal and septal branches, the first diagonal and 
first septal branches serve as important landmarks in the descriptions 
of lesions of the LAD (see Figure 18-4).

The Cx arises at a sharp angle from the left main coronary artery 
and courses toward the crux of the heart in the atrioventricular groove. 
When the Cx gives rise to the PDA, the circulation is left dominant, and 
the left coronary circulation supplies the entire IVS and the atrioven-
tricular node. In approximately 40% of patients, the Cx supplies the 
branch to the SA node. Up to four obtuse marginal arteries arise from 
the Cx and supply the lateral wall of the left ventricle (see Figure 18-4). 
All of the previously described epicardial branches create small vessels 
that supply the outer third of the myocardium and penetrating vessels 
that anastomose with the subendocardial plexus. This capillary plexus 
is unique in that it functions as an end-arterial system. Each epicar-
dial arteriole supplies a capillary plexus that forms an end loop rather 
than anastomosing with an adjacent capillary from another epicardial 
artery.8 Significant collateral circulation does not exist at the micro-
circulatory level. This capillary anatomy explains the distinct areas of 
myocardial ischemia or infarction that can be related to disease in a 
discrete epicardial artery (see Chapters 3 and 6).

CAD most commonly affects the epicardial muscular arteries with 
rare intramyocardial lesions (with the exception of the transplanted 

heart). However, severe disorders of the microcirculation and primary 
impairment of coronary vascular reserve in normal coronary arteries 
have been described, especially in diabetics, female patients, and those 
with variant angina.9–11 Atherosclerosis in all organs is most common 
at the outer edges of vessel bifurcations because in these regions blood 
flow is slower and changes direction during the cardiac cycle, resulting 
in less net shear stress (i.e., frictional force per unit area) than in other 
regions with more steady blood flow and higher shear stress.12 Low 
shear stress has been shown to stimulate an atherogenic phenotype in 
the endothelium. Epicardial lesions can be single but are more often 
multiple. A combined lesion of the RCA and both branches of the left 
coronary artery is referred to as triple-vessel disease. The left coronary 
artery supplies the thickest portions of the LV, at least the exterior two 
thirds of the IVS, and the greater part of the atria. Most bypass grafts 
are done on the left coronary system.

Venous drainage of the myocardium is primarily to the coronary 
sinus, which drains 96% of the LV free wall and septum, and the 
remainder of the venous return goes directly into the right atrium.7 
A small fraction may enter other cardiac chambers directly through the 
anterior-sinusoidal, anterior-luminal, and thebesian veins.13

Myocardial Ischemia and Infarction
In patients with CAD, myocardial ischemia usually results from 
increases in myocardial oxygen demand that exceed the capacity of the 
stenosed coronary arteries to increase their oxygen supply (Figure 18-6). 
However, the determinants of myocardial oxygen balance are complex, 
and alterations may have several effects. For example, an increase in 
blood pressure (i.e., increased afterload) increases wall tension and 
oxygen demand while also increasing coronary blood flow (CBF). 
Myocardial ischemia may occur without changes in systemic hemody-
namics and in awake patients may occur in the absence of chest pain 
(i.e., silent ischemia), particularly in patients with diabetes.

In atherosclerotic heart disease, the fundamental lesion is an inti-
mal lipid plaque that causes chronic stenosis and episodic thrombosis, 
occurring most often in an epicardial coronary artery (Figure 18-7), 
thereby reducing myocardial blood supply. Characteristics of the vul-
nerable plaque include high lipid content, a thin fibrous cap, a reduced 
number of smooth muscle cells, and increased macrophage activity.14 
The lipid core is the most thrombogenic component of the plaque.

Fuster et al15 described five phases in the progression of CAD by 
plaque morphology. Phase 1 is a small plaque present in many peo-
ple younger than 30 years and usually progresses very slowly, depend-
ing on the presence of risk factors associated with CAD (i.e., increased 
low-density lipoprotein cholesterol). Phase 2 is a plaque with a high 
lipid content that has the potential to rupture. If it ruptures, it will lead 
to thrombosis and increased stenosis (phase 5), possibly producing 
unstable angina or an acute coronary syndrome. The phase 2 plaque 
usually does not rupture; it instead progresses into phases 3 and 4, with 
enlargement and fibrous tissue organization, which ultimately may 
produce an occlusive plaque at phase 5.

RCA

Figure 18-5 The vertical and superior orientation of the right coro-
nary artery arising from the aortic root is identified by transesophageal 
echocardiography (TEE). The TEE transducer in the esophagus is on the 
top of the screen, and the patient's chest wall is on the bottom. Retained 
air preferentially enters the right coronary artery (RCA), which may cause 
inferior ischemia, depending on the amount of air and the coronary per-
fusion pressure. Increase of perfusion pressure using phenylephrine is 
often used to treat coronary air embolus. The left main artery (not visible) 
arises at approximately 3 o'clock on this image. (Courtesy of Martin J. 
London, MD, University of California, San Francisco, CA)
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Figure 18-6 Factors determining myocardial oxygen supply and 
demand.
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Acute coronary syndrome is produced by a sudden decrease in CBF. 
In unstable angina, a relatively small fissure in a plaque may produce a 
temporary thrombotic occlusion of a vessel.16 Release of vasoactive sub-
stances from platelets and white blood cells, as well as dysfunction of 
the endothelium, may lead to vasoconstriction and reduction of CBF.17,18 
Reduced vasoconstriction, spontaneous thrombolysis, or the opening 
of collateral channels may limit the duration of myocardial ischemia. 
A larger plaque disruption and prolonged thrombosis will produce a 
Q-wave infarction with transmural myocardial necrosis. The potential 
lesions seen with plaque fissure are shown in Figure 18-8. Several studies 
have found that the coronary artery responsible for an acute infarction 
is often only moderately obstructed.19,20 It is the extent of plaque rup-
ture and thrombosis that determines the size and extent of an infarction, 
rather than the degree of stenosis. Patients with severely obstructed coro-
nary arteries often have extensive collateral circulations that protect them 
from infarction. Similar findings have been reported in patients develop-
ing postoperative myocardial infarction after noncardiac surgery.21–23

The physiology of the coronary circulation is reviewed in Chapter 6. 
CBF in the normal individual is independent of perfusion pressure, but 
it is related to tissue oxygen demand.7 This phenomenon is referred to 
as autoregulation. Autoregulation affects all layers of the ventricular wall, 

maintaining essentially equal flows from the epicardium to the endocar-
dium.24,25 The difference between autoregulated flow and maximal flow 
constitutes the coronary vascular reserve. As an obstruction of a coronary 
artery increases in size, dilation of the capillary bed occurs, with mainte-
nance of adequate blood supply as the result. Coronary flow reserve, how-
ever, is diminished and eventually exhausted, and autoregulation begins 
to fail. Autoregulatory failure is loss of metabolic control of CBF and the 
sole dependence on pressure gradients to determine flow. Autoregulation 
fails first in the subendocardium, where blood flow fails to match demand, 
resulting in subendocardial ischemia and dysfunction.11,26

Autoregulation is pressure dependent, in that as perfusion pressure 
declines below a critical value, autoregulation begins to fail. In con-
scious animals, the pressure at which autoregulation begins to fail is 
very low (mean arterial pressure [MAP] of 38 to 40 mm Hg).27 Because 
CBF reserve is diminished in CAD, the pressure at which subendocar-
dial autoregulation fails is increased. Heart rate (HR) also appears to 
have an effect on autoregulation. In an unanesthetized animal model, 
when the HR was doubled, the perfusion pressure that produced failure 
of subendocardial autoregulation was increased from a mean of 38 mm 
Hg at the normal HR to a mean of 61 mm Hg at the doubled rate.28 This 
pressure is not that much less than normal perfusion pressures. This 
effect of HR on subendocardial autoregulation is related to the increased 
myocardial oxygen consumption and flow caused by tachycardia and to 
the reduction in diastolic time and, therefore, perfusion. The net effect is 
a reduction in coronary vascular reserve and earlier failure of autoreg-
ulation, with resultant subendocardial ischemia. Tachycardia, because 
of its effects on demand and supply (reduction in diastolic perfusion 
time), is especially deleterious in the presence of CAD, in which perfu-
sion pressures beyond an epicardial arterial obstruction are unknown.29 
Avoidance of hypotension and tachycardia has been the basic tenet of 
anesthetic practice in patients with CAD for many years.

A coronary arterial stenosis may be rigid or, more commonly (70%), 
compliant in nature.30 When the pressure in the coronary circulation dis-
tal to a fixed stenosis is decreased, flow across the stenotic area decreases. 
Conversely, when the pressure distal to a compliant obstruction is 
increased, flow across the lesion is increased.31 The clinical implication 
is that decreased blood pressure to an area of myocardium supplied by 
a vessel with a variable stenosis will decrease blood supply to the myo-
cardium by two mechanisms: loss of collateral flow and decreased flow 
across the compliant stenosis. Collateral vessels exist in normal hearts, 
but in the presence of CAD, they are increased in size and number.32 
When a coronary vessel has a high-grade stenosis, the microvasculature 
distal to it may be maximally dilated even at rest and subject to isch-
emia. Collaterals may develop between this ischemic zone and an adja-
cent nonischemic area supplied by a different vessel. When vasodilation 
of the microcirculation is induced by exercise or drugs, perfusion of the 
ischemic bed by the collateral circulation may be decreased or cut off, 
particularly when the collateral vessels are poorly developed, because 
these present a greater degree of resistance than collaterals that are well 
developed. When vasodilation occurs in the nonischemic bed, pressure 
within it is decreased, and flow across collateral vessels with high resis-
tance is reduced. An increase in myocardial blood flow in one region that 
reduces flow in another is referred to as a coronary steal.33 In experimen-
tal models, a partial lesion of the epicardial artery supplying the collateral 
vessel is required to produce a coronary steal.34 This anatomic configura-
tion, called steal-prone  anatomy, occurred in 23% of patients with symp-
tomatic CAD in one large registry of coronary angiograms.35

The hallmark symptom of myocardial ischemia is pain. It has been 
found, however, that significant ischemia may occur without pain (“silent 
ischemia”).36,37 Early research using ambulatory electrocardiographic 
(ECG) monitoring reported that these silent episodes were frequent and 
occurred at lower HRs and activity levels when compared with exercise 
stress test data for the same individuals.38 Silent ischemic episodes are not 
considered to be an electrical anomaly but are due to myocardial per-
fusion impairment resulting in reduced regional  function.39 A study of 
patients presenting for elective CABG confirmed these findings in the 
perioperative period: 42% of 50 patients  studied had ischemic episodes 
before surgery, 87% of these episodes were  clinically silent, and few were 
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Figure 18-7 Lipoid plaque lesion of a coronary artery. (From Davies 
MJ: A macro and micro view of coronary vascular insult in ischemic heart 
disease. Circulation 82(Suppl II):II-38, 1990, by permission of American 
Heart Association.)

Stable lipid rich plaque

Lipid
Thrombus
New connective tissue

Occlusive
thrombus

Mural
thrombus

Active plaque
fissure

Chronic
total

occlusion

Multichanneled
residual
lumen

Residual
high grade
stenosis

Healed fissure
no increase
in stenosis

Figure 18-8 Possible outcomes of intimal plaque rupture. (From 
Davies MJ: A macro and micro view of coronary vascular insult in isch-
emic heart disease. Circulation 82(Suppl II):II-38, 1990, by permission of 
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precipitated by adverse hemodynamics.40 In summary, there is no doubt 
that primary reductions in myocardial oxygen supply because of hypoten-
sion, anemia, or coronary vasoconstriction are important mechanisms in 
the development of ischemia, particularly in the perioperative period.

RISK ASSESSMENT IN PATIENTS 
SCHEDULED FOR CORONARY ARTERY 
BYPASS GRAFTING SURGERY
Operative mortality (usually defined as death within 30 days of surgery), 
as expected, varies widely with patient risk, acuity, and previous cardiac 
surgery. On average, however, it appears that mortality has declined pro-
gressively despite increases in patient risk (Figure 18-9).41 The rapid growth 
of PCI has led to the perception of a shunting of healthier patients away 
from CABG, leaving a greater percentage of older and sicker patients 
not studied in the original CABG efficacy trials (e.g., the seminal coro-
nary artery surgery study [CASS] trial excluded patients with ejection 
fractions [EFs] less than 35%). Publications since 1980 addressing 
whether patients presenting for CABG are sicker or at greater risk 
than they were previously have uniformly answered this affirmatively, 
noting older patients, worse ventricular function, and more emergent 
cases.41 Despite these findings, however, operative mortality continues 
to decline. Davierwala et al42 observed that LV dysfunction and reop-
erative status have decreased in significance as predictors of mortality 
in a large cohort of Canadian patients, whereas emergency surgery has 
increased in importance in predicting adverse outcome.

Preoperative risk assessment for patients undergoing CABG has evolved 
dramatically since 1990, driven by a variety of diverse factors. Institution of 
a federally mandated accounting of surgical outcomes for cardiac surgery in 
the Department of Veterans Affairs in the 1970s led to the establishment of 
what is considered the first large-scale, multicenter surgical outcomes data-
base applying rigorous statistical methodology for comparing outcomes 
between centers.43,44 This group and others have pioneered methodology for 
adjusting for different severities of illness between patients (i.e., risk adjust-
ment) using multiple preoperative and perioperative variables thought to 
be of intrinsic value (usually by expert consensus) that easily could be cap-
tured and have high consistency of definition. Entering these variables into 
logistic regression models of mortality (considering all of the patients oper-
ated on in the particular time frame in which the variables were collected) 
allows determination of an “expected” mortality based on coefficients of 
the regression equation most correlated with outcome. By simple compari-
son of the “observed” to “expected” (i.e., the value calculated by entering a 
unique patient's coefficients into the general population mortality model) 

mortality ratio (O/E ratio), hospitals in a particular system can be ranked 
from best (low O/E ratio) to worst (high O/E ratio).45 However, as observed 
by a variety of experts, caution is advised in use of such adjectives given 
inherent assumptions and controversies in the statistical approaches for 
determining thresholds for “quality” and problems in “gaming” of the sys-
tem by exploiting variables with imprecise definitions.46

Nonetheless, this methodology and its variants have been adopted 
widely by many organizations as a measure of quality of care.47 The 
Society of Thoracic Surgeons (STS) instituted a voluntary clinical data-
base system with this approach in the early 1990s, which has continued 
to grow rapidly as cardiac surgical groups are increasingly interested in 
benchmarking their practices against others.48,49 Many states have estab-
lished and maintain risk-adjusted mandatory reporting systems for hos-
pital and individual surgeon performance.50 A natural offshoot of this 
approach has been the exploration of surgeon and hospital volumes as pre-
dictors of outcome, a topic that has generated substantial controversy in 
the literature given conflicting findings (i.e., low-volume centers in which 
“high-volume” surgeons operate appear to do as well as high- volume 
centers, and low-risk patients do better relative to high-risk patients at 
high-volume centers).51,52 This is a hotly contested topic given the high 
stakes involved in federal and private sector initiatives to regionalize car-
diac surgery care into “centers of excellence.”53 The EuroSCORE scoring 
system is based on outcomes in 128 centers in 8 European countries and 
has received increasing attention. It appears to compare favorably with 
the STS model in North American patients.54,55 It is freely accessible by 
means of an interactive Web-based calculator (www.euroscore.org) and is 
decidedly simpler and faster to use than the STS's scoring system, which 
is now also freely accessible to the  public (http://www.sts.org/ sections/
stsnationaldatabase/ riskcalculator/index.html).

Given the mass of literature on this topic and the large number of 
risk models available, some of which are easily calculated (e.g., a sim-
ple additive score), whereas others require manipulation of a logistic 
regression equation on an advanced calculator or microcomputer, con-
siderable debate exists about how they are best applied. The American 
College of Cardiology/American Heart Association CABG guidelines 
group accords a Class IIa recommendation (level of evidence C) to 
their use for predicting hospital mortality.56 However, they caution 
that risk scores should be individually calibrated for regional mortality 
rates (a difficult task) and updated periodically to maintain  accuracy 
(many have not been, with the exception of the Department of Veterans 
Affairs program and the STS).

Table 18-1 presents an evaluation of the importance of risk factors 
in several major risk models and large-scale outcome analyses grouped 
by the classification that Jones et al57–63 advocated.
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Figure 18-9 Composite figure 
demonstrating increase in risk pro-
file with declining mortality and 
part B Medicare reimbursement for 
patients undergoing coronary art-
ery bypass grafting between 1990 
and 1999. (From Ferguson TB Jr,  
Hammill BG, Peterson ED, et al: 
A decade of change—risk profiles 
and outcomes for isolated coronary 
artery bypass grafting procedures, 
1990–1999: A report from the STS 
National Database Committee and 
the Duke Clinical Research Institute. 
Society of Thoracic Surgeons. 
Ann Thorac Surg 73:480, 2002, by 
permission from the Society of 
Thoracic Surgeons.)
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The major database models only predict perioperative mortality 
(usually defined as death within 30 days of surgery, although some use 
any death directly related to a perioperative complication regardless of 
the time interval, a factor further complicating comparison of mod-
els). As such, these models are often of less practical importance to the 
cardiac anesthesiologist. Predicting which patients are most likely to be 
difficult to wean from CPB because of development of a low  cardiac 
output syndrome (LCOS) in the operating room or early postoperative 
period, or who may acquire postoperative complications, is of greater 
interest to the anesthesiologist. Despite publication of several studies, 
difficulty in standardization of what constitutes difficult weaning or 
LCOS has limited generalization of findings. However, given that most 
CABG mortality is related to difficulty in revascularization and/or myo-
cardial protection, the risk factors are quite similar to those reported for 
overall mortality.64,65 An analysis of 1009 patients undergoing CABG at 
Duke University, all of whom were monitored with transesophageal 
echocardiography (TEE), found six independent predictors of ino-
trope support, which was required in 39% of the cohort during wean-
ing from CPB (Table 18-2 and Figure 18-1066; see Box 18-1).

The introduction and rapid growth of OPCAB have complicated 
matters because large-scale, well-calibrated outcome models are not 
yet available for this procedure. Initial publications have addressed 
this topic.67,68

Considerable data have been reported on the potential impact of 
various anesthetic techniques on outcomes, particularly effects on pre-
CPB myocardial ischemia and postoperative myocardial infarction. 
However, much of these data suffer from inadequate statistical power, 
use of single centers, and difficulties in standardization of definitions 
or reporting of surrogate (otherwise called soft) outcomes. Earlier 
reports supported a lack of effect of the anesthetic technique, sug-
gesting that hemodynamic control was more important (e.g., “It's not 
what you use, but how you use it.”), particularly for prevention of isch-
emia.69,70 However, newer data support various degrees of efficacy with 
different approaches for preserving ventricular function with volatile 
anesthetics on weaning from CPB,71,72 or high sympathetic blockade 
relative to intravenous techniques.73 Some of these have been linked to 
improved recovery or shorter lengths of stay. However, the advantages 
appear to be modest, and demonstration of overt reductions in seri-
ous morbidity or mortality in large-scale, multicenter cohorts has not 
yet been reported. Similar data suggest that although use of a specific 
anesthetic agent (e.g., opioid or neuromuscular agent) may facilitate 
earlier extubation, the small magnitude of effect in most instances does 
not appear to reduce overall length of hospital stay, have significant 
effects on recovery, or substantially reduce cost.74,75 Nonetheless, nearly 
all anesthesiologists continue to strive for the “perfect technique.”

Several publications have attempted to more precisely delineate the 
association of perioperative hemodynamics with outcomes in larger 
cohorts of patients than have been previously reported in the older 
randomized trials of anesthetic techniques. Reich et al76 merged com-
puterized anesthesia record data from 2149 CABG patients (with CPB) 
at two New York hospitals from 1993 to 1995 with outcome data from 
the state's mandatory reporting database. Four independent predictors 
of mortality were identified: high mean pulmonary arterial pressure 
(PAP) before CPB (>30 mm Hg; odds ratio [OR] = 2.1), low MAP 
during CPB (40 to 49 mm Hg; OR =1.3), tachycardia (HR > 120 beats/
min; OR = 3.1), and high diastolic PAP (>20 mmHg; OR =1.2) after 
CPB. The investigators observed that three of the four are markers of 
severe LV dysfunction.

Morbidity and mortality also are influenced by events in the 
 operating room, including time on CPB and aortic cross-clamping, 

Multivariate Predictors of Inotrope Use

Variable Parameter 
Estimate

OR (95% CI) P

Intercept −3.2827
Cross-clamp 

time (min)
0.0133 1.013 (1.008–1.019) <0.001

WMSI 1.4389 4.216 (2.438–7.292) <0.001
Reoperation 0.8562 2.375 (1.083–5.212) <0.001
CABG + MVRR 1.2829 3.607 (1.376–9.456) 0.009
Moderate/

severe MR
0.4144 2.277 (1.169–4.435) 0.016

LVEF < 35% 0.8654 2.376 (1.303–4.332) 0.005

TABLE  
18-2

CABG, coronary artery bypass grafting; CI, confidence interval; LVEF, left ventricular 
ejection fraction; MR, mitral regurgitation; MVRR, mitral valve repair or replacement; 
OR, odds ratio; WMSI, wall motion score index.

From McKinlay KH, Schinderle DB, Swaminathan M, et al: Predictors of inotrope 
use during separation from cardiopulmonary bypass. J Cardiothorac Vasc Anesth 
18:404, 2004.
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Figure 18-10 Correlation of degree of wall motion abnormalities 
before cardiopulmonary bypass (CPB) as reflected by an increasing wall 
motion score index associated with a greater use of inotropes during 
weaning from CPB. (From McKinlay KH, Schinderle DB, Swaminathan M, 
et al: Predictors of inotrope use during separation from  cardiopulmonary 
bypass. J Cardiothorac Vasc Anesth 18:404, 2004.)

BOX 18-1. PREOPERATIVE EVALUATION 
AND MANAGEMENT

Preoperative “high-risk” cardiac characteristics and 
major comorbidities
1. Cardiac history and presenting symptoms:

Acute unstable angina, acute myocardial infarction, 
uncompensated congestive heart failure, cardiogenic shock

2. Coronary artery anatomy:
Left main high-grade lesion, triple-vessel disease, proximal left 

anterior descending artery lesions
3. Ventricular function:

Ejection fraction < 30% (normal > 55%)
4. Valvular and structural anatomy and function:

Concurrent aortic stenosis, acute mitral regurgitation, acute 
aortic insufficiency, ventricular septal defect

5. Electrocardiogram:
Signs of acute or ongoing ischemia, left bundle branch block 

(potential complete heart block with passage of pulmonary 
artery catheter)

6. Chest radiograph, chest computed tomography scan:
Pericardial effusion or tamponade, aortic calcification (inability 

to cross-clamp aorta, “porcelain aorta”)
7. Carotid and cerebrovascular disease:

High-grade occlusive carotid disease
8. Peripheral vascular disease (PVD):

Significant PVD in descending aorta (intra-aortic balloon pump 
contraindicated)
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adequacy of revascularization, and complications such as cardiovas-
cular decompensation or bleeding. Reevaluation of the patient's risk 
can be performed on arrival in the intensive care unit (ICU) at the 
start of the postoperative period. The APACHE (Acute Physiology and 
Chronic Health Evaluation) III system has been modified for CABG 
patients, and Becker et al77 found that predictors of outcome included 
the risk score, age, reoperative status, and number of grafts. Higgins 
et al78 devised the Cleveland Clinic ICU admission score, which includes 
preoperative and physiologic factors present on admission to the ICU. 
Morbidity rate was 3% with scores of 5 or less, and the rate increased 
to 83% with scores greater than 20.

The SYNTAX (Synergy between PCI with TAXUS drug-eluting stent 
and cardiac surgery) trial, a prospective, randomized, multicenter 
trial, originally was designed to evaluate current practice patterns 
and to evaluate optimal revascularization strategies in patients with 
three-vessel and left main CAD in Europe and the United States.79 For 
the purpose of risk stratification in this trial, the SYNTAX score was 
developed, characterizing the complexity of coronary pathology. The 
SYNTAX score is based on already existing classifications and takes 
number, location, complexity, and functional impact of the coronary 
lesions into consideration.80 Patients with more complex disease and 
potentially worse prognosis have greater SYNTAX scores. The ini-
tial analysis showed that there was no difference in outcome (major 
adverse cardiovascular and cerebrovascular events) among patients 
randomized to surgery between those who had low, intermediate, and 
high scores (major adverse, cardiovascular, and cerebrovascular events 
14.4%, 11.7%, 10.7%, respectively).81 In the patients randomized to 
PCI, however, the SYNTAX score was able to predict adverse outcome 
between the earlier mentioned risk groups at 12 months (13.5%, 
16.6%, 23.3%, respectively). Based on these findings, it was concluded 
that patients with a low-risk SYNTAX score constellation of three-
 vessel and/or left main disease can be treated with surgery, PCI, or 
both, whereas intermediate-and high-risk groups should be referred 
for surgery. Further analysis of the SYNTAX trial and associated risk 
score will be performed at medium and long-term time points.

ANESTHESIA FOR CORONARY 
ARTERY BYPASS GRAFTING
The practitioner providing anesthetic care for patients presenting for 
coronary revascularization has to implement an anesthetic plan that 
takes patient and surgery specific factors into consideration but should 
also include the most recent recommendations and guidelines regard-
ing the perioperative care of patients with CAD. Fast-track manage-
ment including early extubation strategies (commonly interpreted 
as extubation within 8 hours after surgery) is frequently performed 
in many centers in the United States. However, it may not always be 
suitable for the increasing number of very-high-risk patients seen 
in the operating room. OPCAB is routinely performed in some cen-
ters and mostly linked to individual surgeon's preferences, although 
rarely performed in other institutions. Minimally invasive and robotic-
assisted CABG surgery adds to the variety of scenarios that have to be 
 considered in the anesthetic plan.

Role of Central Neuraxial Blockade
A wide variety of techniques have been used for anesthetic induction 
and maintenance for CABG. A balanced general anesthetic, however, is 
still the most commonly used anesthetic technique in patients under-
going CABG surgery. Nevertheless, the interest in the use of thoracic 
epidural anesthesia (TEA) for cardiac surgery has increased steadily 
since 1990. It has been long appreciated that thoracic sympathec-
tomy has favorable effects on the heart and coronary circulation.82 Its 
coronary vasodilating effects have been well documented, and it has 
been used to treat unstable angina for many years, albeit infrequently 
because of logistics and the contemporary standard of use of potent 
antiplatelet agents. There has been increased interest in TEA including 

reports of using chronically implanted, patient-controlled catheters83–87 
and its use as a supplement to general anesthesia for  cardiac surgery, 
particularly in Europe and Asia (Figure 18-11).88–90

In the United States, medicolegal concerns about the rare but real 
danger of a devastating neurologic injury (see later) and the substan-
tial logistic issues regarding placement the night before surgery (most 
patients presenting for nonemergent CABG surgery in the United 
States are day of admission), increased time to place relative to induc-
ing general anesthesia, and the potential for cancellation of a case in 
the event of a bloody tap during epidural catheter placement are major 
limiting factors. The advent of fast-tracking could be considered a 
potential driving force (e.g., ability to extubate faster and have a more 
comfortable patient with TEA), although most evidence suggests that 
a wide variety of techniques can be used effectively to facilitate early 
extubation, and that the cardioprotective effects of volatile agents may 
be as effective as the beneficial effects of thoracic sympathectomy.

TEA in conscious patients appears to be increasingly used for OPCAB 
or minimally invasive direct coronary artery bypass approaches with 
recent reports from diverse settings (e.g., Canada, Germany, Turkey, 
India), and has been designated as conscious OPCAB.91–96 Although 
most reports were of relatively small patient cohorts (15 to 30), Karagoz 
et al97 described 137 patients, of whom 97% were successfully managed. 
In the reported series, most grafts were single-vessel left internal mam-
mary artery (LIMA)-to-LAD grafts, although two-vessel and even a 
small group of three-vessel procedures were performed successfully. In 
most series, 2% to 3% of catheters were unable to be placed in potential 
candidates, and 2% to 3% of patients were converted to general anesthe-
sia because of a large pneumothorax or incomplete analgesia. Patients 
were fast-tracked, an ICU stay was not used, and some were discharged 
from the hospital the day of surgery. Patient acceptance appeared to 
be quite high. No complications related to TEA were observed. This is 
clearly an area of growing interest and one that has potential advantages, 
particularly for countries with different health care systems, resource 
constraints, and sociocultural differences.

Given the fact that most conscious OPCABs are performed mostly 
for single-vessel LAD lesions, the sophistication and aggressiveness of 
the interventional cardiologists at a particular institution are major 
variables. Noiseux et al98 recently published a series of 15 patients 
undergoing conscious OPCAB surgery combining a high TEA with a 
femoral nerve block for venous graft harvesting. Three patients needed 
conversion to general anesthesia. The authors concluded that even 
though this technique is feasible, technical limitations still exist that 
need to be overcome.

When neuraxial techniques are compared with general anesthesia 
alone, or as a combined technique, no significant difference in  measured 
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Figure 18-11 Frequency of use of thoracic epidural anesthesia (TEA)  
at a single center over the past 13 years (total of 2013 patients). All  
catheters were placed the day before surgery between C7 and T3. Dural 
puncture occurred in 0.9%, and temporary neurologic deficits occurred 
in 0.2%. No permanent deficits occurred. (From Chakravarthy M, 
Thimmangowda P, Krishnamurthy J, et al: Thoracic epidural anesthesia 
in cardiac surgical patients: A prospective audit of 2,113 cases. 
J Cardiothorac Vasc Anesth 19:44, 2005.)
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major outcome parameters such as perioperative mortality and major 
morbidity were found in most studies.99–101 Differences in minor out-
come findings such as quality of analgesia and time to extubation were 
reported in others. In a prospective study, Scott et al102 randomized 420 
patients undergoing CABG surgery under general anesthesia to either 
TEA or intravenous narcotic analgesia. No neurologic complications 
were associated with TEA. Many of the examined outcome parameters 
such as time to extubation, pulmonary function, atrial fibrillation, and 
renal function were significantly better in the TEA group. However, 
this study was widely criticized for design flaws that may have impacted 
the reported findings.

Priestley et al103 consequently conducted another prospective, ran-
domized study and did not find improved pulmonary or cardiac func-
tion with TEA or decreased length of hospital stay, despite improved 
analgesia and earlier extubation. In 2006, Hansdottir et al104 randomized 
patients who all had a general anesthesia for cardiac surgery to either 
TEA (inserted before surgery) or intravenous morphine for postopera-
tive analgesia. Again, even though time to extubation was shorter in 
the TEA group, none of the other examined outcome parameters was 
significantly different between the two groups. The authors concluded 
that TEA combined with general anesthesia offers no major advantage 
when compared with general anesthesia alone. Bracco et al105 found 
fewer postoperative complications such as delirium, pneumonia, acute 
renal failure, and myocardial function in patients undergoing cardiac 
surgery who had TEA in addition to general anesthesia, compared with 
general anesthesia alone. Based on shorter ICU and mechanical ven-
tilator times in patients with TEA, they calculated $8800 cost savings 
per person if TEA was used. A recently published randomized trial in 
obese patients (body mass index > 30 kg/m2) undergoing OPCAB sur-
gery showed better analgesia, improved lung function tests, and shorter 
time to extubation and length of ICU stay in patients who had TEA in 
addition to general anesthesia.106 Liu et al107 reported a meta- analysis 
of 15 randomized trials of TEA in 1178 patients. In contrast with 
an earlier mixed meta-analysis (i.e., cardiac and noncardiac surgery, 
observational and randomized),108 there were no effects on postopera-
tive myocardial infarction or mortality. However, significant favorable 
effects were observed for arrhythmias, pulmonary complications, time 
to extubation, and reduction in visual analog pain scales.

In a propensity-matched, retrospective study, Salvi et al109 com-
pared high TEA combined with general anesthesia with a total intrave-
nous anesthesia technique (without TEA) in 1473 patients undergoing 
CABG surgery. There were no major differences in measured early 
outcome parameters (postoperative mortality, myocardial  infarction, 
stroke, acute renal failure, ICU stay) between the two techniques. 
Patients with high TEA had shorter time to extubation.

The potential advantages of TEA on cardiac function were inves-
tigated specifically in the following studies. Berendes et al110 reported 
improved regional LV function (by wall motion score index) with lower 
troponin I and atrial and brain natriuretic peptide levels. However, the 
control for this study was a total intravenous anesthetic technique, and 
it is unclear whether a volatile anesthetic would have similar effects, 
as demonstrated by several investigators. In a prospective, controlled 
study, Barrington et al111 randomized 120 patients to general anesthesia 
with or without high TEA. Even though postoperative analgesia was 
improved in the TEA group and led to earlier extubation, there was no 
significant difference seen with troponin levels between the two groups. 
Crescenzi et al112 evaluated the effect of TEA on N-terminal-protein-
B-natriuretic peptide levels in elderly patients undergoing CABG sur-
gery. TEA, in addition to general anesthesia, significantly attenuated 
N-terminal-protein-B-natriuretic peptide release. Lee et al113 addressed 
a slightly different question, using total spinal sympathectomy (bupi-
vacaine, 37.5 mg) before induction of general anesthesia. Patients ran-
domized to bupivacaine had less -receptor dysfunction in response to 
CPB of more than 1 hour, with lower catecholamine levels, a greater 
cardiac index, and a lower  pulmonary vascular resistance index in the 
post-CPB period.

Safety concerns are a major consideration in use of neuraxial 
 techniques in patients undergoing cardiac surgery given chronic use 

of antiplatelet agents, use of systemic anticoagulation and platelet 
 inhibition for acute therapy of unstable angina, and high-dose sys-
temic anticoagulation and potential coagulopathy induced by CPB. 
The true incidence of serious complications (particularly epidural 
hematoma) is unknown. The most recent and widely quoted estima-
tion of the risk for epidural hematoma with TEA in patients undergo-
ing cardiac surgery is 1 in 12,000, with 95% confidence intervals of 
1:2,100 to 1:68,000, and 1 in 1000 with 99% confidence.114 Intrathecal 
risks from a different older source of risk assessment are quoted as 1 in 
3610 and 1 in 2400, respectively.115 Even when under-reporting of such 
complications is assumed,116 there is increasing evidence that neuraxial 
anesthesia can be performed safely even in patients undergoing cardiac 
surgery with full heparinization.

Chakravarthy et al117 presented an audit of 2113 cardiac surgery TEA 
cases over a 13-year period with no permanent neurologic deficits, a 
0.9% dural puncture rate, and 0.2% transient neurologic deficits. Jack 
et al published their experience of thoracic epidural catheter placement 
in 2837 patients undergoing cardiac surgery.118 No epidural hematoma 
was seen in this series. Similar results were reported by Royse et al,119 
who reviewed 874 cardiac surgery cases involving epidural anesthesia 
over a 7-year period with no complications attributable to epidural 
catheter use. Pastor et al120 reported 714 uneventful cases over a 7-year 
period, emphasizing their use of safety guidelines in which antiplatelet 
drugs were discontinued 7 days before surgery, and routine coagula-
tion tests and neurologic examinations were performed after surgery.

Careful attention to the most recent guidelines on neuraxial anes-
thesia in the setting of anticoagulant and antiplatelet agents is of par-
amount importance. The American Society of Regional Anesthesia 
and Pain Medicine published Consensus Statements on Neuraxial 
Anesthesia and Anticoagulation.121 These include recommendations 
for appropriate withdrawal of anticoagulant and antiplatelet therapy 
before neuraxial anesthesia (these recommendations can be found 
online at: www.asra.com). Chaney122 also has published an extensive 
review on the use of intrathecal and epidural anesthesia and analgesia 
for patients undergoing cardiac surgery.

In summary, it seems that neuraxial techniques offer mostly  theoretic 
benefits. Relevant outcome parameters, such as major morbidity and 
mortality, are minimally affected by the anesthetic technique chosen, 
but probably depend more on patient-related factors and the  quality 
of surgical intervention.

Premedication
The concept of “premedication” has been evolving beyond the tradi-
tional ordering of sedative-hypnotics or related agents to reduce patient 
anxiety and promote amnesia. The cardiac anesthesiologist must be 
familiar with the potential benefits of administering (or hazards of not 
administering) a variety of medications including antianginal medica-
tions, -blockers, and antiplatelet drugs. The anesthesiologist, in con-
cert with the surgeon, cardiologist, and other consultants, may impact 
directly patient outcome, as well as provide anxiolysis, amnesia, and 
analgesia in the early intraoperative period.

Anxiolysis, Amnesia, and Analgesia
The purposes of premedication are to pharmacologically reduce appre-
hension and fear, to provide analgesia for potentially painful events 
before induction (e.g., vascular cannulation), and to produce some 
degree of amnesia. In patients with CAD, premedication may help 
prevent preoperative anginal episodes that are relatively commonly 
observed and may be elicited by tachycardia caused by anxiety or pain-
ful stimuli, or both. Regardless of the drugs used, the clinician should be 
prepared to give intravenous drugs (e.g., short-acting benzodiazepines) 
when the patient arrives in the preoperative area. All patients should 
receive supplemental oxygen after premedication and be  monitored 
with pulse oximetry, ECG, and noninvasive blood pressure.

The sedative and anesthetic-sparing actions of 
2
-adrenergic 

 agonists (e.g., clonidine, dexmedetomidine) have been evaluated for 

http://www.asra.com
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their  efficacy in several studies of CABG patients alone or in combi-
nation with a benzodiazepine.123–125 The use of 

2
-adrenergic agonists 

reduced stress response and anesthetic requirements compared with 
conventional regimens. A meta-analysis reported reductions in mor-
tality and postoperative myocardial infarction with their use in cardiac 
surgery (started before surgery and often continuing until CPB).126 
Nevertheless, some of the hemodynamic side effects of 

2
-agonists 

warrant caution in certain patient populations. Decreased HR, MAP, 
cardiac output (CO), contractility, and transiently increased systemic 
vascular resistance (SVR) seen with the less-selective 

2
-blocker clo-

nidine, as well as an increased risk for hypotension during anesthesia 
induction, have been reported in general and cardiac surgery patients 
who were premedicated with 

2
-agonists.127,128 Consequently, 

2
-

agonists should be used with caution in patients with preexisting severe 
bradycardia, conduction problems such as second- or third-degree 
heart block, hypovolemia, or hypotension.

Management of Antianginal and Antihypertensive 
Medications
The use of -blocking agents in patients with poor ventricular func-
tion has been evaluated. Contrary to earlier reports,129 Kaplan et 
al130,131 reported in the mid-1970s and long before the ongoing dis-
cussion of perioperative -blockade in noncardiac surgical patients 
that it was safe to continue -blockade in patients presenting for car-
diac and noncardiac surgery. Slogoff et al132 performed a randomized 
trial evaluating the safety of administration of propranolol within 
12 hours of surgery. Based on a significantly greater increase in the 
incidence of pre-CPB ischemia in patients withdrawn from propra-
nolol (within 24 to 72 hours), they also recommended continuation 
of therapy up until the time of surgery. Further work by these and 
other investigators in the 1980s documented the efficacy of -blocker 
continuation through CABG surgery with regard to reducing pre-
CPB ischemia and their superior efficacy over the increasingly popu-
lar calcium channel  blockers133,134 (Box 18-2).

The earlier mentioned studies were instrumental in laying the ground-
work for the subsequent noncardiac surgery studies in the late 1980s.135–137 
They led to the contemporary randomized trials of Poldermans et al138 
and Mangano et al,139 which rallied support for rout ine perioperative 

-blocker use; and the most recent conclusions drawn from the POISE 
trial140 that questioned parts of this practice. These trials resulted in the 
latest recommendations of -blockade in patients undergoing noncar-
diac surgery.141 There is little doubt that -blockers are beneficial for most 
CABG patients, particularly if HR is increased. When acutely admin-
istered in adequate dose, they significantly reduce myocardial oxygen 
demand and the incidence of atrial and ventricular arrhythmias. Several 
observational studies have documented associations of -blocker ther-
apy with reduction in perioperative mortality in CABG patients.142,143 The 
largest of these by Ferguson et al144 considered 629,877 patients in the 
STS database (1996 to 1999) in which a modest but statistically signifi-
cant reduction in 30-day risk-adjusted mortality was reported. This treat-
ment effect was observed in many high-risk subgroups, although a trend 
toward increased mortality was seen in patients with EF less than 30%. 
In a meta-analysis, Wiesbauer et al145 found that perioperative -blockers 
reduced perioperative arrhythmias after cardiac surgery, but they had no 
effect on myocardial infarction or mortality. Considerable efforts are being 
expended by major organizations (STS, American College of Cardiology) 
in increasing compliance with existing guidelines for use of -blockers at 
the time of hospital discharge (together with use of aspirin, statins, and 
 angiotensin- converting enzyme [ACE] inhibitors).146,147

An increasing number of patients are presenting for CABG surgery 
while being treated with platelet inhibitors. Aspirin is a well- recognized 
component of primary and secondary prevention strategies for all 
patients with ischemic heart disease.148,149 Treatment with clopidogrel 
is required for coronary artery stent placement, has been shown to 
improve outcome, and is now recommended in combination with 
aspirin after acute coronary syndrome.150,151 Antiplatelet therapy is also 
used after CABG to reduce ischemic complications. Aspirin (and other 
platelet inhibitors such as dipyridamole) have long been recognized to 

BOX 18-2. PREOPERATIVE MEDICATION MANAGEMENT

 1. -Adrenergic blockers: Should be continued perioperatively 
in patients already on -blocker therapy. Consider -blockers 
in high-risk patients with heart rate greater than 60 beats/min 
(contraindications: hypotension, third-degree heart block, 
bronchospasm).

 2. Statins: Should be continued perioperatively in patients already on 
statin therapy. Consider statins in all patients with CAD because 
of emerging data that the complex effects of statins, including 
lipid-stabilizing effects and anti-inflammatory properties, improve 
outcome, including in patients undergoing CABG surgery.

 3. Calcium channel blockers: Should be continued perioperatively; 
greater incidence of heart block or need for pacing.

 4. Angiotensin-converting enzyme inhibitor: Perioperative use 
controversial; possible increased risk for hypotension during 
induction, vasoplegic syndrome, and mortality.

 5. Diuretics: No firm recommendations; ensure adequate serum 
potassium levels.

 6. Aspirin: Strong data to suggest that aspirin should be continued 
in high-risk patients despite slightly increased risk for bleeding 
(beneficial for early and late graft patency and mortality).

 7. Antiplatelet agents such as glycoprotein IIb/IIIa inhibitors: 
Associated with increased risk for bleeding. Recommendations 
to hold 5 days before surgery. However, in high-risk patients 
and/or after drug-eluting stents, recommendations may change 
and glycoprotein IIb/IIab inhibitors may even be continued 
perioperatively despite increased risk for bleeding (always 
consult with surgeon).

 8. Heparin: Regimen is often surgeon specific. Usually discontinued 
4 hours before for stable patients, continued up to and through 

pre-CPB period for critical left main disease or acutely unstable 
angina patients.

 9. Oral hypoglycemic agents: Data suggest that oral antidiabetic 
drugs may abolish the preconditioning effect of potent 
inhalation anesthetics. No firm recommendations; consider 
holding administration. However, glucose control has to be 
ensured.

 10. Antibiotic prophylaxis: Optimal timing and weight 
adjustment (especially important with antibiotics that 
have slow tissue penetration, e.g., vancomycin). Typically, 
second-generation cephalosporin such as cephazolin 
(1 to 2 g intravenously [IV]) or cefuroxime (1.5 g IV) 
administered 30 to 60 minutes before incision; vancomycin 
(15 mg/kg) administered as slow infusion to avoid hypotension 
and flushing (because slow tissue penetration infusion should 
be completed 30 minutes before skin incision). Consider 
clindamycin (600 to 900 mg IV) for penicillin or cephalosporin 
allergy; adjust as appropriate for renal failure. Repeat cefazolin 
every 4 hours, cefuroxime every 3 to 4 hours, vancomycin every 
6 to 12 hours (except in patients with renal impairment), and 
clindamycin every 3 to 6 hours.

 11. Anxiolytic or analgesic premedication: Consider short-acting 
benzodiazepine (e.g., midazolam) orally or IV after insertion of 
an intravenous catheter (supplemental nasal oxygen to avoid 
desaturation and ischemia).

 12. Preoperative (time 6 to 8 hours) insertion of epidural 
catheter: Controversial, may reduce stress response, preserve 
adrenoreceptor function, and decrease time to extubation, 
pulmonary complications, and pain scores.
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have strong efficacy in the prevention of early graft thrombosis after 
CABG.152 Mangano et al,153 in a large observational analysis, reported 
substantial reduction in overall mortality rate (1.3% vs. 4.0%) and 
ischemic complications of the heart, brain, kidneys, and gastrointesti-
nal tract in 5065 patients at 70 hospitals when aspirin was administered 
within 48 hours after surgery.

The combination of aspirin and clopidogrel after CABG may be 
even more effective.154 However, great controversy exists in regard to 
preoperative antiplatelet therapy. The risk for hemorrhagic complica-
tions needs to be weighed against the potential benefits of antiplatelet 
therapy. In a recent meta-analysis, patients receiving aspirin imme-
diately before surgery had more mediastinal bleeding and received 
more blood products.155 Several retrospective studies have reported 
that CABG surgery in patients receiving clopidogrel is associated with 
increased bleeding and transfusion requirements.156 Filsoufi et al157 also 
reported longer ICU and hospital length of stay (LOS) and increased 
all-cause morbidity and mortality in clopidogrel-treated patients. In 
a multicenter, retrospective study, Berger et al158 reported that clopi-
dogrel-treated patients were at increased risk for reoperation, major 
bleeding, and increased LOS.

Recent guidelines from the American College of Chest Physicians 
on antithrombotic and thrombolytic therapies recommend institu-
tion of aspirin within 6 hours after CABG surgery over continuation 
of preoperative therapy (level of evidence IIa).159 In those with ongoing 
bleeding, it should be administered as soon as possible thereafter. In 
those allergic to aspirin, clopidogrel should be used instead. Low-dose 
aspirin should be continued indefinitely. They further recommend 
the use of clopidogrel in addition to aspirin for 9 to 12 months after 
CABG after a non–ST-elevation acute coronary syndrome. The STS has 
released formal practice guidelines on this topic. In high-risk patients 
(those with unstable angina or recent myocardial infarction) requir-
ing urgent or emergent CABG, aspirin should be continued until the 
time of surgery (Class IIa recommendation) unless they are in an “aspi-
rin-sensitive high-risk subgroup” (i.e., those on other antiplatelets or 
anticoagulants, or those who have platelet abnormalities). For elective 
patients in whom active platelet aggregation is less likely to be a criti-
cal factor in precipitating ischemia, they recommend discontinuation 
of aspirin for 3 to 5 days before surgery to reduce transfusion require-
ments (Class IIa), with reinstitution in the early postoperative period 
(Class I).160 The American College of Chest Physicians practice guide-
lines, as well as the American Heart Association/American College of 
Cardiology guidelines, also suggest discontinuing clopidogrel 5 days 
before CABG surgery in patients who received clopidogrel for acute 
coronary syndrome if clinical circumstances allow.159,161

The efficacy of calcium channel antagonists with regard to their 
anti-ischemic properties in patients undergoing CABG is a contro-
versial topic. Early observational studies suggest they were ineffec-
tive, particularly relative to -blockers.162,163 Subsequently, there was 
even less enthusiasm for their use given concerns in the mid-1990s of 
excess mortality with shorter-acting preparations (in particular, nife-
dipine, which was thought to cause reflex adrenergic activation because 
of abrupt vasodilation with each dose).164 Two meta-analyses evaluat-
ing their efficacy in noncardiac surgery produced conflicting informa-
tion.165,166 However, one meta-analysis and a large observational cohort 
study with propensity matching adjustment suggest they are effec-
tive in reducing mortality in CABG patients.167,168 For patients taking 
them chronically, it appears prudent to continue them perioperatively. 
Caution is advised with concurrent administration of nondihydropyri-
dine drugs (diltiazem) and -blockers, although the risk (purported to 
be possible precipitation of advanced degrees of atrioventricular block) 
appears to be minor, based on a lack of problems in a reported large 
cohort of thoracotomy patients in whom this was done frequently.169 
A new issue recently has been raised as well, which will require fur-
ther investigation. A recent observational study concluded that calcium 
channel blockers decrease clopidogrel-mediated platelet inhibition, the 
latter playing a crucial role in the management of CAD.170

ACE inhibitors and 3-hydroxy-3-methylglutaryl coenzyme A reductase 
inhibitors (statins) currently are receiving special attention as agents 

because of a variety of important “pleiotropic” effects (e.g., effects inde-
pendent of their primary antihypertensive or lipid-lowering actions, 
respectively).171–173 Potent anti-inflammatory and antithrombotic effects 
and beneficial effects on endothelial function have been reported for 
both agents, as well as less clear effects on angiogenesis.174,175 Both agents 
commonly are administered acutely during PCI,176–178 and have direct 
effects on platelet aggregation and plasminogen activator inhibitors.173,179 
Statins have been reported to reduce circulating levels of adhesion mol-
ecules, which have been implicated in endothelial dysfunction after CPB 
(Figure 18-12).180–182 Statins also have been shown to attenuate myocar-
dial reperfusion injury after cardiac surgery.183 ACE inhibitors are widely 
considered to be vasculoprotective, particularly with regard to ventric-
ular remodeling after acute myocardial infarction, and they appear to 
reduce damage after ischemic reperfusion (likely related to reduction 
in ischemia-induced vasoconstriction and reduction in leukocyte adhe-
sion).184 Several investigators have published retrospective studies with 
similar reports of the efficacy of statins to reduce the short-and long-term 
mortality of CABG patients.185–189 In a large meta-analysis evaluating the 
impact of preoperative statin use on adverse clinical outcomes after car-
diac surgery, Liakopoulos et al190 reported that preoperative statin use 
significantly reduced all-cause mortality after surgery. Statins also have 
been found in retrospective studies to decrease the need for postoperative 
renal replacement therapy,191 possibly a reflection of their anti-inflam-
matory properties, with conflicting results regarding a reduction in acute 
renal dysfunction.192,193 In addition, statins have been shown to decrease 
the incidence of atrial fibrillation after cardiac surgery.194 The current 
American College of Cardiology/American Heart Association guidelines 
on perioperative cardiovascular evaluation and care for noncardiac sur-
gery patients recommend the continuation of statins in patients currently 
on them and the consideration of starting statins in patients with clinical 
risk factors.195 Most clinicians continue them routinely (albeit orally only, 
so there is usually a short withdrawal period after surgery). Postoperative 
withdrawal of statin treatment is  independently associated with increased 
hospital  mortality after CABG.196

Fewer studies have been performed on ACE inhibitors. The QUO 
VADIS (QUinapril on Vascular Ace and Determinants of Ischemia) 
study197 showed a significant reduction in ischemic events in patients 
on ACE inhibitors before CABG. ACE inhibitor therapy before CABG 
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Figure 18-12 Bar graph of the mean values of circulating intercellular 
adhesion molecule-1 (ICAM-1), a glycoprotein circulating adhesion mol-
ecule expressed by endothelial cells in response to inflammation. Levels 
in response to cardiopulmonary bypass are shown for 15 control subjects, 
15 patients on simvastatin with good control of cholesterol (i.e., respon-
sive), and 15 patients on the drug but with poor control (i.e., not respon-
sive) of cholesterol. Statin patients had lower ICAM-1 levels at 24 and 48 
hours after surgery (***, statistically significant), suggesting possible anti-
inflammatory properties. Base, baseline; ccr, cross-clamp release; end, 
end of cardiopulmonary bypass; po, postoperative period. (From Chello 
M, Carassiti M, Agro F, et al: Simvastatin blunts the increase of circulating 
adhesion molecules after coronary artery bypass surgery with cardiopul-
monary bypass. J Cardiothorac Vasc Anesth 18:605, 2004.)
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has also been associated with a reduced risk for acute kidney injury198 
and may be effective in the prevention of new-onset atrial fibrilla-
tion.199 ACE inhibitors, however, also have been associated with greater 
degrees of hypotension during induction or even profound degrees of 
vasodilation (vasoplegic syndrome) during CPB and weaning because 
of their vasodilatory effects.200–208 In a large, retrospective, observa-
tional study on more than 10,000 patients undergoing CABG surgery, 
preoperative ACE inhibitor therapy was associated with an increased 
incidence of perioperative hypotension and ACE inhibitor therapy 
was found to be an independent predictor of mortality, need for ino-
tropic support, postoperative renal dysfunction, and new-onset post-
operative atrial fibrillation.209 Another concern expressed by Lazar210 
was in relation to potential antagonism between ACE inhibitors and 
aspirin because ACE inhibitors increase prostaglandin levels, whereas 
aspirin inhibits them. Despite strongly promoting their perioperative 
use, he advised they be withheld for 24 to 48 hours before surgery if 
possible and restarted after surgery after reinstitution of -blockade 
(assuming systolic blood pressure > 100 mm Hg). They are otherwise 
contraindicated with renal insufficiency, and their adverse effect of 
cough can be detrimental to sternal stability in the early postoperative 
period. At this point, further studies are needed to make recommenda-
tions about the perioperative use and/or continuation of ACE inhibi-
tors and their effect on outcome parameters in patients  undergoing 
CABG surgery.

 Monitoring
Electrocardiogram
On arrival in the operating room, the patient undergoing CABG should 
have routine monitors placed, including pulse oximetry,  noninvasive 
blood pressure (BP), and the ECG. A five-lead system is standard in 
patients undergoing cardiac surgery. Monitoring leads V

5
 and II allows 

for the detection of 90% of ischemic episodes, as well as monitoring 
the rhythm to diagnose various atrial and ventricular arrhythmias. 
The ECG detection of myocardial ischemia is reviewed in Chapter 15 
(Box 18-3).

Arterial Pressure Monitoring
The radial artery usually is cannulated for BP monitoring during 
CABG. Choosing the best site for radial artery cannulation depends 
on surgery-specific considerations, as well as institutional and practi-
tioner preferences. Surgical technique such as radial artery harvesting 
or axillary CPB cannulation may influence the site chosen for invasive 
arterial pressure monitoring. With modern sternal retractors, blunt-
ing of the arterial pressure tracing on the ipsilateral side of internal 
mammary artery (IMA) dissection is not typically seen. Some prac-
titioners use bilateral arterial cannulation or choose a more central 
artery such as the axillary or femoral artery to ensure accurate pressure 
readings after CPB. Radial arterial pressures have been shown to be 
inaccurate immediately after hypothermic CPB. Substantial reductions 
in radial arterial versus aortic pressure have been reported in several 
clinical investigations, often requiring 20 to 60 minutes after CPB to 
resolve.211–215 Alterations in forearm vascular resistance (decrease) are 
believed to be responsible for this common phenomenon. This prob-
lem can be overcome by  temporarily  transducing the arterial pressure 
directly from the aorta (by a needle or a cardioplegia cannula).

Central Venous Cannulation
The placement of a central venous pressure (CVP) catheter routinely 
is performed in cardiac anesthesia both for pressure measurement and 
for infusing vasoactive drugs. Some centers routinely place two cath-
eters (a large introducer and a smaller CVP catheter) in the central cir-
culation to facilitate volume infusion and vasoactive or inotropic drug 
administration. Increasingly, ultrasound guidance is used for place-
ment, although there remains controversy in the literature regarding 
whether it is a standard of care216–218 (see Chapter 14).

Pulmonary Artery Catheterization
The use of PAC in medical and surgical settings has declined steadily, 
mostly because of the increasing amount of data from large ran-
domized studies showing that major clinical outcomes (particularly 
 mortality) are not changed by PAC use and that adverse effects of PAC 
monitoring have to be considered. This includes surgery for myocar-
dial revascularization and in the ICU setting, suggesting that despite 
the substantial amount of physiologic information obtained, patient 
outcome is independent of PAC use. Tuman et al,219 in a prospective 
observational study, examined the effect of the PAC on outcome in 
1094 patients undergoing CABG surgery. Although no direct data on 
LV function were provided, there was no difference in the incidence 
of LV dysfunction between the group treated with a CVP versus the 
group treated with a PAC. In this study, the investigators could not 
demonstrate that a PAC had any effect on outcome; however, 7% of the 
patients initially assigned to CVP monitoring subsequently required 
a PAC for management.

Several other reports have focused exclusively on PAC use in CABG 
surgery. Stewart et al220 reported a retrospective analysis of 312 patients 
undergoing CABG (in 1996) who were believed to be low risk and 
suitable for CVP monitoring alone. Of these, 32% had a PAC placed 
and received greater volumes of fluid, gained more weight, and had 
longer times to extubation. Ramsey et al221 retrospectively analyzed a  

BOX 18-3. INTRAOPERATIVE MONITORING 
FOR MYOCARDIAL REVASCULARIZATION

1. Electrocardiogram: V3 to V5 most sensitive for ischemia; lead II 
for inferior ischemia and rhythm monitoring.

2. Arterial blood pressure: Continuous invasive arterial blood 
pressure monitoring and blood gas sampling via indwelling 
arterial catheter. (Consider site of radial artery harvesting, 
reoperation, bilateral radial artery monitoring for axillary CPB 
cannulation, femoral artery cannulation for emergency intra-
aortic balloon pump [IABP] insertion, and more central arterial 
cannulation [axillary, femoral] for more accurate readings after 
discontinuation of cardiopulmonary bypass [CPB]).

3. Pulmonary artery catheter (PAC): No evidence of improved 
outcome with PAC use. Treatment guidance in conjunction 
with transesophageal echocardiography (TEE) monitoring and 
for postoperative care in the intensive care unit, particularly in 
patients with severely reduced ventricular function and patients 
with pulmonary hypertension.

4. TEE: Used in many centers for coronary artery bypass graft 
(CABG) surgery. Use in CABG and off-pump coronary artery 
bypass (OPCAB) surgery is now recommended. TEE can assist 
in pre-CPB evaluation of cardiac function, associated valvular 
lesions including functional mitral regurgitation, evaluation 
of atheromatous plaques in the aorta (site of cannulation and 
aortic cross-clamping, possible no-touch technique), detection 
of patent foramen ovale, persistent left superior vena cava 
(retrograde cardioplegia problematic), CPB cannulation 
including retrograde cardioplegia cannula positioning, aortic 
cannula positioning and associated complications such as 
iatrogenic aortic dissection and cannula positioning, volume 
status, ventricular function and response to inotropic agents, 
de-airing after release of aortic cross-clamp and during weaning 
off CPB).

5. Neurophysiologic monitoring: Increasing evidence suggests that 
cerebral oximetry aids in detecting catastrophic events, pending 
data from large prospective studies regarding outcome.

6. Temperature monitoring: Bladder or esophageal (core 
temperature) and nasopharyngeal or tympanic (brain 
temperature) are recommended for all CPB cases to minimize 
temperature gradients and cerebral hyperthermia during 
rewarming. For OPCABs, bladder temperature only is sufficient.

7. Foley placement for all patients.
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 commercial health care outcomes benchmarking database with 13,907 
patients undergoing nonemergent CABG in 56 hospitals (Figure 18-13). 
Patients who had a PAC placed for perioperative monitoring (58%  
of the patients) were found to have a greater risk for mortality after 
risk adjustment (relative risk = 2.1), longer lengths of stay, and higher 
total costs, particularly in the hospitals with low rates of PAC use. 
Schwann et al222 retrospectively analyzed 2685 consecutive CABG 
patients at a single private center (1994 to 1998) in which PAC use 
was “highly selective” (i.e., used in only 9% based on consideration 
of multiple  cardiac risk factors). Of these PACs, 6.6% were planned, 
with the remainder placed after surgery in response to adverse intra-
operative events. Multivariate analysis revealed EF, STS risk score, use 
of IABP, congestive heart failure, redo operation, and New York Heart 
Association Class IV to be independent predictors of PAC use. Based on 
their reported overall mortality rate (2.3%), it appears as if this highly 
selective approach was safe, although these data cannot necessarily be 
generalizable outside this particular center given multiple other pro-
cess variables involved in providing care for these patients. London 
et al223 documented the high rate of PAC use based on analysis of 3256 
CABG patients included in a larger multicenter, observational study 
in patients undergoing cardiac surgery in the Department of Veterans 
Affairs (1994 to 1996). More than 95% of all cases were monitored with 
a PAC, and 49% of these used the more expensive mixed venous oxygen 
saturation  catheter. Use of this catheter was clearly center specific, and 
with the exception of a small reduction in number of postoperative 
arterial blood gas and thermodilution CO measurements, it was not 
associated with  improvement in outcome over the routine PAC.

Based on the existing literature, it is not possible to give precise 
criteria for PAC use in CABG surgery (see Chapter 14). The greater 
the patient risk (based primarily on established preoperative clinical 
predictors), the more favorable is the risk/benefit ratio. Risk factors 
include significant impairment of ventricular function (EF < 30%), 
and patients with known pulmonary hypertension and/or right-heart 
failure. Some authors have advocated a wait-and-see approach. In a 
prospective observational study, Djaiani et al224 showed the safety and 
usefulness of delaying the insertion of a PAC until the clinical need 
arises in the operating room or in the ICU after CABG surgery.

Although most of the recent clinical reports of patients undergoing 
OPCAB have used and many recommend the use of a PAC, it is not 

possible to give firm recommendations on this because of the lack of 
evidence-based data. In a retrospective study, Resano et al225 did not 
find significant differences in mortality, conversion to on-pump pro-
cedure, or inotropic drug use between the group treated with a CVP 
versus the group treated with a PAC.

Many of the complications reported with PAC use are related to 
large-bore catheter central vein cannulation. With the increasing use of 
intraoperative TEE monitoring, PAC use may decrease even more. For 
a more detailed review of PAC use, see Chapter 14.

Transesophageal Echocardiography
The ASA, together with the Society of Cardiovascular Anesthesiologists, 
developed practice guidelines in 1996 to provide recommendations 
for the perioperative use of TEE.226 These guidelines were updated 
recently,227 and the routine use of TEE is now recommended for all car-
diac or thoracic aortic surgery, which includes most patients undergo-
ing CABG or OPCAB surgery, or both. The ASA Task Force thereby 
acknowledged the increasing evidence that TEE can provide impor-
tant information that may impact perioperative anesthetic and surgical 
management and, possibly, patient outcome.

TEE is highly sensitive but not specific for myocardial ischemia.228,229 
It is appreciated that the earliest signs of myocardial ischemia include 
diastolic dysfunction followed by systolic regional wall motion abnor-
malities (RWMAs), which occur within seconds of acute coronary 
occlusion. New RWMAs detected in the intraoperative period, how-
ever, frequently may occur because of nonischemic causes such as 
changes in loading conditions, alteration in electrical conduction in 
the heart, post-CPB pacing, myocardial stunning caused by ischemia 
before or during weaning from CPB, or poor myocardial preserva-
tion. Worsening of RWMAs after CABG surgery is associated with an 
increased risk for long-term adverse cardiac morbidity and has been 
suggested as a prognostic indicator of adverse cardiovascular out-
come.230 The transgastric short-axis midpapillary muscle view, com-
monly used because of its inclusion of myocardium supplied by the 
three major coronary arteries, may entirely miss RWMAs occurring in 
the basal or apical portions of the heart. A comprehensive TEE exami-
nation recommended by the American Society of Echocardiography/
Society of Cardiovascular Anesthesiologists Task Force before and after 
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Figure 18-13 Variation in the use 
of pulmonary artery catheter (PAC) 
for elective coronary artery bypass 
grafting (CABG) in 13,907 patients at 
56 community-based hospitals in 26 
states in 1997, with data obtained from 
an administrative health outcomes 
bench marking database. PAC was 
used in 58% and was associated with 
greater risk of in-hospital mortality, 
particularly in hospitals with the lowest 
use of PAC, hospital length of stay, and 
costs. Purple bars indicate the total 
number of CABG cases; gray bars indi-
cate the number of patients with PAC. 
(From Ramsay SD, Saint S, Sullivan SD, 
et al: Clinical and economic effects of 
 pulmonary artery catheterization in 
nonemergent coronary artery bypass 
graft surgery. J Cardiothorac Vasc 
Anesth 14:113, 2000.)



536 SECTION IV Anesthesia and Transesophageal Echocardiography for Cardiac Surgery

CPB or after completion of revascularization in OPCAB is, therefore, 
recommended.231 TEE is not perfect for ischemia monitoring because 
all wall segments would have to be monitored continuously in real-
time and compared with preoperative findings.

A wide variety of uses aside from detection of ischemia are well docu-
mented for TEE. TEE can assist in the pre-CPB evaluation of cardiac 
function, associated valvular lesions including functional mitral regurgi-
tation, evaluation of atheromatous plaques in the aorta (site of cannula-
tion and aortic cross-clamping, possible no-touch technique), detection 
of a patent foramen ovale, and persistent left superior vena cava (retro-
grade cardioplegia problematic). CPB cannulation including retrograde 
cardioplegia cannula positioning, aortic cannula positioning and associ-
ated complications such as iatrogenic aortic dissection and positioning 
in the left subclavian artery, verification of PAC location, volume  status, 
ventricular function and response to inotropic agents, and de-airing after 
release of the aortic cross-clamp can also be evaluated by TEE.

A new and exciting application of perioperative TEE is now emerg-
ing. The conventional method for analyzing regional myocardial func-
tion is by visual assessment of inward radial motion and wall thickening 
from two-dimensional (2D) echocardiographic images. Precise and 
reproducible quantitative assessment is much more appealing. Early 
attempts at using Doppler-based techniques for this purpose have 
been limited by angle-dependency and artifacts.232,233 A novel quan-
titative approach is speckle tracking. It uses 2D images and analyzes 
the movement of stable acoustic markers (speckles) between frames.234 
Kukucka et al235 demonstrated the feasibility of intraoperative determi-
nation of speckle tracking–derived strain from TEE images and cor-
related it with visual assessment of RWMA. They showed that it had 
better interobserver agreement than visually obtained data, allowed 
for determination of radial and longitudinal RWMAs, and that strain 
analysis and not visually obtained semiquantitative assessment of wall 
motion detected differences between normally perfused and ischemic 
segments (see Chapter 12).

The use of perioperative TEE in patients undergoing cardiac sur-
gery is increasing, and it will be interesting to see how this trend devel-
ops with the newly adopted ASA guidelines on the perioperative use of 
TEE in patients undergoing cardiac surgery. Morewood et al236 obtained 
more than 1800 survey responses from members of the Society of 
Cardiovascular Anesthesiologists in 2000. Of approximately 1500 clini-
cians involved in CABG, only 11% reported never using TEE, but more 
than 30% used it frequently or always. This number is probably greater 
today because of the growth of OPCAB and ongoing popularity of the 
technology. A variety of observational studies since 1990 have supported 
the efficacy of this technique, although in the absence of a true random-
ized, controlled trial, it is impossible to conclusively prove the efficacy of 
intraoperative TEE on patient outcome parameters such as periopera-
tive morbidity and mortality.237–239 Proper education and certification 
are critical, and guidelines about training requirements and certifica-
tion have been published240,241 (see Chapter 41). The clinician must real-
ize that there are serious complications that can and do occur (albeit 
rarely) with the intraoperative use of TEE and that a strong association 
between esophageal dysmotility and aspiration, particularly in elderly 
patients, has been  suggested in several observational reports.242–247

Cerebral Oximetry
Cerebral oximetry monitoring, a continuous, noninvasive moni-
tor of regional cerebral oxygen saturation, is being used increasingly 
during cardiac surgery. The technologic background of near-infrared 
spectroscopy technology has been reviewed in detail elsewhere (see 
Chapter 16).248 The main principles on which near-infrared spectros-
copy devices rely are the facts that most biologic tissues, other than 
hemoglobin and cytochrome oxidase, are relatively transparent to 
infrared light in the range closest to the visual spectrum (700 to 1000 nm) 
and that the absorbance spectrum of hemoglobin depends on its oxy-
genation status (deoxygenated hemoglobin absorbs more red light and 
less infrared light than oxygenated hemoglobin). Regardless of the 
 manufacturer, all devices emit light at wavelengths within the earlier 

mentioned spectrum and analyze photons returning to the transducer. 
The source of the light signal(s) (laser vs. diode), number of wave-
lengths used, and distance of the emitting light source to the receiving 
sensors vary among the manufacturers. Because the change in intensity 
of the reflected light is dependent on the oxyhemoglobin/deoxyhemo-
globin ratio, oxyhemoglobin saturation can be derived.249 Because the 
greatest contribution to a tissue's absorption spectrum is from blood 
contained within venules and veins (approximately 3:1 ratio of venous 
to arterial blood), these devices provide a venous weighted value.250 In 
comparison, pulse oximetry provides measurement of an arterial oxy-
gen saturation reflecting oxygen supply to tissue. Therefore, near-infra-
red spectroscopy technology is considered complementary to pulse 
oximetry. Unlike pulse oximetry that requires pulsatile flow, tissue oxi-
metry does not and is, therefore, ideal in low-flow conditions such as 
LCOS and/or nonpulsatile CPB or cardiocirculatory assist devices.

The use of cerebral oximetry has been suggested for cardiac surgical 
patients for several reasons. It is unique in its ability to continuously 
monitor regional tissue oxygenation even in the LCOS and nonpulsa-
tile flow, the latter commonly seen during CPB. Multiple case reports 
have demonstrated that cerebral oximetry can provide early warning 
signs for detecting catastrophic events otherwise not detected by other 
monitoring devices such as pulse oximetry.251 In addition, the cerebral 
cortex can be seen as an index organ. Although autoregulatory mech-
anisms have to be considered, low cerebral tissue oxygenation corre-
lates with measures of systemic oxygen delivery and consumption.252 
Postoperative cognitive dysfunction is still one of the most frequently 
reported complications after cardiac surgery. It is likely multifactorial 
in origin, but embolization and hypoperfusion of the brain are two of 
the most frequently cited causative factors.253 Although cerebral oxim-
etry, because of its localized area of interrogation, may not detect even 
massive particulate emboli to the brain resulting in catastrophic neuro-
logic adverse outcomes such as stroke, these events fortunately are rare, 
with rates of 1% to 3% reported in the literature (see Chapter 36).254

Many studies have estimated the incidence of neurocognitive 
 dysfunction after cardiac surgery to be greater than 50%.255 There are 
emerging data that a correlation exists between cerebral oxygen desatu-
rations (measured with cerebral oximetry) and cognitive dysfunction 
in CABG patients.256,257 There has been an ongoing debate, however, 
about the clinical value of near-infrared spectroscopy monitoring as 
a trend monitor only or as a noninvasive tool that allows clinical deci-
sion making based on adequate correlation with absolute measure-
ments. There still need to be data from large, randomized, controlled 
studies with clearly defined treatment protocols and outcome mea-
sures to demonstrate that interventions based on cerebral oximetry 
readings can improve neurologic outcome in CABG patients.258 Two 
prospective trials in CABG patients that fit those criteria have been 
published to date. Slater et al257 randomized 265 CABG patients to a 
blinded control group or an unblinded intervention group. There were 
no statistically significant differences in cognitive decline and major 
postoperative complications (cerebrovascular accident, myocardial 
infarction, renal insufficiency, reoperation for bleeding) between the 
two study groups, a result the authors attributed to poor compliance 
with the treatment protocol. In the multivariate analysis, however, pro-
longed rSo

2
 desaturation was an independent risk factor for postopera-

tive cognitive decline regardless of the assigned study group. Murkin et 
al,259 in a similar study, demonstrated that treatment of cerebral oxy-
gen desaturations improved outcome in patients undergoing CABG 
surgery. They randomized 200 patients undergoing CABG surgery to 
either an intervention group in which cerebral tissue desaturation was 
linked to a treatment intervention protocol attempting to correct those 
readings back to baseline values or a control group in which cerebral 
oximetry readings were blinded to the practitioner. The hypothesis was 
that most of the interventions to optimize cerebral oxygen saturation 
would influence systemic perfusion as well. There was no difference 
in the overall incidence of adverse complications; however, signifi-
cantly more patients in the control group had major organ morbidity 
or mortality such as death, ventilation longer than 48 hours, stroke, 
 myocardial infarction, and return for re-exploration. The results of 
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both studies clearly demonstrated that further studies are needed to 
determine whether postoperative cognitive dysfunction can be reduced 
by treatment of intraoperative cerebral oxygen desaturations, as well 
as to define a clear threshold below which the risk for postoperative 
 cognitive dysfunction is increased.

 Induction and Maintenance of General 
Anesthesia
Induction of anesthesia should take place in a calm and relaxed man-
ner, preferably in a quiet operating room. Attention should be paid 
to the ambient room temperature or warm blankets placed on the 
patient because entry into an excessively cold operating room can elicit 
an unwanted sympathetic response with increases in blood pressure 
and HR increasing oxygen demand. Allaying the patient's anxiety with 
premedication and calm, reassuring verbal interaction is also critical. 
Preoxygenation should be used and invasive continuous blood pres-
sure monitoring should be in place before induction.

The main considerations in choosing an induction technique for 
patients undergoing CABG are LV function and coronary pathology. 
In addition, limiting the amount of opioids and/or the use of short-
acting drugs is encouraged in patients eligible for fast-tracking and 
early extubation. With modern cardioplegia techniques and assuming 
an uneventful intraoperative course, cardiac function typically is well 
preserved and patients usually can be extubated within 2 to 4 hours 
after surgery if attention is paid to adequate rewarming and postopera-
tive analgesia and if high doses of respiratory depressant anesthetics 
(particularly opioids and benzodiazepines) have been avoided.

It is evident that no single approach to anesthesia for CABG 
 procedures is suitable for all patients. Most hypnotics, opioids, and 
volatile agents have been used in different combinations for the induc-
tion and maintenance of anesthesia, with good results in the hands of 
 experienced clinicians (Box 18-4).

Anesthetic Agents
Considerations for choice of induction agent in the patient undergo-
ing CABG are based on theoretic and practical clinical considerations. 
Hypertension and tachycardia are most commonly seen in patients 
with normal ventricular function, a history of arterial hypertension, 
and left ventricular hypertrophy. They should be avoided, as well as 
hypotension and excessive myocardial depression, in a patient with 
depressed ventricular function or with severe flow-dependent stenoses 
(e.g., left main or proximal LAD disease, coexisting severe valvular 
stenosis). The cardiac effects of each of the commonly used induction 
agents have been investigated over many years, sometimes with con-
flicting results. Increasing sophistication of experimental preparations 
and measurements is providing new information. Unraveling the direct 
versus indirect effects of a particular drug on the heart and circulation 
is complex because overall effects are based on contractility, vascular 
tone, and response of the autonomic nervous system and barorecep-
tors. Closely related to this are the details of the animal preparation 
(e.g., species, acute vs. chronic preparation, open vs. closed chest) or 
the clinical setting (e.g., type and speed of induction, use of concurrent 

-blockers, or other antihypertensives, sophistication of cardiac moni-
toring) in which the drug is being investigated. Rarely is one drug used 
exclusively (particularly in this setting in which opioids, volatile agents, 
and benzodiazepines are often used simultaneously). All of the drugs 
usually are titrated to effect.

Thiopental had been used for decades for induction in this setting; 
however, it is rarely used nowadays. Its predominant hemodynamic 
effects include reductions in MAP and CO accompanied by a modest 
increase in HR. These are believed to result from a combination of direct 
myocardial depression, venodilation, and a decrease in central sympa-
thetic outflow. In isolated muscle, whole-animal,260 and  clinical stud-
ies (including use of load-independent measures of contractility),261,262 
it generally is reported to have greater negative inotropic effects than 
propofol. A greater degree of vasodilation with propofol also may 
account for less depression of CO.263,264 A study of isolated human atrial 
muscle from CABG patients reported no effect of propofol, midazo-
lam, and etomidate on contractility in contrast with strong effects for 
thiopental and, paradoxically, slight negative effects for ketamine.265 
However, a sheep preparation, in which “site-directed” coronary arte-
rial injection was used to isolate direct cardiac effects using doses small 
enough to preclude indirect effects from recirculated drug in the cen-
tral nervous system, reported similar direct cardiac depressant effects 
for thiopental and propofol (including the thiopental enantiomer and 
racemate).266 Despite these findings and its use in epidemiologic stud-
ies of anesthetic techniques for CABG,267 the use of thiopental in most 
centers has declined substantially in favor of propofol. Adverse effects 
on airway resistance, a greater propensity to elicit bronchospasm, and 
a greater association with postoperative nausea and vomiting are other 
potential factors (see Chapter 9).

Administration of ketamine generally is associated with increases 
in HR and MAP through indirect central and peripheral sympathetic 
stimulation (e.g., inhibition of neuronal reuptake of catecholamines). 
In states associated with depletion of catecholamines and in isolated 
preparations, ketamine appears to have direct negative inotropic and 
vasodilating effects,265,268 and it may have a negative lusitropic effect 
decreasing diastolic compliance.269 In a double-blind, randomized, con-
trolled trial, Zilberstein et al270 documented a potent anti- inflammatory 
effect (i.e., suppression of increases in superoxide anion production 
after CPB) with a very small dose of ketamine (0.25 mg/kg) that per-
sisted for several days after surgery. Ketamine is used relatively infre-
quently in CABG patients and is reserved primarily for induction in 
those with severe reduction of EF.

Etomidate appears to have minimal or no direct negative  inotropic 
effects or sympathomimetic effects.271,272 In an isolated rabbit heart 
preparation, Komai et al273 demonstrated that at very high concen-
trations, etomidate inhibited the influx of extracellular calcium 
but had no effect on availability of intracellular calcium required 
for  excitation-contraction coupling. It is known to inhibit adrenal 

BOX 18-4. GENERAL CONSIDERATIONS FOR 
ANESTHESIA INDUCTION AND MAINTENANCE 
IN PATIENTS UNDERGOING MYOCARDIAL 
REVASCULARIZATION

1. Anesthetic induction with tight control of hemodynamic 
parameters (avoid tachycardia, hypotension), particularly in 
patients with left main disease

2. Fast-track anesthetic protocols aiming for early extubation 
favored in most patients (restrict a high-dose opioid technique 
for patients at very high risk who do not tolerate inhalation 
anesthetics)

3. Given the increasing evidence for preconditioning effects, 
a potent volatile agent should be part of the anesthetic 
regimen; avoid nitrous oxide because of the possibility of 
expanding gaseous emboli

4. Maintain coronary perfusion pressure without increasing 
myocardial oxygen demand (phenylephrine, nitroglycerin, 
avoid tachycardia)

5. Antifibrinolytic therapy (epsilon aminocaproic acid or tranexamic 
acid) except in off-pump coronary artery bypass (OPCAB) 
patients; aprotinin is no longer available in the United States

6. Low tidal volume mechanical ventilation to facilitate LIMA 
dissection

7. Heparin usually is administered before clamping of the LIMA 
pedicle to avoid thrombosis; papaverine often is injected 
retrograde into the LIMA by the surgeon, which occasionally 
causes hypotension

8. Heparin administration, 300 to 400 IU/kg, or as calculated by 
heparin titration (Hepcon) in coronary artery bypass grafting 
(CABG) patients with cardiopulmonary bypass (CPB); activated 
coagulation time between 450 and 500 seconds is required for 
institution of CPB
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 mitochondrial hydroxylase activity, resulting in reduced steroido-
genesis even after a single bolus dose, although the studies are con-
flicting.274,275 Its use for induction in cardiac patients with impaired 
ventricular function is common. Myoclonic jerking can be observed 
in the absence of muscle relaxation. The use in patients with normal 
ventricular function should be carefully considered because blunt-
ing of the adrenergic response to intubation is poor and may result in 
hypertension and tachycardia, particularly with the low-dose opioid 
techniques used today. Greater associations with postoperative nausea 
and vomiting are other potential adverse effects seen with etomidate 
administration.

The clinical effects of propofol are, in general, similar to those of thio -
pental. However, it has numerous advantages over thiopental based on 
its predictable pharmacokinetics and dynamics.276,277 It often is used 
for sedation after CABG surgery,278 although with the recent approval 
of dexmedetomidine for this indication,279 its use may decline. Its iso-
lated effects on contractility are controversial, with conflicting findings 
depending on the model used. A sophisticated analysis of its effects 
in CABG patients using TEE assessment of preload-adjusted maximal 
power, a load-independent measure of contractility, at four different 
plasma concentrations (0.6 to 2.6 mg/mL) found no direct effect on 
contractility, although it lowered preload and afterload.280 It previously 
was evaluated in numerous clinical studies for induction and main-
tenance with an opioid (most commonly sufentanil) compared with 
a volatile-opioid combination for CABG in patients with normal and 
depressed EF. These studies reported minimal differences in hemo-
dynamics or in the incidence of myocardial ischemia.281–286 However, 
more sophisticated and larger contemporary studies closely evaluating 
ventricular function on weaning from CPB and perioperative release 
of biomarkers of ischemia consistently reported better myocardial pro-
tective properties with the use of volatile agents over a total intrave-
nous anesthetic technique with propofol. This is apparently related 
to anesthetic preconditioning and postconditioning effects of volatile 
agents (see Chapter 9). Propofol has been reported to have strong free 
radical scavenging properties that in one CABG study appeared to have 
attenuated myocardial lipid peroxidation in atrial tissue biopsies.287 In 
addition, propofol may have cardioprotective properties. The PRO-
TECT II (PROpofol cardioproTECTion for type II diabetics) study is 
investigating whether high-dose propofol can confer cardioprotection 
to diabetics, a population that may not benefit as much from inhala-
tion anesthetics.288

Benzodiazepines commonly are used in combination with a nar-
cotic to induce anesthesia for CABG. In most settings, midazolam 
has replaced diazepam, given its numerous advantages (particularly 
water solubility, a shorter half-life, and absence of metabolites capable 
of accumulation, prolonging the sedative effects).289 Stanley et al290,291 
and Liu et al292 were among the first to report on the addition of diaz-
epam to high-dose morphine and, shortly thereafter, fentanyl anes-
thesia for CABG. They reported a mild-to-moderate reduction in CO 
(approximately 20% relative to opioid alone, with the greatest decrease 
in the fentanyl group). These studies suggested that diazepam should 
not be used, particularly in patients with impaired ventricular func-
tion. However, with the realization that breakthrough adrenergic 
responses, as well as a substantial incidence of anesthetic recall with 
fentanyl alone, can occur, supplementation with diazepam or midazo-
lam quickly grew in popularity together with high-dose opioids in the 
early to mid-1980s.

Numerous clinical series of widely different sizes and designs, report-
ing on the efficacy of diazepam or, more commonly, midazolam used 
with high-dose opioids, were subsequently published.293–304 Moderate 
degrees of hypotension were reported in most studies, primarily attrib-
uted to a reduction in SVR (or from the effects of the high-dose opioid 
itself given the potent bradycardic effects of high-dose sufentanil). With 
rare exception, most investigators considered it safe and effective.305

There has been relatively little research on the direct cardiac effects 
of midazolam. Messina et al306 reported a clinical study of 40 CABG 
patients in whom 0.1 mg/kg midazolam was administered after induc-
tion and intubation with thiopental, fentanyl, and pancuronium. 

Contractility was depressed by midazolam, although afterload was 
reduced simultaneously, resulting in no net change in cardiac index. 
Patients with depressed baseline EF had lower indices of contractility at 
baseline but a similar magnitude of change. This study provided clini-
cal confirmation of the safety of midazolam in clinical practice, par-
ticularly given its experimental design. Most clinicians have reduced 
dosing of midazolam to the range used in the latter study. Midazolam 
is used widely because of clinicians concerns regarding recall. However, 
with the use of continuous volatile anesthesia and availability of conve-
nient neuromonitoring techniques, it should no longer be considered 
a necessity, particularly with use of small amounts as a component of 
the premedication.

High-dose opioid anesthesia was introduced into cardiac surgery by 
Lowenstein et al307 in 1969, in an attempt to provide safe anesthesia 
without myocardial depression in patients with severe valvular heart 
disease and compromised cardiac function. Although this revolution-
ized anesthesia for patients with cardiac dysfunction, it was apparent 
that morphine had several disadvantages: vasodilation from hista-
mine release, increased requirements for fluids and vasoconstrictors, 
and prolonged respiratory depression. When morphine was given to 
patients with normal LV function, with most patients undergoing 
CABG particularly in the previous decades, dramatic hemodynamic 
responses occurred with surgical stress and amnesia could not be guar-
anteed; the anesthesia often was inadequate. Despite these well-known 
adverse effects, morphine has regained attention because of its possibly 
unique cardioprotective and anti-inflammatory properties.308,309

In the late 1970s, Stanley and collaborators first reported on the 
use of high doses of the synthetic opioid fentanyl for CABG, with and 
without supplemental benzodiazepines.310–312 Clinicians worldwide 
who perceived the lack of histamine release to be a favorable property 
rapidly adopted it into their clinical practice.313–319 However, it was rec-
ognized early on that recall still could be a problem.320 Reports on the 
use of the more potent sufentanil appeared at the same time as fenta-
nyl, although most studies were not reported until the late 1980s.321–330 
It, too, was widely adopted, although there was concern over its potent 
bradycardic effects at high dosages, particularly when administered 
with nonvagolytic muscle relaxants.331,332

In the mid-1990s, remifentanil was introduced. Fueled by intense 
interest in fast-tracking (being promoted in the same time frame), it 
has been intensively investigated.333–342 Careful planning with regard 
to when it is terminated and adequate continuation of pain control 
is required. The combination with neuraxial anesthetics also has been 
advocated.343 There have been reports of greater degrees of hypotension 
compared with fentanyl or sufentanil.344,345 Remifentanil infusion was 
found to attenuate the perioperative endocrine stress response as com-
pared with fentanyl boluses as an adjunct to inhalation anesthesia.346

Based on computer modeling and clinical data, sufentanil appears 
to have the most favorable characteristics for continuous infusion with 
very predictable termination of effect.347,348 This characteristic was 
believed to be particularly important in the early 1990s when early 
postoperative suppression of ischemia by “intensive analgesia” was 
proposed as an important treatment goal just before the widespread 
interest in fast-tracking.349 The substantially greater costs of sufentanil 
(than fentanyl) and the apparent aversion of many cardiac anesthesiol-
ogists to use continuous anesthetic infusions have limited its use. Most 
evidence suggests that despite documented associations of sufentanil 
use with shorter times to extubation, overall costs and hospital lengths 
of stay are unaffected relative to fentanyl.350–352 Nonetheless, it remains 
popular with many clinicians, many of whom infuse it continuously 
during surgery.

These drugs are pure opioid agonists, and none provides com-
plete anesthesia as defined by predictable dose–response relations 
for suppression of the stress response and release of endogenous 
 catecholamines (particularly norepinephrine), even with high serum 
concentrations.353–355 Hypertension and tachycardia commonly have 
been reported in response to induction/intubation and surgical stim-
uli (particularly with sternotomy) in older studies of high-dose opi-
oid anesthesia with fentanyl or sufentanil.356,357Figures 18-14 and 18-15 
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demonstrate this lack of association of serum levels with hemodynamic 
responses. The seminal study of Philbin et al358 (see Figure 18-15) 
investigated the relation between opioid dose and hemodynamic effect 
with fentanyl or sufentanil in a randomized study of CABG patients. 
Forty premedicated patients were allocated to receive fentanyl (50 or 
100 g/kg) or sufentanil (10, 20, or 30 g/kg) in bolus dosing with 
100% oxygen and the relaxant metocurine, with an additional 40 
patients randomized to sufentanil bolus dosing (10, 20, or 40 g/kg, 
followed by continuous infusions). Plasma opioid (only for sufentanil 
in the bolus/continuous infusion groups) and catecholamine concen-
trations were obtained after intubation and after sternotomy. A hemo-
dynamic response was defined as a 15% or greater increase in systolic 
blood pressure (HRs were not reported), and a hormonal response was 
a 50% or greater increase from control. For both opioids, the frequency 
of hemodynamic responders (33% to 60%) was similar between 
all fentanyl and sufentanil bolus groups. In the sufentanil infusion 
groups, the plasma concentrations were consistent and dose related, 
with wide spreads between the groups. Twenty-four of the 40 patients 
were hemodynamic responders (with 18 occurring with sternotomy), 

and the frequency of response was unrelated to plasma sufentanil lev-
els. Although this study had design flaws (e.g., small sample sizes and 
lack of power analyses, lack of reporting of actual hemodynamics), it 
is widely quoted to support the contention that even high-dose opi-
oids alone provide incomplete anesthesia. Despite this, “narcotic anes-
thesia” was for many years considered synonymous with a “cardiac  
anesthetic” that should be used in all patients with CAD. It is only 
recently that this erroneous association is being laid to rest as volatile-
based fast-tracking techniques have become standard of care in most 
patients undergoing myocardial revascularization.

The usual practice to provide complete anesthesia is to supplement 
opioids with inhaled or other intravenous agents. This permits a reduc-
tion in the total dose of opioid and, particularly with volatile agents, 
more rapid return of respiratory drive, facilitating early extubation. 
Thomson et al359 have incorporated this approach and extended the con-
cepts investigated by Philbin and Roscow360 in a small but sophisticated 
study of CABG patients whereby specific effect site concentrations of 
fentanyl or sufentanil were targeted by using a computer-assisted infu-
sion pump. Three targeted concentrations for each opioid were evalu-
ated: sufentanil 0.4, 0.8, and 1.2 ng/mL and fentanyl 5, 10, and 15 ng/mL 
and the end-tidal concentration of isoflurane required to control MAP 
and HR in the prebypass period by predetermined criteria were moni-
tored. The sufentanil subgroups required approximately 1.9, 3.1, and 
4.9 g/kg, and fentanyl subgroups received 18.8, 33.9, and 50.4 g/kg  
in this period. The average end-tidal concentration of isoflurane was 
significantly greater between the low and medium/high groups, with 
no difference between medium and high groups. Most of the responses 
were increases in MAP (incidentally, the prime focus of Philbin and 
Roscow's360 study). Regression analysis revealed significant correlations 
between serum opioid concentrations and isoflurane concentrations 
at most of the time points sampled in the pre-CPB period. By inspect-
ing plots of the data pairs, they were able to ascertain the inflection 
point at which the isoflurane concentration began to increase rapidly, 
indicating poor control of hemodynamics by the respective opioid. For 
sufentanil, this was 0.71 ± 0.13 ng/mL, and for fentanyl, it was 7.3 ± 
1.1 ng/mL. Given the use for fast-tracking with approximate ranges 
of 20 g/kg for fentanyl and 3 g/kg for sufentanil for the entire case, 
it is unlikely these concentrations will be obtained. However, reliance 
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Figure 18-14 The plasma fentanyl concentration and number of 
patients with a hypertensive response at each event studied. Purple 
 circles indicate hypertensive status; green circles indicate normotensive 
status. (From Wynands JE, Townsend GE, Wong P, et al: Blood pres-
sure response and plasma fentanyl concentrations during high and very 
high-dose fentanyl anesthesia for coronary artery surgery. Anesth Analg 
62:661, 1983.)
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on volatile anesthesia, benzodiazepines, propofol, or dexmedetomidine 
infusion can provide hemodynamic control. The level of preexisting 

-blockade and/or calcium channel-blockade and the type of muscle 
relaxant used influence each patient's response.

Neuromuscular Blocking Agents
All of the available neuromuscular blocking agents have been used to 
produce adequate intubating conditions and relaxation during CABG 
surgery (Table 18-3). Murphy et al361 conducted a national survey 
of more than 400 active members of the Society of Cardiovascular 
Anesthesiologists evaluating their neuromuscular blocking drug of 
choice in the cardiac surgical setting. Despite availability of newer 
short-acting neuromuscular blocking agents, pancuronium was still 
used in most patients undergoing on-pump and off-pump cardiac sur-
gical procedures 10 years ago. Traditionally, pancuronium had been 
advocated for use with high-dose narcotic techniques, because it off-
set opioid-induced bradycardia. However, it has long been recognized 
that clinically significant tachycardia resulting in myocardial ischemia 
could occur during induction of anesthesia with high-dose fentanyl 
and pancuronium.362 With the increasing popularity of fast-track car-
diac surgery, early extubation is now most desirable, and the longer 
duration of action of pancuronium is a potential disadvantage. Several 
studies have compared the durations of action of pancuronium and 
rocuronium in patients undergoing cardiac surgery. Irrespective of 
a single intubating dose or a continuous infusion, patients receiving 
rocuronium had significantly less residual neuromuscular blockade363 
and shorter time to extubation.364,365

When continuous infusions of rocuronium and cisatracurium 
were compared in prolonged surgical procedures, recovery to 75% 
of the train of four was faster in patients receiving cisatracurium.366 
Reich et al367 compared neuromuscular transmission recovery times 
in pediatric cardiac patients receiving cisatracurium or vecuronium 
infusions in the ICU setting. Cisatracurium was associated with sig-
nificantly faster spontaneous recovery of neuromuscular function. 
Especially in fast-track cardiac surgery, shorter-acting neuromuscu-
lar blocking agents such as cisatracurium or rocuronium are recom-
mended to avoid residual paralysis and to allow for early extubation 
and ICU discharge. Neuromuscular transmission monitoring to assess 
for residual blockade and use of pharmacologic reversal is advisable, 
especially if a fast-track anesthesia technique is used.368,369 In patients 
with a potentially difficult airway or emergency patients who are not 
NPO,  succinylcholine is still the agent of choice.

Additional considerations are warranted in patients with underly-
ing comorbidities such as chronic renal failure, which may alter phar-
macokinetics. When magnesium is administered to cardiac surgical 
patients for prophylaxis of perioperative arrhythmias, blockade from 
nondepolarizing neuromuscular blocking agents may be significantly 
prolonged.370 There remains the question whether continuous neu-
romuscular blockade for cardiac surgery really is necessary. Gueret 
et al371 showed that a single intubating dose of atracurium or cisatra-
curium provided adequate paralysis and surgical conditions leading to 
quicker neuromuscular blockade recovery in cardiac surgical patients. 

Advocates of this technique also point to potential advantages with 
regard to prevention of recall (as indicated by patient movement). 
However, potential disadvantages include the possibility of greater 
 oxygen demand and consumption, or movement during surgery.

a2-Agonists: Dexmedetomidine
The intraoperative use of 

2
-agonists can be a useful adjunct, given 

their sedative, analgesic, and hemodynamic-stabilizing properties. 
2
-

Agonists prevent hypertension and tachycardia during intubation, sur-
gical stimulation, and emergence from anesthesia, and decrease plasma 
catecholamine levels.372–375 Jalonen et al,376 in a randomized, double-
blind study, administered dexmedetomidine or placebo to CABG 
patients starting before induction (50 ng/kg/min for 30 minutes) and 
continued until the end of surgery (7 ng/kg/min). Patients receiv-
ing dexmedetomidine had significantly lower plasma norepineph-
rine levels and more stable hemodynamics (less increase in MAP and 
HR during induction, less intraoperative variability of systolic arte-
rial pressure). Dexmedetomidine administration was associated with 
decreased incidences of intraoperative (5% vs. 32%) and postoperative 
(4% vs. 40%) tachycardia when compared with placebo. Patients who 
received dexmedetomidine also were less likely to receive -blocker 
therapy for tachycardia. Despite the findings before and after CPB, a 
greater incidence of hypotension (MAP < 30 mm Hg) was seen during 
CPB (22% vs. 0% patients, dexmedetomidine vs. placebo). These data 
demonstrate that dexmedetomidine is effective in attenuating sympa-
thetic responses, although this effect may predispose patients toward 
hypotension.

Because of the decreased oxygen demand and HR seen with dex-
medetomidine administration, it may be beneficial during OPCAB. 
Nevertheless, in a small series of OPCAB patients, hypotension (12 mm 
Hg below baseline) occurred shortly after its administration during 
rewarming in the ICU, prompting the study authors to recommend 
volume loading and normothermia before its use.377 Experimental 
data demonstrated a decrease in the inflammatory response to 
 endotoxin-induced shock in a rat model.378

Inhalation Anesthetics and Myocardial Protection
There is steadily increasing evidence from laboratory and clinical 
studies that inhalation anesthetic agents have favorable properties in 
patients undergoing CABG surgery, particularly in comparison with 
total intravenous anesthetic approaches. Concurrent with the now 
routine use of fast-track anesthesia techniques, there has been a major 
resurgence in their use as the primary anesthetic in patients undergo-
ing cardiac surgery. Inhalation anesthetics are thought to protect the 
myocardium against ischemia by their ability to elicit protective cel-
lular responses that are seen with ischemic preconditioning. The latter 
has been shown to reduce myocardial infarction size after periods of 
ischemia,379 protect the heart against postischemic LV dysfunction,380 
and reduce the incidence of arrhythmias after cardiac surgery.381

Murry et al382 first showed that brief periods of ischemia before 
40 minutes of coronary artery occlusion significantly reduced infarction 

Nondepolarizing Neuromuscular Blocking Agents Commonly Used in Cardiac Anesthesia

Relaxant Intubating Dose (mg/kg) Maintenance Clinical Duration (min) Hemodynamic Effects Special Considerations

Pancuronium 0.08–0.12 0.01 mg/kg q20–60 min 60–120 Vagolytic ++ at clinical 
dosages, releases 
norepinephrine

Reduce dose or avoid 
completely in renal 
insufficiency

Vecuronium 0.08–0.2 0.8–2 g/kg/hr 45–90 Insignificant Accumulation of active 
metabolite with  
long-term use

Cisatracurium 0.15–0.2 1–2 g/kg/min 40–75 Insignificant Hoffman elimination
Rocuronium 0.4–1.0 0.01 mg/kg/min 35–75 Mildly vagolytic (high 

dosage)
No active metabolites

TABLE  
18-3
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size after myocardial reperfusion. Exposing the myocardium to short 
periods of ischemia followed by reperfusion is called ischemic precon-
ditioning. These brief periods of ischemia initiate signaling pathways 
that render the myocardium resistant to subsequent prolonged periods 
of ischemia (i.e., memory effect).383 After a short ischemic period (i.e., 
preconditioning signal), the myocardium is rendered more resistant to 
prolonged ischemia when the subsequent ischemic event occurs within 
a certain time window. This may occur in two distinct phases as early 
preconditioning (about 2 hours) and delayed or late preconditioning 
(24 to 72 hours), although not all stimuli elicit both responses. Even 
though multiple approaches are used to protect the heart during CPB 
(e.g., blood cardioplegia, topical hypothermia, pharmacologic addi-
tives), aortic cross-clamping defines a period of myocardial ischemia 
that often results in transient or prolonged dysfunction after reperfu-
sion.384,385 Brief periods of aortic cross-clamping with consequent rep-
erfusion intervals before a period of ventricular fibrillation have been 
shown to preserve adenosine triphosphate (ATP) content, decrease 
markers of ischemia such as troponin I, and improve cardiac function 
in patients undergoing CABG.386–389 However, this approach is con-
troversial and cumbersome because an ischemic episode may reduce 
cardiac reserves and exacerbate symptoms.390 In addition, the accom-
plishment of brief periods of ischemia by short cross-clamping of an 
atherosclerotic aorta may result in embolism formation and endothe-
lial damage, thereby increasing mortality.391 Interestingly, this protec-
tion is now believed to be conferred even when the brief period of 
ischemia is applied to organs or tissues remote from the heart (remote 
preconditioning), thus improving its applicability.392–396

Pharmacologic interventions have been sought that mimic  ischemic 
preconditioning. There is increasing evidence that aside from potent 
volatile anesthetics, opioids and, in particular, morphine trigger 
 preconditioning.397,398 Other intravenous anesthetics such as etomidate 
and ketamine do not appear to have the same cardioprotective proper-
ties.399,400 Pharmacologic preconditioning and ischemic precondition-
ing initiate similar pathways that protect the myocardial cell against 
ischemic damage.

The pathways associated with myocardial preconditioning involve a 
variety of triggering stimuli, mediators, receptors, and effectors.401 It is 
thought that activation of sarcolemmal and mitochondrial K

ATP
 chan-

nels play a pivotal role in the preconditioning process.402 Opening of 
these channels protects the myocardium by preventing cytosolic and 
mitochondrial Ca2+ overload. The exact mechanisms of preconditioning 
are still actively under investigation. After the administration of a pre-
conditioning signal such as ischemia, inhalation anesthetics including 
the noble gases, morphine, bradykinin, or nitroglycerin (NTG), mem-
brane-bound receptors (adenosine A

1
, adrenergic, bradykinin, muscar-

inic, delta-1 opioid) coupled to inhibitory G proteins are  activated.403–408 
Consequently, products of intracellular transduction pathways (e.g., 
protein kinase C [PKC], tyrosine kinases, MAP kinases) mediate the 
opening and stabilization of ATP-sensitive mitochondrial K

ATP
 channels, 

the effectors thought to be mainly responsible for the preconditioning 
phenomenon.409,410 Increased formation of nitric oxide (NO),411,412 free 
oxygen radicals,413 and enzymes such as cyclooxygenase-2414 are also 
involved in the preconditioning process. The role of NO recently was 
confirmed by Smul et al using a rabbit model.415 The delayed phase of 
myocardial protection, which may last well beyond the documented 24 
to 72 hours, probably is based on transcriptional changes of protective 
proteins,416,417 which may explain the gap of time between early and late 
preconditioning.418 Inhalation anesthetics also preserve cardiac func-
tion after reperfusion and decrease ischemia-induced intracoronary 
adhesion of polymorphonuclear neutrophils and platelets.419–423

Initially, most data were based on in vitro studies or from data 
obtained during PCIs. Whether these results could be generalized to 
cardiac surgery remained questionable. Multiple studies now have 
investigated anesthetic preconditioning in the cardiac surgery setting 
and its impact on outcome parameters. Belhomme et al424 exposed 
patients to 5 minutes of preconditioning with a 2.5 minimum alve-
olar concentration of isoflurane after the onset of CPB but before 
 aortic cross-clamping. Troponin I and creatine kinase (CK)-MB 

 levels were not significantly different from those of the control group. 
Nevertheless, patients who were exposed to isoflurane had increased 
activity of 5-nucleotidase, a marker for protein kinase C activation, 
which is early evidence of preconditioning pathway activation similar 
to the in vitro findings. Penta de Peppo et al425 reported on myocar-
dial function and the preconditioning effects of enflurane in patients 
undergoing CABG surgery. Myocardial function was assessed using the 
end-systolic pressure-area relation, a relatively load-independent index 
of myocardial contractility. Although the number of patients studied 
was small, myocardial function was better preserved in patients who 
were exposed to enflurane before cardioplegic arrest.

Julier et al,426 in a double-blinded, placebo-controlled, multicenter 
study, reported on the effect of sevoflurane preconditioning on biochem-
ical markers for myocardial and renal dysfunction in patients undergo-
ing CABG surgery. Patients who had sevoflurane preconditioning during 
the first 10 minutes of CPB had lower levels of biochemical markers of 
myocardial and renal impairment. Brain natriuretic peptide level as an 
indicator of myocardial dysfunction was significantly decreased in the 
sevoflurane group. Conzen et al427 studied randomized patients under-
going OPCAB surgery with a propofol infusion versus a continuous 
inhalation-based anesthetic technique with sevoflurane. Patients in the 
sevoflurane group had significantly lower troponin I levels, as well as bet-
ter LV function. Nader et al428 added vaporized sevoflurane (2%) versus 
oxygen alone to a cold blood cardioplegia solution in a small random-
ized trial of patients undergoing CABG surgery. Markers of the inflam-
matory response (i.e., neutrophil -integrins, tumor necrosis factor- , 
and interleukin-6) were lower, and cardiac function (i.e., stroke work 
index and wall motion analysis) was better preserved in the sevoflurane 
group (Figure 18-16). Table 18-4 summarizes the results of the random-
ized, prospective clinical studies.429–440

Whether these biochemical markers of improved cardiac outcome 
actually translate into reduced mortality or improved long-term out-
come remains a matter of debate.441 Garcia et al435 reported on the 
results of a prospective, randomized study of the effect of  sevoflurane 
 preconditioning (10 minutes before aortic cross-clamping) on late 
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Clinical Studies of Volatile Agent Preconditioning for Coronary Artery Bypass Grafting

Study Drugs, Route N End Points Results Comments

Belhomme, 1999424 ISO (2.5 MAC on CPB) for 
5 min before AoX vs. case-
matched controls; TIVA 
propofol-opioid base 
anesthetic

18 A. CK-MB/Trop I 0

B. Ecto-5 -nucleotidase 1 (increase activity) Marker of protein kinase C 
activation

Penta de Peppo, 1999425 ENF (0.5–2.0%) to reduce 
SPB by 25% 5 min before 
AoX vs. control; TIVA 
propofol-opioid base 
anesthetic

16 A. CK-MB/Trop I 0

B. CI 0
C. LV contractility 1 (preserved) Pressure-area loops 

measured by TEE
Tomai, 1999439 ISO before AoX 40 A. CK-MB/Trop I 0 Significant only with 

preoperative EF < 50%
Haroun-Bizri, 2001440 ISO ( 1 MAC) before CPB 

vs. control; TIVA propofol-
opioid base anesthetic

49 A. CI 1 (higher in ISO)

B. ST-segment changes 1 (less in ISO)
De Hert, 2002429 SEVO continuous (0.5–2%) 

vs. PROP; remifentanil 
in both

20 A. Trop I 1 (lower in SEVO)

B. LV systolic/diastolic 
function (LVP parameters 
pre/post leg elevation)

1 (preserved in SEVO)

Julier, 2003426 SEVO (2 MAC) vaporized 
on CPB for 10 min before 
AoX vs. control; TIVA 
propofol-opioid base 
anesthetic

72 A. CK-MB/Trop T/Holter ST 
segments

0

B. Brain natriuretic peptide 1 (lower in SEVO) Marker of contractile 
dysfunction

C. Protein kinase C 
translocation

1 (greater in SEVO) Immunohistologic analysis 
from atrial tissue

D. Plasma cystatin C 1 (lower in SEVO) Marker of renal dysfunction
Conzen, 2003427 SEVO ( 1 MAC) continuous 

vs. PROP (OPCAB); 
sufentanil base in both

20 A. CK-MB 0

B. Trop I 1 (lower in SEVO)
C. CI 1 (higher in SEVO)

De Hert, 2003431 SEVO (0.5–2%), DES (1–4%), 
PROP (2–4 g/mL target 
concentration); high-risk 
elderly patients

45 A. Trop I 1 (high in PROP) Cohort: age > 70 yr, EF 
< 50% with impaired 
length-dependent 
regulation of myocardial 
function

B. LV systolic/diastolic 
function (LVP parameters 
pre/post leg elevation)

1 (preserved in SEVO, 
DES)

De Hert, 2004430 SEVO (0.5–2%), DES 
(1–4%), MIDAZ (0.5–1.5 

g/kg/min), PROP  
(2 g/mL target 
concentration); 
remifentanil base 
anesthetic

320 A. Trop I 1 (lower in SEVO, DES)

B. LOS in ICU or hospital 1 (less in SEVO, DES)
C. Inotrope use 1 (less in SEVO, DES)
D. LV function 1 (preserved in SEVO, 

DES)
De Hert, 2004432 SEVO pre-CPB vs. SEVO 

post-CPB vs. SEVO- 
continuous vs. PROP 
alone; TIVA propofol-
opioid base anesthetic

200 A. Trop I 1 (lower in SEVO 
continuous)

B. LOS in ICU 1 (less in SEVO 
continuous)

C. Inotrope use 1 (less in SEVO 
continuous)

D. LV systolic/diastolic 
function (LVP parameters 
pre/post leg elevation)

1 (better preserved 
in SEVO esp. 
continuous)

TABLE  
18-4
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cardiac events. Coronary artery reocclusion, congestive heart fail-
ure, and cardiac death were assessed at 6 and 12 months after surgery. 
Preconditioning with sevoflurane significantly reduced the incidence 
of late cardiac events. In a prospective, randomized, nonblinded study, 
De Hert et al442 compared the inhalation anesthetics desflurane and 
sevoflurane with an intravenous anesthetic technique with a contin-
uous propofol infusion in high-risk patients undergoing CABG sur-
gery. In the volatile anesthetic group, myocardial function was better 
 preserved, troponin I levels were lower, and ICU and hospital LOS were 
shorter compared with propofol or midazolam-based anesthetic regi-
mens in this setting.443 Guarrancino et al444 showed that a desflurane-
based anesthetic resulted in reduced troponin I release, inotropic drug 
use, and number of patients requiring prolonged hospitalization com-
pared with a propofol-based technique in off-pump CABG.

Three recent meta-analyses examined preconditioning and mortal-
ity or long-term outcome in patients undergoing cardiac surgery. In a 
meta-analysis that included only studies with sevoflurane and desflu-
rane, Landoni et al445 showed a reduction in mortality and the incidence 
of myocardial infarction after cardiac surgery. In two other meta-
 analyses that also included isoflurane, no such benefit was seen.446,447 
Data from a retrospective Danish database multicenter analysis includ-
ing 10,535 patients did not show any difference in overall postoperative 
mortality or myocardial infarction between propofol and sevoflurane-
based anesthesia.448 To further investigate these controversial findings, 
Bignami et al449 conducted a longitudinal survey among 64 Italian 
 cardiac surgical centers to study the correlation between the use of vol-
atile anesthetics and 30-day mortality in CABG surgery. The results 
showed that risk-adjusted 30-day mortality was significantly reduced 
when volatile agents were used during cardiac surgery, especially when 
there was prolonged use of these agents. Interestingly, the most con-
sistent results were found when isoflurane was used. In a recent multi-
center trial comparing desflurane or sevoflurane with propofol-based 
anesthesia, De Hert et al450 were unable to find a difference in troponin 
release but did show that the use of inhalation anesthetics reduced hos-
pital LOS and patients in the inhalation anesthetic group had a lower 
1-year mortality.

The optimal timing and duration of inhalation anesthetic adminis-
tration are still under investigation.451–454 Whereas some of the studies 
use brief periods of anesthetic preconditioning before aortic cross-
clamping, others have reported on use of volatile anesthetics through-
out the operative period. The older studies using brief periods of 
preconditioning showed improved cardiac function, although mark-
ers of myocardial injury such as CK-MB or troponin I often were not 
 significantly different from the control group. De Hert et al455 showed 

that the best results for myocardial protection were achieved when 
sevoflurane was administered throughout the intraoperative period 
and not just immediately before the planned myocardial ischemic 
event. Most similarly designed studies have confirmed those findings. 
Bein et al,456 however, found that myocardial cell damage and dysfunc-
tion were lower in patients who received sevoflurane in an interrupted 
manner. Frassdorf et al457 also demonstrated that preconditioning-
related myocardial protection was superior with multiple periods 
of sevoflurane administration applied rather than one short period. 
When sevoflurane was added to the anesthesia regimen after the cor-
onary anastomoses were completed, myocardial recovery was faster 
compared with a propofol-based anesthetic technique. Nevertheless, 
patients who received sevoflurane during the entire procedure had the 
lowest troponin I levels, and the stroke volume changed the least com-
pared with baseline levels.455 Most data available to date suggest not 
limiting the use of inhalation anesthetics to brief periods, but rather to 
use prolonged administration.

Research on pharmacologic preconditioning is not restricted only 
to inhalation anesthetics. There is increasing evidence that a variety 
of drugs that are administered perioperatively have cardioprotective 
properties involving preconditioning pathways. Besides inhalation 
anesthetics, opioids (delta-opioid receptor), adenosine (adenosine A

1
 

receptor), and bradykinin have been investigated for their precondi-
tioning effects, with variable results.458–461

During cardiac surgery, several of the known preconditioning trig-
gering agents may be used and appear to be additive or synergistic in 
effect. Toller et al462 reported that the administration of sevoflurane 
and mechanical ischemic preconditioning reduced infarction size sig-
nificantly compared with either stimulus alone. Ludwig et al463 demon-
strated the additive effect of isoflurane and morphine on the reduction 
of infarction size. There are still insufficient data on how the poten-
tial beneficial effect of potent inhalation anesthetics differs between 
OPCAB and on-pump CABG patients, with some preliminary data 
that OPCAB patients may benefit more.464

Several clinical factors appear to impair the protective effects of 
preconditioning. Two groups of patients, diabetic and female patients, 
appear to have attenuated responses to mechanical precondition-
ing signals (during PCI).465 Intraoperative hyperglycemia blocks the 
preconditioning effect, although this effect may be reversed by 
N-acetylcysteine, an oxygen radical scavenger.466–470

The role of postconditioning is now also starting to be elucidated. 
Prompt treatment of myocardial ischemia is essential for limiting 
myocardial damage. However, the damage to the myocardium is not 
only a result of the ischemic time but of the reperfusion itself. Brief 

Clinical Studies of Volatile Agent Preconditioning for Coronary Artery Bypass Grafting—Cont'd

Study Drugs, Route N End Points Results Comments

Nader, 2004428 SEVO, placebo (2% SEVO 
vaporized in cardioplegia); 
TIVA propofol-opioid base 
anesthetic

21 A. LV function (TEE, LVSWI) 1 (better preserved in 
SEVO)

B. Inflammatory response 
(neutrophil -integrins, 
tumor necrosis factor, 
interleukin-6)

1 (lower in SEVO)

Garcia, 2005435 12-mo follow-up of Julier  
et al's426 cohort

72 A. Endothelial function 
(transcript levels of 
PECAM-1, catalase, heat 
shock protein)

1 (better with SEVO) PECAM-1 levels lower in 
SEVO, may have role in 
transition of coronary 
plaques to unstable state

B. Late cardiac events  
(6–12 months)

1 (lower with SEVO) 3% vs. 17% for composite 
outcome (P = 0.04); peak 
perioperative BNP and 
Trop I greater in patients 
with events; no deaths

TABLE 
18-4

AoX, aortic cross-clamping; BNP, brain natriuretic peptide; CI, confidence interval; CK-MB, isoenzyme of creatine kinase with muscle and brain subunits; CPB, cardiopulmonary bypass; 
DES, desflurane; EF, ejection fraction; ENF, enflurane; ICU, intensive care unit; ISO, isoflurane; LOS, length of stay; LV, left ventricular; LVP, left ventricular pressure; LVSWI, left 
ventricular stroke work index; MAC, minimum alveolar concentration; MIDAZ, midazolam; OPCAB, off-pump coronary artery bypass grafting; PECAM-1, platelet–endothelial cell 
adhesion molecule-1; PROP, propofol; SEVO, sevoflurane; SPB, systolic blood pressure; TEE, transesophageal echocardiography; TIVA, total intravenous anesthetic; Trop I, troponin I.
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 episodes of ischemia/reperfusion applied during the first few minutes 
of reperfusion after a prolonged ischemia have been shown to decrease 
myocardial infarct size to the same extent as that induced by ischemic 
preconditioning.471,472 It is thought that mitochondrial K

ATP
 channels, 

NO, and protein kinase C play important roles in postconditioning 
as well.473 Protein kinase C is one of a larger group of kinases labeled 
“reperfusion injury salvage kinases” that play a role in postcondition-
ing.474–476 The beneficial effects of ischemic postconditioning also have 
been shown in humans during coronary angioplasty for acute myocar-
dial infarction.477,478 As in preconditioning, postconditioning also has 
been found to work when applied remotely.479 Inhalation anesthetics 
also may be effective in blunting the deleterious effects of postischemic 
reperfusion injury and the inflammatory response syndrome after car-
diac surgery.480,481 Thus far, most data about anesthetic postcondition-
ing have been gathered from studies in animals and in vitro isolated 
human myocardium. Postconditioning has been shown to improve 
contractile function482 and attenuate postischemic arrhythmias.483 
Recent data further suggest that the protective properties of potent 
inhalation anesthetics may not be restricted only to the myocardium 
but extend to other organ systems.484–487

In summary, there is increasing evidence suggesting that potent inha-
lation anesthetics should be part of the anesthetic regimen in patients 
undergoing cardiac surgery, particularly in patients undergoing CABG, 
OPCAB, and/or patients at high risk for ischemic events.488

Intraoperative Awareness and Recall
Intraoperative awareness (i.e., recall), usually defined as postopera-
tive memory for intraoperative events, is an infrequent but well-recog-
nized phenomenon during general anesthesia. Awareness, a conscious 
subjective experience (i.e., implicit memory), may be much more fre-
quent than conscious recall (i.e., explicit memory) of intraoperative 
events.489 In a prospective, nonrandomized, descriptive cohort study 
of more than 19,000 patients undergoing surgery with general anes-
thesia at seven academic medical centers in the United States, aware-
ness with explicit recall occurred in 0.13% of the cases.490 Patients 
 undergoing cardiac surgery always have been considered to be at 
increased risk because of anesthetic regimens intentionally devoid of 
cardiodepressant inhalation anesthetics (before the era of improved 
myocardial preservation and fast- tracking) and because of frequent 
periods of light anesthesia in the presence of hemodynamic instabil-
ity resulting from surgical manipulation of the heart and great vessels, 
depressed contractility after CPB, or bleeding. The published incidence 
rate of awareness in patients undergoing cardiac surgery is significantly 
greater than that reported for general surgery, with older reports of 
up to 23%.491 However, the introduction of fast-track anesthesia tech-
niques and the more frequent use of inhalation agents have helped to 
reduce the risk for intraoperative awareness for this type of surgery. 
Ranta et al492 found definite intraoperative awareness with recall in 
0.5% of patients undergoing cardiac surgery under general anesthe-
sia, with various anesthesia regimens using inhalation or total intrave-
nous anesthetic techniques. Greater doses of benzodiazepines, such as 
midazolam, resulted in a lower incidence of awareness. Phillips et al493 
interviewed 700 patients after cardiac surgery with CPB and found that 
8 patients (1.8%) reported intraoperative recall regardless of whether 
benzodiazepines or inhalation agents were used. Fast-track anesthe-
sia techniques typically combine low-dose narcotics with short-act-
ing anesthetics such as inhalation agents or propofol infusions. Dowd 
et al494 reported a low incidence rate (0.3%) of intraoperative awareness 
with this technique, attributing it to the continuous  administration of 
volatile  anesthetics or propofol.

Measures to prevent intraoperative awareness typically are based on 
anesthetic regimens that interfere with memory processing, such as 
the use of inhalation anesthetics and benzodiazepines. However, the 
anesthesia technique does not always correlate with the incidence of 
intraoperative awareness. In a large series of more than 11,000 patients 
undergoing general anesthesia, 18 cases of recall occurred (0.18%), but 
the analysis suggested that this number could not have been reduced 

with monitoring of end-tidal anesthetic gas concentrations or more 
frequent use of preoperatively administered benzodiazepines.495 Efforts 
to determine time periods that are prone to awareness or recall usu-
ally are based on physiologic or hemodynamic parameters that indicate 
light anesthesia, such as tachycardia, arterial hypertension, or patient 
movement. Nevertheless, Kerssens et al496 showed that hemodynamic 
variables were poor predictors of intraoperative awareness, although 
these parameters were able to differentiate between patients with or 
without conscious recall. In contrast, electroencephalogram-derived 
parameters were highly significant predictors of intraoperative aware-
ness but were not able to detect patients with conscious recall.

Consequently, if hemodynamic parameters or measures of anesthetic 
concentrations are insufficient in preventing intraoperative awareness, 
the question arises whether monitoring neurophysiologic parameters 
such as processed electroencephalographic data decreases the incidence 
of intraoperative awareness or recall (see Chapter 16). Neurophysiologic 
monitoring is usually based on fast Fourier transformation and bispec-
tral analysis of one-channel electroencephalographic data obtained 
from electrodes on the patient's forehead. Several devices have been 
approved by the U.S. Food and Drug Administration (FDA).497–500 Two 
large studies showed a significant reduction in awareness under gen-
eral anesthesia when the Bispectral Index (BIS) was monitored. Myles 
et al501 studied 2463 patients considered to be at high risk for aware-
ness in a prospective, randomized, double-blinded, multicenter trial 
with 45% undergoing high-risk cardiac surgery or OPCAB. Patients 
were randomized to BIS-guided or routine anesthesia care. BIS moni-
toring reduced the risk rate for awareness by 82%, although the absolute 
number of confirmed events was small (2 vs. 11). In patients under-
going cardiac surgery, three events occurred (two routine, one BIS). 
“Possible” awareness events (not confirmed by the end-point commit-
tee) occurred irrespective of the use of BIS monitoring. Ekman et al,502 
in a large, nonrandomized, historically controlled study, also showed a 
significantly reduced incidence rate of intraoperative awareness (0.04% 
vs. 0.18%) in the BIS monitored patients. However, in a small series of 
patients, Barr et al503 found no correlation between bispectral electro-
encephalographic analysis of anesthesia depth and conscious recall in 
patients undergoing cardiac surgery. This was attributed to exclusive use 
of midazolam and fentanyl.

Besides monitoring anesthetic depth, neurophysiologic monitoring also 
may help to decrease the incidence of hemodynamic disturbances, may 
guide titration of anesthetic agents to their effective dose, and may be asso-
ciated with improved patient satisfaction.504,505 In clinical experience, the 
use of BIS monitoring has been helpful in more accurately gauging the 
need for reinstitution of volatile anesthesia after weaning from CPB. In 
this potentially unstable period with a depressed myocardium or untow-
ard responses to protamine, this can be an important factor. Often the BIS 
remains in the low range for the first 15 to 30 minutes after weaning, espe-
cially in older patients with longer pump times. It also is helpful to ensure 
adequacy of burst suppression for hypothermic circulatory arrest.

In summary, published data appear to indicate that despite a substan-
tial reduction in awareness resulting from a shift to greater use of volatile 
anesthetics, patients undergoing cardiac surgery are still at risk for intra-
operative awareness or recall. Neurophysiologic monitoring decreases the 
incidence of these events, but given the low incidence, a large number of 
patients have to be monitored to prevent one case of intraoperative aware-
ness. The implications of intraoperative awareness or conscious recall are 
not yet fully understood. These events may be unrecognized or not neces-
sarily experienced as unpleasant,506 but they also may lead to severe post-
traumatic stress disorders with chronic health impairment.507

Myocardial Ischemia in Patients 
Undergoing Revascularization Surgery
Incidence
In addition to providing anesthesia, a major concern of the anes-
thesiologist is the prevention and treatment of myocardial ischemia. 
Numerous laboratory and clinical studies have examined the incidence 
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of myocardial ischemia in the perioperative period, as it relates to the 
administration of anesthetic drugs. Although the incidence rate of pre-
bypass ischemia in patients appears to be between 10% and 50%, it is 
not at all clear that the anesthetic drug combination per se is a deter-
minant of this incidence. Several studies have addressed whether the 
anesthetic technique (e.g., fast-track or early extubation, high thoracic 
epidural) is related to perioperative morbidity and myocardial isch-
emic events. An extensive meta-analysis of more than 30 randomized, 
controlled trials of patients undergoing cardiac surgery showed no dif-
ference in the relative risk of postoperative myocardial ischemia when 
early extubation protocols were compared with conventional extuba-
tion management.508

Hemodynamic Changes Related to 
Myocardial Ischemia
Besides ECG abnormalities, some hemodynamic changes should alert 
the anesthesiologist to the possibility of intraoperative myocardial isch-
emia. The association of tachycardia with hypotension or increased LV 
filling pressure, both of which reduce coronary perfusion pressure [CPP], 
is a particularly undesirable combination, jeopardizing the oxygen sup-
ply-demand relation. Figure 18-17 demonstrates how hypertension in 
the absence of tachycardia, in response to surgical stress (skin incision), 
can be associated with pulmonary hypertension, increased PCWP, and 
prominent A and V waves on the PCWP waveform.509 Although ECG 
changes occurred later, the early hemodynamic abnormalities almost 
certainly were the result of ischemic LV dysfunction. Treatment included 
deepening anesthesia and administering an NTG infusion.

LV diastolic dysfunction detected with TEE is one of the earli-
est changes identified after coronary artery occlusion, and it often 
 precedes the development of abnormal systolic function. RWMAs 
also have been described as early signs of ischemia. They occur within 
 seconds of inadequate blood flow or oxygen supply. RWMAs detected 
by TEE have been shown to be a more sensitive method of detecting 
myocardial ischemia in patients undergoing CABG, compared with 
ST-segment changes.510 Myocardial ischemia or repositioning the heart 
during OPCAB can be the cause of a sudden onset of mitral regurgi-
tation or worsening of preexisting mitral regurgitation, both of which 
can be detected with TEE monitoring (see Chapter 12).

Intraoperative Treatment of Myocardial Ischemia
Close attention to hemodynamic control and rapid treatment of abnor-
malities are fundamental principles of the intraoperative management 

of the patient with CAD. If there is a hemodynamic abnormality that is 
temporally related to the onset of ischemia, it should be treated accord-
ingly. Hemodynamic treatment to ensure an adequate CPP (diastolic 
blood pressure minus left ventricular end-diastolic pressure [LVEDP]) 
should be a priority, as should control of HR, the single most important 
treatable determinant of myocardial oxygen consumption. Table 18-5 
summarizes the treatment of acute perioperative myocardial ischemia. 
The earliest objective evidence of successful treatment of ischemia may 
be the return to normal of the PAP and the PCWP waveforms. In the 
following section, some of the routinely used pharmacologic interven-
tions for intraoperative myocardial ischemia are discussed.

Intravenous Nitroglycerin
Since the introduction in 1976 by Kaplan et al511 of the V

5
 lead to diag-

nose myocardial ischemia, and intravenous NTG to treat it,512 NTG has 
been one of the mainstays in the treatment of perioperative myocar-
dial ischemia. Intravenous NTG acts immediately to reduce LV preload 
and wall tension, primarily by decreasing venous tone in lower doses. 
In larger doses, it also may decrease arterial resistance and epicardial 
coronary arterial resistance.513,514 NTG has been shown to consistently 
decrease LV filling pressures, systemic BP, and myocardial oxygen con-
sumption and to improve LV performance in patients with severe dys-
function.515 It is most effective in treating acute myocardial ischemia 
with ventricular dysfunction accompanied by sudden increases in 
LVEDV, LVEDP, and PAP. These increases in LV preload and wall ten-
sion further exacerbate perfusion deficits to the ischemic subendocar-
dium and usually respond immediately to NTG (Figure 18-18).

Before surgery, NTG often is used to treat patients with unsta-
ble angina or ischemic mitral regurgitation and limit the size of an 
evolving myocardial infarction, reduce associated complications, and 
reverse RWMAs.516,517 In the pre-CPB period and during OPCAB, 
NTG is used to treat signs of ischemia such as ST-segment depression, 
hypertension uncontrolled by the anesthetic technique, ventricular 
dysfunction, or coronary artery spasm (Box 18-5). During CPB, NTG 
can be used to control the MAP with a time to onset of effect rang-
ing from 4.1 ± 0.8 to 7.8 ± 2.8 minutes at doses of 1.7 ± 0.3 to 2.9 ± 
0.7 g/kg/min.518 However, NTG is not always effective in controlling 
MAP during CPB (approximately 60% of patients respond) because 
of alterations of the pharmacokinetics and pharmacodynamics of the 
drug with CPB. Factors contributing to the reduction of its effective-
ness include adsorption to the plastic in the CPB system, alterations 
in regional blood flow, hemodilution, and hypothermia. Booth et al519 
have shown that different oxygenators and filters sequester up to 90% 
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Figure 18-17 Nitroglycerin (NTG) 
relieved postintubation intraoperative 
myocardial ischemia, as evidenced by 
large V waves in the pulmonary cap-
illary wedge pressure (PCWP) tracing 
and then by ST-segment depression. 
BP, blood pressure. (From Kaplan JA, 
Wells PH: Early diagnosis of myo-
cardial ischemia using the pulmo-
nary arterial catheter. Anesth Analg 
60:789, 1981.)
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of circulating NTG during CPB. After revascularization, NTG is used 
to treat residual ischemia or coronary artery spasm and reduce pre-
load and afterload. It may be combined with vasopressors (e.g., phe-
nylephrine) to increase the CPP when treating coronary air embolism 
(Box 18-6).

Studies of the prophylactic role of NTG in preventing periopera-
tive myocardial ischemia have shown mixed results, with most studies 
showing no effects of NTG infusions on the incidence of periopera-
tive myocardial ischemic events.520–522 In a prospective, double-blinded, 
 placebo-controlled study, Zvara et al523 randomized patients undergoing 
CABG surgery using a fast-track anesthesia technique to 2 g/kg/min  
NTG or placebo starting before induction and continuing until 6 hours 
after extubation in the ICU. They found a similar incidence, severity of 
symptoms, and duration of myocardial ischemia, regardless of whether 
the patients received NTG or placebo (37% vs. 35%, respectively). 
Even though there were more patients in the placebo group with posi-
tive enzymes and ECG signs of myocardial infarction, these findings 

were not statistically significant. Similarly, in a prospective, random-
ized, controlled study, 0.5 to 1 g/kg/min NTG administered after aor-
tic cross-clamp release in patients undergoing CABG surgery did not 
decrease the incidence of postoperative myocardial ischemia.524

Intravenous NTG has been compared with other vasodilators such 
as nitroprusside and the calcium channel blockers during CABG 
and in other clinical situations. Kaplan and Jones525 demonstrated 
that NTG was preferable to nitroprusside during CABG. Both drugs 
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Figure 18-18 The effects of nitrates on the circulation include prom-
inent venodilation and reduction of preload. Afterload is decreased 
because of mild arteriolar dilatation. Coronary dilation also occurs to 
benefit the ischemic myocardium. (From Opie LH: Drugs and the heart. 
II. Nitrates. Lancet 1:750, 1980.)

Ensure adequacy of oxygenation, ventilation, and intravascular volume status, and 
consider surgical factors, such as manipulation of heart or coronary grafts.

IV, intravenous; PRN, as needed.
*Tachyarrhythmias (e.g., paroxysmal atrial tachycardia, atrial fibrillation) should be 

treated directly with synchronized cardioversion or specific pharmacologic agents.
†Bolus doses (25–50 g) and high infusion rate may be required initially.

Acute Treatments for Suspected Intraoperative 
Myocardial Ischemia

Associated 
Hemodynamic 
Finding

 
 
Therapy

 
 
Dosage

Hypertension, 
tachycardia*

Deepen anesthesia

IV -blockade Esmolol, 20–100 mg,  
+50–200 g/kg/min PRN

Metoprolol, 0.5–2.5 mg
Labetalol, 2.5–10 mg

IV nitroglycerin Nitroglycerin,  
33–330 g/min†

Normotension, 
tachycardia*

Ensure adequate 
anesthesia, change 
anesthetic regimen

IV -blockade -blockade, as above
Hypertension, 

normal heart 
rate

Deepen anesthesia

IV nitroglycerin or 
nicardipine

Nicardipine, 1–5 mg, 
+1–10 g/kg/min

Nitroglycerin, as above
Hypotension, 

tachycardia*
IV -agonist Phenylephrine, 25–100 g

Norepinephrine, 2–4 g
Alter anesthetic regimen 

(e.g., lighten)
IV nitroglycerin when 

normotensive
Nitroglycerin, as above

Hypotension, 
bradycardia

Lighten anesthesia

IV ephedrine Ephedrine, 5–10 mg
IV epinephrine Epinephrine, 4–8 g
IV atropine Atropine, 0.3–0.6 mg
IV nitroglycerin when 

normotensive
Nitroglycerin, as above

Hypotension, 
normal heart 
rate

IV -agonist/ephedrine -Agonist, as above

IV epinephrine Epinephrine, as above
Alter anesthesia  

(e.g., lighten)
IV nitroglycerin when 

normotensive
Nitroglycerin, as above

No abnormality IV nitroglycerin Nitroglycerin, as above
IV nicardipine Nicardipine, as above

TABLE  
18-5

BOX 18-5. INTRAOPERATIVE USE OF 
INTRAVENOUS NITROGLYCERIN

Hypertension > 20% above control values
Pulmonary capillary wedge pressure > 18 to 20 mm Hg
AC and V waves > 20 mm Hg
ST changes > 1 mm
New regional wall motion abnormalities on transesophageal 

echocardiography
Acute right ventricular or left ventricular dysfunction
Coronary artery spasm

BOX 18-6. USES OF INTRAVENOUS 
NITROGLYCERIN ON TERMINATION 
OF CARDIOPULMONARY BYPASS

resistance



 18 Anesthesia for Myocardial Revascularization 547

were shown to control intraoperative hypertension and to decrease 
myocardial oxygen consumption; however, NTG improved ischemic 
changes on the ECG, but nitroprusside did not. The lack of improve-
ment in the ischemic ST segments with nitroprusside was thought 
to result from a decrease in CPP or the production of an intracoro-
nary steal. When NTG was compared with calcium channel blockers 
in patients undergoing CABG surgery, the results depended on the 
class of  calcium channel blocker, the usage of arterial conduits, and 
the administered doses.

Calcium Channel Antagonists
The calcium antagonists are a structurally diverse group of drugs that 
inhibit the passage of calcium through the slow channels of the cell 
membrane. These agents collectively relax arterial smooth muscle, with 
little effect on most venous beds. Despite areas of commonality, how-
ever, the calcium antagonists differ in their actions and hemodynamic 
effects. For example, nifedipine acts primarily on vascular smooth 
muscle, with little effect on the atrioventricular node. In contrast, 
verapamil acts mainly on the cardiac conduction system and has less 
effect on vascular smooth muscle and the myocardium. Neither dilti-
azem nor verapamil has been found to significantly increase CBF or to 
consistently decrease coronary vascular resistance. Verapamil and dil-
tiazem have been shown to produce significant hemodynamic changes 
with myocardial depression and conduction disturbances during anes-
thesia.526,527 This limits their use in the treatment of perioperative myo-
cardial ischemia. Nevertheless, the perioperative use of nicardipine and 
recent studies with clevidipine showing a reduced incidence of cardiac 
events in patients who received calcium antagonists during cardiac 
 surgery have led to an increased interest in this diverse group of drugs 
in patients presenting for CABG or OPCAB surgery.528,529

Calcium antagonists have been found to be cardioprotective against 
reperfusion injury. This is due to their energy-saving actions of neg-
ative inotropy and chronotropy. These antagonists also have been 
shown to reduce reperfusion arrhythmias and attenuate myocardial 
stunning. In a review of methods to reduce ischemia during OPCAB, 
Kwak530 included the calcium antagonists along with newer drugs such 
as NO-releasing agents, free radical scavengers, and Na+/H+ exchange 
inhibitors in the management of ischemia/reperfusion injury.

Nicardipine is a short-acting dihydropyridine calcium antagonist 
similar to nifedipine, but possessing a tertiary amine structure in the 
ester side chain. Nicardipine is stable as a parenteral solution and, 
therefore, can be administered intravenously.531 It has highly spe-
cific modes of action, which include coronary antispasmodic and 
vasodilatory effects and systemic vasodilation. Among the calcium 
antagonists, nicardipine is unique in its consistent augmentation 
of CBF and its ability to induce potent and more selective vasodi-
lator responses in the coronary bed than in the systemic vascular 
bed. Other important hemodynamic effects include reductions in 
BP and SVR, and increases in myocardial contractility and CO.532,533 
Nicardipine also produces minimal myocardial depression and sig-
nificant improvement in diastolic function in patients with ischemic 
heart disease.534,535 Intravenous doses of 5 to 10 mg of nicardipine 
administered to patients with CAD produce therapeutic plasma 
levels. Plasma concentrations decline in a biphasic manner, with an 
initial half-life of 14 minutes and a terminal half-life of 4.75 hours.536 
Clearance of nicardipine results mainly from its metabolism by the 
liver, and excretion is primarily through bile and the feces. It under-
goes rapid and extensive first-pass hepatic metabolism with the pro-
duction of inactive metabolites.

The rapid onset and cessation of action of nicardipine make it an 
attractive drug for the perioperative management of hypertension or 
myocardial ischemia.537 It has been administered to control hemody-
namics during and after vascular surgery and CABG. Begon et al538 
demonstrated that 5 mg of nicardipine was effective in treating intra-
operative hypertension. The MAP decreased by 35%, with the peak 
onset of action in 6 minutes and duration of action of 45 minutes. 
Van Wezel et al539 used a 3 to 12 g/kg/min infusion of nicardipine 
and compared it with a 1 to 3 g/kg/min infusion of nitroprusside. 

Both drugs were found to be equally effective in controlling BP; how-
ever, there was a 24% incidence rate of ST-segment depression in the 
nitroprusside group versus 9% in the nicardipine group. Van Wezel 
et al540 also compared intravenous NTG with intravenous administra-
tion of verapamil or nifedipine in patients undergoing CABG. NTG 
was found to be the drug of choice because it controlled BP while not 
producing as much tachycardia (as nifedipine) or myocardial depres-
sion and conduction blockade (seen with verapamil). Apostolidou 
et al541 randomized patients undergoing CABG surgery with CPB 
to nicardipine (0.7 to 1.4 g/kg/min), NTG (0.5 to 1 g/kg/min), 
or placebo. Immediately after coronary revascularization (after aor-
tic cross-clamp release until end of surgery), there were significantly 
fewer episodes of myocardial ischemia in the nicardipine group (0% 
vs. 10% vs. 24%, respectively). During the following postopera-
tive period, there was no difference regarding myocardial ischemia 
among the drug groups. Apart from preventing myocardial ischemia, 
nicardipine effectively controls arterial hypertension in the postop-
erative period.542,543 From these studies, nicardipine appears to offer 
significant advantages over other drugs such as nitroprusside in the 
intraoperative and postoperative management of hypertension and 
myocardial ischemia after CABG surgery.

More recently, clevidipine has been introduced for the treatment 
of perioperative hypertension.544 Clevidipine is an ultrashort-acting 
intravenously administered dihydropyridine calcium channel blocker. 
Clevidipine acts as an arterial-selective vasodilator, and its action is rap-
idly terminated by blood and tissue esterases. In a randomized, double-
blinded, placebo-controlled multicenter trial in patients undergoing 
cardiac surgery, clevidipine effectively reduced arterial blood pres-
sure.545 The Evaluation of Clevidipine In the Perioperative Treatment 
of Hypertension (ECLIPSE) trial compared clevidipine with NTG, 
sodium nitroprusside, and nicardipine for acute hypertension treat-
ment in cardiac surgery patients.546 Clevidipine effectively maintained 
the arterial blood pressure within a prespecified range. Compared with 
nitroprusside, clevidipine-treated patients had a significantly reduced 
mortality (P = 0.04).

Esmolol
Hypertension, tachycardia, arrhythmias, and myocardial ischemia from 
sympathetic stimulation are common occurrences in the perioperative 
period. Despite the benefits of early use of -blockers in the treatment of 
myocardial ischemia, the relatively long half-life and prolonged duration 
of action of previously available -blockers have limited their usefulness 
during surgery and the immediate postoperative period.547 The intro-
duction of esmolol, an ultrashort-acting cardioselective 

1
-blocker with 

a half-life of 9 minutes because of rapid esterase metabolism, provides 
a -blocker that is extremely useful in the perioperative period. Esmolol 
has been shown to be effective in treating patients with acute unstable 
angina or during acute coronary occlusion. A mean esmolol dose of 17 ± 
16 mg/min, with a range of 8 to 24 mg/min, was found to be effective 
in alleviating chest pain while increasing CO in patients with unstable 
angina.548 LV diastolic function was shown to improve with -blockade. 
Kirshenbaum et al549 showed that esmolol was effective in treating acute 
myocardial ischemia even in patients with poor LV function (increased 
PCWP of 15 to 25 mm Hg). Esmolol was infused in these patients in 
doses up to 300 g/kg/min and produced decreases in HR, BP, and CI. 
However, the PCWP was not significantly altered by the drug infusion. 
These results suggested that even in the presence of moderate LV dysfunc-
tion, esmolol can safely reduce BP and HR in patients with acute myocar-
dial ischemia. During percutaneous transluminal coronary angioplasty, 
esmolol also was found to reduce the amount of ST-segment elevation 
and the onset of RWMAs.550 Esmolol has been used during CABG in a 
prophylactic manner to prevent hypertension, tachycardia, and myocar-
dial ischemia.551 Before the introduction of newer stabilizing mechanical 
devices, it had been used frequently during OPCAB procedures to slow 
the HR during the surgical procedure. Esmolol also has been used to treat 
intraoperative hypertension, tachycardia, and myocardial ischemia. Bolus 
doses of 1.5 mg/kg have been found to be effective in treating ST-segment 
changes in patients with CAD.552 More commonly, a smaller bolus dose is 
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used and is combined with an infusion of esmolol. Bolus doses ranging 
from 0.5 to 1.0 mg/kg have been used, followed by infusions of 50 to 300 

g/kg/min.553 These doses have been found to effectively treat increases 
in HR that occur during surgery and to block the -adrenergic effects of 
catecholamines associated with surgical stress. In patients with poor LV 
function, doses as small as 20 mg have been found to be effective.

Weaning Patients from Cardiopulmonary 
Bypass after Coronary Revascularization
Chapter 32 provides a detailed discussion about the various predic-
tors and techniques of weaning a patient successfully from CPB. Some 
factors and concerns are more specific to patients undergoing myocar-
dial revascularization. Obviously, a good surgical technique, not only 
in the quality of anastomoses, but in preserving the heart during aortic 
cross-clamping, is key to cardiac function immediately after separation 
from CPB. The administration of cardioplegia can be problematic in 
patients with CAD, and various techniques are used including a combi-
nation of antegrade and retrograde cardioplegia. In patients with nor-
mal preoperative function, minimal, if any, inotropic support is usually 
required. In patients with impaired ventricular function, TEE evalua-
tion immediately before weaning off CPB can provide invaluable infor-
mation in choosing an inotropic or vasoconstrictive agent. In patients 
who present to the operating room with an IABP inserted, this support 
typically is continued into the postoperative period. In patients with 
poor ventricular function, the insertion of an IABP to support ventric-
ular function during weaning from CPB can be helpful.554,555

Immediate Postoperative Period
Sedation
Patients usually are sedated to facilitate transport to the ICU and in 
the immediate postoperative period until extubation criteria are ful-
filled. 

2
-Adrenergic receptor agonists such as dexmedetomidine, as 

well as propofol, are intravenously administered agents with favorable 
properties in this setting.

2
-Adrenergic receptor agonists have unique properties (Box 18-7) 

that explain their increasing use in cardiac surgical patients. Although 
the FDA approved clonidine in 1974, it was available only as an oral 
formulation in the United States, limiting its widespread use. In 1999, 
the FDA approved dexmedetomidine for continuous (up to 24 hours) 
intravenous sedation in the ICU setting. It is seeing increasing use in 
the operating room and ICU settings. Dexmedetomidine is a more 
selective 

2
-adrenoceptor agonist than clonidine (approximately eight 

times greater). It exhibits both central sympatholytic and peripheral 
vasoconstrictive effects. Intravenous infusion of dexmedetomidine (0.2 
to 0.7 g/kg/hr) causes transient increases of MAP and SVR because 

of stimulation of - and 
2
-adrenergic receptors in vascular smooth 

muscle. This is followed by decreases in MAP, HR, SV, CO, and plasma 
catecholamine levels.556,557 Greater doses of dexmedetomidine result 
in more profound sedation and analgesia with a persistent increase in 
MAP, SVR, and PAP.558

There are limited data from animal studies demonstrating potential 
coronary vasoconstrictive and cardiodepressant effects.559–562 However, 
coronary vasoconstriction was seen mainly with bolus doses of 10 g/kg  
and greater. At the recommended loading doses (0.5 to 2 g/kg) and 
maintenance (0.2 to 0.7 g/kg/hr), dexmedetomidine most likely 
has a favorable effect on myocardial perfusion.563 Roekaerts et al564,565 
showed an increase in endocardial-to-epicardial blood flow ratio in 
the postischemic myocardium, with an overall reduction of myocar-
dial oxygen demand after experimentally induced myocardial ischemia 
in dogs. As expected, the greatest reduction in oxygen demand is seen 
when baseline HR and arterial BP are increased. Intravenous dexme-
detomidine exhibits a rapid distribution phase with a distribution half-
life of about 6 minutes. Dexmedetomidine shows high protein binding 
(94%) and undergoes extensive biotransformation in the liver with 
direct glucuronidation and cytochrome P450–mediated metabolism. 
Although dexmedetomidine mainly is excreted renally (95%), no dose 
adjustments are necessary in patients with renal insufficiency, although 
slightly prolonged sedation should be expected.566 Severe hepatic 
impairment may necessitate a dose reduction.

Dexmedetomidine may be a useful agent in the early postopera-
tive period because its sedative properties are associated with minimal 
respiratory depression and, in this regard, appear to mimic natural sleep 
patterns.567 When administered continuously in postsurgical patients, 
it caused no statistical differences in respiratory rate, oxygen satura-
tion, arterial pH, and arterial carbon dioxide tension when compared 
with placebo.568 These patients usually were effectively sedated but still 
arousable and cooperative to verbal stimulation.569 Because of its anal-
gesic properties, it significantly reduced additional opioid analgesia 
requirements in mechanically ventilated patients in the ICU.570–572 The 

2
-agonists have been used successfully in patients with  postoperative 

delirium and withdrawal symptoms in alcohol or drug addicts, and 
they are associated with a low rate of shivering.573,574

Propofol has been used extensively intraoperatively, as well as for 
sedation in the ICU. Several studies compared propofol and dexmede-
tomidine in the postoperative period after surgery. Venn et al575 random-
ized a small number of patients to propofol versus dexmedetomidine 
sedation in the immediate postoperative period. Dexmedetomidine 
reduced the requirement for opioid analgesia, but importantly for 
patients after myocardial revascularization, it reduced HR more than 
propofol, whereas the arterial blood pressure did not differ between 
the two groups. In a multicenter, randomized study, Herr et al576 com-
pared a dexmedetomidine-based sedation regimen with propofol seda-
tion after CABG in the ICU. Although there were no differences in time 
to extubation, the investigators found a significantly reduced need for 
additional analgesics (i.e., propofol-sedated patients required four 
times the mean dose of morphine), antiemetics and diuretics and had 
fewer episodes of tachyarrhythmias requiring -blockade (ventricular 
tachycardia in 5% of the propofol-sedated group vs. none in the dex-
medetomidine group). In this study, however, hypotension was more 
common in the dexmedetomidine group compared with the propofol-
sedated patients (24% vs. 16%; Figure 18-19). Approximately 25% of the  
dexmedetomidine-associated hypotension occurred in the first hour 
of the study (starting at sternal closure), particularly during or within 
10 minutes after the loading infusion of 1 g/kg. The combination of 
reduction of preload during sternal closure and the loading dose would 
seem to indicate this was not the optimal manner in which to use this 
agent. Loading doses are infrequently administered in today's clinical 
practice to avoid hypotension seen with a large loading dose of dex-
medetomidine, but a continuous maintenance dose started earlier to 
achieve appropriate plasma levels at the time of patient transfer from 
the operating room.

With regard to patient satisfaction, insufficient data are available to 
clearly favor one of the two agents. Corbett et al577 randomized 89 adult 

BOX 18-7. a2-AGONIST PROPERTIES
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patients after CABG surgery to either dexmedetomidine or propofol. 
Patients were interviewed regarding awareness, recall, generalized com-
fort, level of pain, ability to interact with healthcare providers and fam-
ily, feelings of agitation and anxiety, ability to sleep and rest, and overall 
satisfaction with ICU stay. The level of awareness and additional mor-
phine and midazolam requirements did not differ between the groups. 
Patients favored propofol to sleep and rest, there were more patient dis-
comfort and pain in the dexmedetomidine group, and the authors con-
cluded that dexmedetomidine did not offer any advantages over propofol 
for short-term sedation after CABG surgery. The increased incidence 
of pain in the dexmedetomidine group is surprising, and most stud-
ies show reduced opioid requirements with 

2
-adrenoceptor agonists. 

Barletta et al578 compared propofol and dexmedetomidine after CABG 
and/or valve surgery in a fast-track recovery room setting. Patients (n = 
100) were matched according to surgery type and left ventricular func-
tion. Dexmedetomidine resulted in lower opioid requirements, but this 
did not result in shorter duration of mechanical ventilation, improved 
quality of sedation, or rate of adverse events.

In summary, even though there are theoretic advantages to using 
dexmedetomidine for sedation after CABG surgery, no clear benefits 
have been documented for either drug, and sedation-related costs are 
greater with dexmedetomidine administration.

Coronary Artery and Arterial Conduit Spasm
Since 1981, when Buxton et al579 first reported coronary artery spasm 
immediately after CABG, there have been numerous descriptions 
of this problem. Spasm usually has been associated with profound 
ST-segment elevation on the ECG, hypotension, severe dysfunction of 

the ventricles, and myocardial irritability. Many hypotheses have been 
put forward to explain the origin of coronary artery spasm; some of the 
mechanisms that may play a role are demonstrated in Figure 18-20.580 
The mechanism of postoperative spasm may or may not be the same 
as that underlying Prinzmetal's variant angina, but the same stimuli 
seem to be present and therapy is usually effective with a wide range 
of vasodilators such as NTG, calcium channel blockers, milrinone, or 
combinations of NTG and calcium channel blockers in both situations. 
Arterial grafts such as the LIMA, and particularly radial artery grafts, 
are prone to spasm after revascularization, and its prevention and 
 recognition are crucial to prevent serious complications.581 He et al582 
tested the reactivity of ring segments of human IMAs in organ baths 
to various constrictor and dilator agents. It was found that thrombox-
ane was the most potent IMA constrictor, followed by norepineph-
rine, serotonin, phenylephrine, and potassium chloride. NTG, NO, 
papaverine, and the calcium channel blockers nifedipine, verapamil, 
and  diltiazem, as well as milrinone, all produced relaxation. In a simi-
lar study, Mussa et al583 observed the vasodilating properties of topi-
cally applied phenoxybenzamine. It prevented vasoconstriction with 
a long-lasting effect (>5 hours) in response to various vasoconstric-
tors,  followed by verapamil/NTG (5 hours) and papaverine (1 hour). 
In vivo, for prophylaxis of IMA spasm, the calcium antagonists, espe-
cially diltiazem, were thought to be as useful as NTG.584–586

Nevertheless, prevention and treatment of arterial conduit spasm with 
diltiazem may cause serious adverse effects such as low CO or conduction 
abnormalities. Diltiazem is a more expensive drug compared with NTG. 
Shapira et al587 showed in vitro (radial artery, IMA, saphenous vein) and 
in vivo (radial artery) that NTG was a superior vasodilator compared 
with diltiazem. The same investigators monitored patients  undergoing 
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Figure 18-19 Changes from baseline in systolic blood pressure (SBP) between coronary artery bypass grafting (CABG) patients sedated with dexme-
detomidine or propofol. The baseline is mean systolic pressure for each treatment group just before sternal closure. Numbers of patients receiving each 
drug (x-axis) declines progressively as they are extubated after surgery. (From Herr DL, Sum-Ping ST, England M: ICU sedation after coronary artery bypass 
graft surgery: Dexmedetomidine-based versus propofol-based sedation regimens. J Cardiothorac Vasc Anesth 17:576, 2003.)
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CABG surgery using radial artery grafts who were randomized to receive 
NTG or diltiazem intravenously after induction of anesthesia followed 
by an NTG patch or oral diltiazem after surgery for 6 months. There was 
no significant difference in outcome (morbidity, myocardial infarction, 
CK-MB) between the two groups. Nevertheless, the 6-month diltiazem 
treatment was associated with 16-fold greater costs and significantly 
more patients requiring cardiac pacing compared with NTG (28% vs. 
13%, respectively).588 In a double-blind, randomized study, Mollhoff 
et al589 compared milrinone (0.375 g/kg/min) with nifedipine (0.2 g/
kg/min) in patients with impaired LV function undergoing CABG sur-
gery. ST changes after revascularization (including the use of the IMA 
graft) indicative of myocardial ischemia occurred in 33.3% of the milri-
none group compared with 86.6% in the nifedipine group. Biochemical 
markers of myocardial damage (CK-MB and troponin I) after 24 hours 
were significantly greater in the nifedipine group.

Fast-Track Management for Coronary Artery Bypass 
Grafting Surgery
Efforts to reduce resource consumption for patients undergoing CABG 
have received considerable attention by a variety of interested payers 
since the 1990s. With the changing pattern of reimbursement based on 
the ever-escalating costs of health care, payers have drastically reduced 
incentives to expend unnecessary resources, with hospitals and clinicians 
attempting to minimize consumption yet maintain patient safety. The 
financial pressures are illustrated by the observation that Medicare costs 
for CABG increased from $2.8 billion in 1990 to $7.3 billion in 1997, 
whereas case volume increased only 40% during that period. In 1990, 
Krohn et al590 reported a study of 240 patients undergoing CABG at a 
private southern California hospital between 1984 and 1986, describ-
ing a clinical pathway emphasizing early extubation, rapid mobilization, 
intraoperative fluid restriction, and steroid administration. This pro-
gram was associated with a median postoperative LOS of 4 days and 
in-hospital mortality rate of only 2%. This program itself was forged 
out of intense economic competition with the first major incursion 
of managed care into this area's competitive market. This particular 
pathway is widely recognized as the first formal report of what is now 
called fast-tracking for cardiac surgery. In a similar time frame, reports 
from the financially constrained U.K. health care system, in which for-
mal ICU care was “bypassed” based primarily on rapid early extubation 
(with apparent success), appeared.591,592 The publicity associated with 
these reports contributed to Medicare's interest in cost reduction, lead-
ing to the Medicare Participating Heart Bypass Center Demonstration 

 conducted between 1991 and 1996, in which seven participating hospi-
tals agreed to a single sharply discounted rate for CABG (in return for 
preferential market share, a concept that ultimately has not material-
ized).593 Over the 5-year period, it is estimated that $50.3 million dol-
lars were saved. In their summary report, reduction of cost and LOS by 
retooling processes of care is emphasized (and reducing time to extu-
bation was considered a key factor). In the participating centers, LOS, 
together with mortality, declined annually despite increased severity of 
case mix. Observational data by Engelman et al,594,595 from the Baystate 
Medical Center of a large case series of fast-track patients, generated 
additional widespread publicity in the  surgical community (particularly 
among members of the influential Society of Thoracic Surgery).

Although the fast-track clinical pathway encompasses a variety of peri-
operative (and after-hospital discharge) management strategies, early 
extubation is the one that has received perhaps the greatest attention 
(Box 18-8) (see Chapter 33). Because it is a simple, continuous variable 
(e.g., hours to extubation), it is one that many observational reports, a 
smaller number of randomized, controlled trials, and meta-analyses have 
reported to be safe and effective.596,597 Early extubation is acknowledged 
as a key component of the fast-track clinical pathway and one that was 
considered perhaps the most radical change in  practice  during the peak 

BOX 18-8. PERIOPERATIVE GOALS OF  
FAST-TRACK MANAGEMENT
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Figure 18-20 Schematic representation of the 
pathogenesis of coronary artery spasm.
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of scrutiny of the fast-track pathway (middle to late 1990s; Box 18-9). 
Reports of prolonged ventilatory management after cardiac surgery first 
appeared in the late 1950s (for valve surgery as CABG was not yet per-
formed), and those from the 1960s (including the first reports of CABG 
patients) strongly advocated its routine use.598 This was  further empha-
sized with the adoption of high-dose morphine and, subsequently, fen-
tanyl and sufentanil, at the end of that decade.599,600

As early as 1974, the first reports advocating early extubation, pri-
marily by greater reliance on volatile anesthesia, appeared.601 In 1980, 
Quasha et al602 reported the first small, randomized, controlled trial 
enrolling CABG patients (n = 38), in which 89% were extubated in 
less than 8 hours. Ramsay et al603 reported a small, randomized, con-
trolled trial (n = 20) in which opioid reversal with nalbuphine was 
used. However, this resulted in an unacceptable increase in postopera-
tive pain. The larger and more rigorous randomized, controlled trial 
reported by Cheng et al604 in 1996 (n =100), in which mean time to 
extubation was 4.1 hours, generally is recognized as the most influ-
ential of the contemporary studies of early extubation. Since 1995, 
reports of successful use of fast-tracking in a variety of patient pop-
ulations have been reported, including academic,605,606 private,607–611 
elderly,612–614 rural settings, and Veterans Affairs patients615,616 from 
the United States and many other countries. It now is used as a qual-
ity improvement marker in many healthcare systems.617–619 In some 
of these, alterations of the traditional models of ICU care have been 
adopted, although many use routine ICU models, just with shorter 
stays. It has been clearly pointed out that the ability to maximize the 
potential of early extubation with regard to saving money and reduc-
ing LOS involves close coordination of a particular center's staffing 
(particularly nursing), which often is not efficient and in many cen-
ters remains so.620,621 Despite these issues, average LOS for CABG has 
declined substantially (see Chapters 33 and 35).

Based on accumulated data from randomized, controlled trials, the 
first meta-analyses of early extubation were reported. Myles et al622 
reviewed studies in which fast-tracking was defined as use of reduced 
opioid dosing (fentanyl  20 g/kg) with stated intention to attempt 
extubation in less than 10 hours after surgery. They identified 10 tri-
als (n = 1800), with most involving CABG patients, from 1989 to 2002. 
As expected, fast-track groups had shorter times to extubation (by 8.1 
hours), with no significant differences in major morbidity or mortal-
ity and only one instance of reintubation. ICU LOS was reduced by 
5.4 hours, although hospital LOS was not shortened.

Hawkes et al623 reported a meta-analysis from the U.K.-based 
Cochrane Collaboration. These investigators considered only ran-
domized, controlled trials in which time to extubation was defined as 
within 8 hours and which specifically evaluated mortality (in ICU, 30 
days, and up to 1 year), incidence of postoperative myocardial isch-
emia (e.g., biomarkers, ECG), and pulmonary outcomes (e.g., rein-
tubation, respiratory dysfunction). Secondary outcomes of ICU and 
hospital LOS were analyzed. Given their more stringent requirements 
and predetermined hypotheses for testing, they found only six studies 
(n = 871)624–629 meeting criteria, and almost half of the patients were 
from a single study (Reyes et al628). That study is unusual because both 
treatment groups received high-dose fentanyl, in contrast with all other 
studies of fast-tracking in which opioid doses were deliberately lower. 
However, exclusion of this study did not alter the findings. Three of the 
studies excluded patients older than 70 to 75 years, and 144 patients did 
not undergo CABG (i.e., had valve-only or other cardiac surgery). Most 
cases were elective (24 urgent or emergent), and all studies excluded 
patients “at high risk,” although the criteria varied among the studies. 
This analysis also included the “old” study of Quasha et al,630 which is 
clearly from a different generation with regard to contemporary pro-
cesses of care (but is numerically small). Because not all of the studies 
reported on the specific outcomes of interest, the number of studies 
for each analysis varied from one to six. With regard to mortality, ICU 
(four studies) and 30-day mortality (two studies) were no different. 
One-year mortality was assessed in only one study (no difference). The 
incidence of postoperative myocardial ischemia (six studies) was not 
different (although methods for detection of this diagnosis varied). 
The incidence of early reintubation (1.6%) within 24 hours (four stud-
ies) was no different, with two studies having none. Late reintubation 
after 24 hours (three studies) was no different, with two studies hav-
ing none and one study having a rate of 1.5%. Consideration of respi-
ratory outcomes was not possible because of variable methodology. 
Atelectasis did not appear to vary among groups. With regard to sec-
ondary outcomes, ICU LOS (four studies) was significantly reduced by 
7 hours and hospital LOS (two studies) was significantly reduced by 1.1 
days. The study authors described several important issues. No stud-
ies have been properly statistically powered to determine whether out-
come rates are equivalent, only whether there was no difference. This is 
a subtle point, but statistical methodology for this requires much larger 
sample sizes. They also observed that early extubation has become rou-
tine clinical practice and further research is needed to evaluate the 
impact of very early extubation on pain control, stress modification, 
and long-term outcome (Table 18-6).

It can be seen that the fast-track knowledge base is incomplete with 
regard to defining all patient subgroups (e.g., who is at high risk for 
early extubation) despite meta-analyses because these studies cannot 
always accurately risk-adjust the patient groups. For the anesthesiolo-
gist, reintubation is of particular interest. London et al631 summarized 
the data and observed that although the rate of early reintubation is 
very low with fast-track management, the frequency of later reintuba-
tion is substantial in many series (up to 6.6%). In a series of Veterans 
Affairs patients, a group that most clinicians consider to be at high 
risk for adverse respiratory outcomes because of the high prevalence 
of chronic obstructive pulmonary disease and smoking, only 1 of 304 
fast-track patients was reintubated emergently, but 5% went on to later 
reintubation.632 More research is needed to clearly define who is at 
risk, although female sex and longer periods of initial ventilation (no 
 fast-tracking) have been reported as risk factors.633,634

BOX 18-9. SUGGESTED CRITERIA FOR EARLY 
EXTUBATION

Systemic
1. Body temperature stable and > 36° C or < 38° C
2. Arterial pH > 7.30

Cardiovascular
1. Stable hemodynamics on minimal or decreasing doses of 

inotrope or vasodilator therapy; cardiac index > 2.0 L/min/m2, 
stable SvO2, minimal base deficit

2. Stable cardiac rhythm or good response to pacing

Respiratory
1. Spontaneous respiratory rate > 10 to 12 and < 25 to 30, 

vital capacity > 10 mL/kg, maximal negative inspiratory force 
> 20 cm H2O with minimal respiratory support (e.g., low levels 
of continuous positive airways pressure, pressure support)

2. Adequate arterial blood gases: PaO2 > 70 to 80 mm Hg  
(Fio2 = 0.4 to 0.5), PaCO2 < 40 to 45 mm Hg

3. Chest radiograph without major abnormalities (e.g., minimal 
atelectasis)

Renal

stable electrolytes, and input/output values for patients on 
preoperative dialysis

Neurologic
1. Awake, alert, cooperative, moving all extremities
2. Adequate motor strength (e.g., hand grip); if not, consider 

relaxant reversal, especially for patients receiving pancuronium

Surgical
1. Adequate hemostasis with decreasing or stable mediastinal 

drainage
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Despite gaps in knowledge, it is clear that various centers (most often 
related to a single surgeon with a large-volume practice) have adopted 
aggressive fast-track programs. Walji et al635 coined the term ultrafast-
tracking to describe their practice, reporting a 56% hospital discharge 
rate by postoperative day 4 (of 258 patients) and 23% discharge by 
postoperative day 2 (although the readmission rate was 3.9%, albeit 
with no early mortality). Perhaps most impressive is Ovrum et al's 
report636 from Norway on a cohort of 5658 CABG patients, 99% of 
whom were extubated by 5 hours (median, 1.5 hours), with a 1.1% 
reintubation rate. More than 99% of patients were transferred to the 
ward the next morning, and a similar percentage was walking outdoors 
by postoperative day 7. An impressive in-hospital mortality rate of only 
0.4% was reported. Precise time of discharge was not reported, and 
the study authors observed that readmission (with the exception of 
deep sternal infections) was not tracked (as it occurred at other hos-
pitals). With the exception of a low incidence of redo patients (1.8%, 
who are said to have similar times to extubation), the cohort appears 
similar in risk to U.S. centers (with IMA grafting in 99% and a median 
of four distal anastomoses). As expected, CPB time was short (median, 
55 minutes). With regard to anesthetic management, low-dose diaz-
epam or midazolam (0 to 0.2 mg/kg), fentanyl (4 to 8 g/kg), pancuro-
nium, isoflurane, or nitrous oxide was used. A PAC was used only in 
cases of severe cardiac decompensation (precise figure not given, but 
only 2% received prolonged inotropes or IABP therapy), and TEE was 
never used. Both reports made the point that their on-pump results 
were equal to, or even better than, results of many off-pump studies. 
It will be interesting to see whether with ongoing adoption of OPCAB 
that these results can be improved further. The lack of advanced moni-
toring in the Ovrum series would appear to put pressure on academic 
anesthesia to continue to rigorously explore the efficacy of advanced 
monitoring for CABG.

CORONARY ARTERY BYPASS GRAFTING 
WITHOUT CARDIOPULMONARY BYPASS

Introduction and Surgical Considerations
Although the term off-pump coronary artery bypass (OPCAB) encom-
passes a range of surgical approaches (based on the degree of invasive-
ness encompassing full, limited, or no sternotomy), the technique that 
is most commonly performed is OPCAB with a full sternotomy. The 
precise number of such procedures performed remains in the 20% to 
30% range. Surgeons appear to adopt it either enthusiastically or not 
at all. Although the literature base (incorporating a large number of 
observational series and a smaller number of true randomized, con-
trolled trials) is increasing rapidly, the final word about difference in 
outcome and which patients may benefit from an OPCAB technique 
is still years away (given  several large ongoing randomized, controlled 
trials).637–639 The clinician will immediately notice that the pace and 
tempo of anesthetic management differs substantially from that of 
conventional CABG. The focused involvement of the anesthesiologist 
is perhaps more important in OPCAB than during on-pump CABG, 
especially in cases where immediate extubation is planned in the oper-
ating room.640

Although OPCAB is perceived as a contemporary development, sur-
gery on the beating heart was first performed in the 1950s and early 
1960s, preceding the widespread use of CPB-based CABG because of 
the slower development and application of CPB techniques in the late 
1960s. In the late 1980s and early 1990s, introduction of the short- acting 

-blocker esmolol led some surgeons to “experiment” with OPCAB 
(on the LAD) by reducing the HR. However, it was not until the mid- 
to late 1990s when surgical researchers developed efficient mechani-
cal stabilizer devices that minimized motion around the anastomosis 
site (independent of HR) that this technique became widespread. The 
ability to expose the posterior surface of the heart to access the poste-
rior descending and the Cx vessels using suction devices usually placed 
on the apex of the heart, pericardial retraction sutures, slings, or other 
techniques, without producing major hemodynamic compromise, was 

critical for multivessel application of this technique. This commonly is 
referred to as verticalization, in contrast with displacement for the LAD 
and diagonal anastomoses (Figures 18-21 to 18-23).

OPCAB extends the range of surgeon-induced hemodynamic 
changes the anesthesiologist encounters relative to routine CABG. The 
skilled cardiac anesthesiologist must be able to anticipate and com-
municate with the surgeon to minimize the adverse impact of these 
changes on the heart and other important organs. The surgical manip-
ulations involve a variety of geometric distortions of cardiac anatomy 
(e.g., compression of the RV641 and, to a lesser degree, some distortion 
of the mitral valve annulus642). The magnitude of distortion varies with 
the patient's individual anatomy (most notably the size and shape of 
their right and left ventricles), the skill of the surgeon in placement of 
stabilizer devices, use of “deep” pericardial stay sutures (which facili-
tate forward superior apical displacement for LAD anastomosis), and 
manipulation of the pleural space (e.g., right pleural incision to cre-
ate space for the compressed RV). With a skilled surgeon, the changes 
usually are modest or easily treated with the Trendelenburg position, 
use of vasoconstrictors or inotropes, and judicious volume expansion. 
However, severe changes because of acute ischemia, mitral regurgita-
tion, or unrecognized right ventricular compression may occur, neces-
sitating emergent conversion to CPB.

Cardiovascular Effects of Off-Pump CABG
Evaluation of the hemodynamic consequences of OPCAB involves 
the two independent variables of distortion of the right or left atria 
and ventricles by stabilizer and suspension devices, and the effects of 
myocardial ischemia induced by vessel occlusion during anastomo-
sis. Grundeman et al641 have investigated hemodynamics, CBF, and 
echocardiographic changes with use of the suction cup Octopus stabi-
lizer systems (Medtronic, Minneapolis, MN) during verticalization to 
90 degrees and anterior displacement of the posterior wall (as would 
be used to access Cx vessels during OPCAB) in an anesthetized and 

Figure 18-21 Left anterior descending (LAD) artery anastomosis  during 
off-pump coronary artery bypass grafting using a left internal mammary 
artery (LIMA) graft. The view is from the head of the patient. The Maquet 
mechanical stabilizer (MAQUET, Wayne, NJ) is in place together with 
vascular snare sutures used to transiently occlude the artery. The LIMA is 
being anastomosed to the LAD, assisted by use of pressurized and heav-
ily humidified carbon dioxide (“mister blower“ metal cannula) to facili-
tate visualization of the vessel lumen. (Courtesy of Alexander Mittnacht, 
MD, Mount Sinai School of Medicine, New York, NY)
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-blocked pig model. With the stabilizer alone, they found significant 
reductions in SV (44% reduction), CO (32%), MAP (26%), and HR 
(26%) that were corrected with 20% head-down tilt. They also evalu-
ated CBF in the three major coronary distributions using flow probes.643 
With a 42% decrease in CO, coronary flow was reduced in all three 
distributions, with the greatest decline in the Cx distribution (50%). 
However, with Trendelenburg position, the changes largely were ame-
liorated. Placement of an omniplane TEE probe between the two arms 
of the Octopus stabilizer demonstrated substantial compression of the 
RV, with a decrease in diastolic cross-sectional area of 62%, but the LV 
area declined by only 20% (Figure 18-24). No valvular incompetence 
was observed, and institution of right-heart CPB restored all hemo-
dynamic parameters; LV bypass had only marginal effects. This docu-
ments the importance of compression of the thin-walled, low-pressure 
RV in hemodynamic compromise during OPCAB. They also reported 
on use of the Starfish apical suction device (Medtronic, Minneapolis, 
MN) using this pig model.644,645 They observed substantially fewer 
hemodynamic changes, with only a 6% reduction in SV and 5% reduc-
tion in MAP, no reduction in coronary flows, and approximately 30% 
increases in RVEDPs and LVEDPs. With institution of Trendelenburg 
position, mild overshoot in SV and MAP occurred, with greater 
increases in RVEDP and LVEDP, suggesting that this maneuver is not 
required. Using a sheep model, Porat et al646 demonstrated significant 
hemodynamic benefits using a right-heart internal cannula system that 

expels blood from the right atrium into the pulmonary artery, bypass-
ing the compressed RV (increasing CO and MAP with reduction in 
CVP by 49%).

Human Clinical Data
Hemodynamic effects in human clinical series have been reported 
 primarily using routine monitoring (e.g., PAC, TEE, Svo

2
), although 

several have used more sophisticated methods (RVEF, pressure-volume 
loops).647,648 Most of the data have been obtained from patients with nor-
mal or only mildly depressed ventricular function without significant 
valvular disease. Mathison et al649 measured RVEDPs and LVEDPs in 
44 patients (i.e., using catheters inserted through the pulmonary veins, 
as is done for LV venting, and by pulling back the PAC during mea-
surements for the RV). They evaluated the effects of displacement with 
the Octopus stabilizer in Trendelenburg position. RVEDP increased in 
each position, with the greatest increase with exposure of the Cx vessels 
(Figue 18-25). This position was associated with the greatest deteriora-
tion of SV (approximately 29% vs. 22% for PDA and 18% for LAD). 
When comparing patients with EFs of more than or less than 40%, there 
were nonsignificant trends toward greater reductions in MAP and CO 
with lower EF. TEE, used in 31 patients, revealed moderate-to-severe 
biventricular compression with CX and PDA positioning. Nierich et 
al650 reported on use of the Octopus stabilizer in a larger cohort (n = 150 
patients, including 54 patients with anterolateral thoracotomy exposure 
undergoing LAD or diagonal anastomosis only). Although only routine 
hemodynamics was presented, this study also evaluated hemodynamic 
effects during the actual surgical anastomotic period. Stroke volume 
decreased 6% with LAD, 14% with RCA, and 21% with obtuse mar-
ginal anastomoses. Trendelenburg position was required in only 50% of 
LAD anastomoses, increasing to 100% with obtuse marginal anastomo-
sis. Dopamine was used in only 5% of LAD anastomoses, increasing to 
30% with obtuse marginal anastomoses (Figure 18-26).

Figure 18-23 Image depicting the first obtuse marginal (OM1) anas-
tomosis during off-pump coronary artery bypass grafting using a 
saphenous vein graft. View is from the head of the patient. The previ-
ously completed left internal mammary artery to left anterior descend-
ing anastomosis is seen. The Maquet access device (MAQUET, Wayne, 
NJ) uses suction to position the heart (verticalization) for easy access to 
the circumflex coronary artery system. (Courtesy of Alexander Mittnacht, 
MD, Mount Sinai School of Medicine, New York, NY.)

A

B
Figure 18-22 A, Image depicting posterior descending artery (PDA) 
anastomosis during off-pump coronary artery bypass grafting using 
a saphenous vein graft. The view is from the head of the patient. The 
Maquet access device (MAQUET, Wayne, NJ) uses suction to position 
the heart (verticalization) for easy access to the inferior surface of the left 
ventricle. The stabilizer is in place, and the anastomosis to the PDA is 
being performed. B, Image depicts characteristic electrocardiographic 
(ECG) tracing during verticalization of the heart to facilitate exposure 
of the PDA for anastomosis during off-pump coronary artery bypass 
grafting. Heart manipulations modify the positional relation between 
the heart and surface electrodes. Therefore, the shape of the tracing 
is altered and the amplitude is reduced. The low-voltage ECG is inter-
preted by the device as asystole, an audible alarm sounds, and the prac-
titioner is alerted with “Asystole” next to the ECG tracing. (Courtesy of 
Alexander Mittnacht, MD, Mount Sinai School of Medicine, New York, 
NY.)



 18 Anesthesia for Myocardial Revascularization 555

Mishra et al651 have reported large-scale, prospective observational 
data on patients undergoing OPCAB at a tertiary center in New Delhi. 
TEE and PAC were used in all patients and approximately 40% were 
considered high risk. In contrast with some of the smaller studies men-
tioned earlier, the degree of hemodynamic compromise was greater. In 
their first report of 500 patients, verticalization for exposure of the pos-
terior wall was associated with a reduction in MAP by 18%, increase in 
CVP by 66%, reduction in SV by 36%, and CI by 45%. New RWMAs 
were common (60%), and global function decreased in a similar pro-
portion. Their practice involved use of inotropes during this period 
(79% vs. 22% for the anterior wall). However, only 11% required IABP, 
and 0.7% required CPB; in-hospital mortality rate was 1.2%. They 
reported on predictors of need for IABP or conversion to CPB in an 
additional 500 patients (4.8% of patients). On multivariate analysis, an 
EF less than 25%, myocardial infarction within the prior month, con-
gestive heart failure, and preoperative hemodynamic instability (the 
latter was only marginally significant) were identified. The in-hospital 
mortality rate for the latter 500 patients was only 0.8%.

Specific Anesthetic Considerations in 
Patients Undergoing Off-Pump Coronary 
Artery Bypass
The anesthesia technique in patients undergoing OPCAB surgery 
does not differ much from on-pump coronary artery surgery (Box 
18-10). The anesthesia technique should be tailored to the individ-
ual patient and, among other factors, also depends on the indication 
for OPCAB surgery. Patients with advanced age, significant ascending 
aortic  disease, poor LV function, and multiple comorbidities may be 
scheduled for OPCAB surgery to avoid aortic cross-clamping, and a 
single LIMA-to-LAD anastomosis is performed. These patients may 
not be ideal for ultra-fast-track anesthesia. If the surgeon routinely 
performs OPCAB revascularization, early ICU and hospital discharge 
is frequently a goal associated with OPCAB surgery,652,653 particularly 
in patients with adequate LV function. Consequently, fast-tracking 
with or without a neuraxial anesthesia technique is being used fre-
quently. A neuraxial technique often is administered for postoperative 
analgesia or as the primary anesthetic technique, or both. A challenge 
during OPCAB surgery can be the hemodynamic changes encoun-
tered during positioning of the heart. Pulmonary artery and PCWP, as 
well as CVP, typically are increased during this phase; the occurrence 
of large v-waves should alert the practitioner to acute ischemia, mitral 
regurgitation, or both. Wall motion abnormalities and acute signifi-
cant mitral regurgitation frequently are seen on TEE. Exacerbation or 
new onset of mitral regurgitation may be related to structural changes 
from positioning the heart and/or stabilizer application, or from 
ischemia.654,655

Hemodynamic compromise during OPCAB surgery can be man-
aged with Trendelenburg position, volume administration, and tem-
porary vasoconstrictor administration to maintain CPP during distal 
anastomosis. Opening of the right pleural space may accommodate 
the RV, relieving the compression with hemodynamic improvement. 
Maintaining the CPP is critical during distal coronary anastomosis. 
Depending on the severity of the lesion and the degree of collateraliza-
tion, ischemia and RWMAs can be seen. In poorly collateralized vessels, 
severe hemodynamic compromise may result from clamping the  target 
vessel. Vasoconstrictor and volume therapy are preferred with inotrope 
use only with severe hemodynamic compromise. In the setting of ongo-
ing ischemia, the greater increase in oxygen demand with inotropes 
may place the patient at substantial risk for myocardial injury. In the 
setting of significant mitral regurgitation not responsive to anti-isch-
emic treatment, however, further increasing the afterload may worsen 
the clinical picture. Positive inotropic medications are then temporar-
ily indicated if the surgeon cannot correct the position of the heart 
during critical phases of surgical anastomosis. The surgeon may or 
may not place temporary intracoronary shunts to allow distal coronary 
perfusion. However, there are controversial data and opinions whether 
shunts have a clinical benefit in providing myocardial protection or 
rather cause endothelial damage.656–658

CPB should always be immediately available during OPCAB in case 
the hemodynamic situation cannot be managed pharmacologically. 
A lower arterial blood pressure typically is preferred during the proxi-
mal (aortic) anastomosis to avoid complications seen with partial aortic 
clamping (aortic side-clamp). Automated suture devices also are being 
used, as well as techniques that eliminate any aortic cross-clamp.659–661 
Regardless of the specific technique/device used, the MAP should be 
kept around 60 mm Hg during this phase. Vasodilators such as NTG 
are frequently administered and titrated to achieve this goal. Because 
CPB with a heat exchanger is not available for maintaining a certain 
target temperature, patients are at increased risk for hypothermia dur-
ing OPCAB surgery. This is particularly problematic if fast-tracking 
with early extubation is the goal. The room temperature should be 
adjusted accordingly, as well as patient warming devices applied.

Anticoagulation in patients undergoing OPCAB surgery is an area 
of controversy and always should be discussed with the surgeon before 
anesthesia induction. Some surgeons prefer low-dose heparinization 
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Figure 18-24 Alteration in right ventricular (RV) and left ventricu-
lar (LV) chamber sizes with verticalization of the heart and subsequent 
Trendelenburg positioning in a porcine open chest model obtained 
from a transesophageal echocardiographic probe placed between the 
two arms of a stabilizer device on the posterior wall. Two-dimensional 
(left) and M-mode images (right) are displayed. (From Grunderman PF, 
Borst C, Verlaan CW, et al: Exposure of circumflex branches in the tilted, 
beating porcine heart: Echocardiographic evidence of right ventricu-
lar deformation and the effect of right or left heart bypass. J Thorac 
Cardiovasc Surg 118:316, 1999.)
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pressure; LVEDP, left ventricular end-
diastolic pressure; PDA, posterior 
descending artery; RAP, right atrial 
pressure; RVEDP, right ventricular 
end-diastolic pressure; SV, stroke vol-
ume. (From Mathison M, Edgerton JR, 
Horswell JL, et al: Analysis of hemody-
namic changes during beating heart 
surgical procedures. Ann Thorac Surg 
70:1355, 2000, by permission of the 
Society of Thoracic Surgeons.)
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Figure 18-26 Acute hemodynamic alterations during ver-
ticalization and placement of a stabilizer in an actual patient 
demonstrating reduction in electrocardiographic voltage, 
wedging of the pulmonary artery catheter, decrease of end-
tidal carbon dioxide (ET-CO2), and increase in central venous 
pressure (CVP). Changes partially resolve after stabilizer place-
ment. ABP, arterial blood pressure; OM, obtuse marginal arter-
ies; RVP, right ventricular pressure. (From Nierich AP, Diephuis 
J, Jansen EW, et al: Heart displacement during off-pump 
CABG: How well is it tolerated? Ann Thorac Surg 70:466, 2000, 
by permission of the Society of Thoracic Surgeons.)
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(e.g., 100 to 200 U/kg heparin) with a target activated coagulation time 
of 250 to 300 seconds, whereas others may choose full heparinization 
(e.g., 300 U/kg) during the procedure. The activated coagulation time 
is measured every 30 minutes and heparin administered accordingly 
to maintain the target activated coagulation time. Patients who are 
immobilized, undergoing major surgery, are hypercoagulable and at 
increased risk for thrombotic events. The major concern in OPCAB 
surgery is early graft occlusion with potentially catastrophic conse-
quences including sudden cardiac death after revascularization. For 
that reason, some surgeons continue antiplatelet medications until the 
day of surgery, and newer, more potent drugs such as clopidogrel may 
be reinstituted immediately after the procedure. When planning the 
anesthesia technique, it is, therefore, important to follow current rec-
ommendations for neuraxial catheter placement in patients on antico-
agulant medications. A neuraxial technique may not be feasible or may 
even be contraindicated.

Outcomes in Off-Pump Coronary Artery 
Bypass Grafting
Several investigators and working groups have comprehensively 
reviewed outcomes in patients undergoing OPCAB.662,663 Raja and 
Dreyfus664 have reviewed observational and randomized trials, scor-
ing efficacy of OPCAB by levels of literature evidence on outcomes 
related to various organ systems and processes of care. Although this 
grading must be considered informal (given lack of a formal consen-
sus panel of experts), it mirrors results obtained from a meta-analysis 
of randomized trials by Cheng et al.637 These investigators analyzed 37 
randomized trials of 3369 patients with comparable treatment groups 
with the exception of a marginal difference in number of grafts per-
formed (2.6 OPCAB vs. 2.8 CABG). All but one of the studies specifi-
cally excluded “high-risk” patients. Although various definitions were 
used, most excluded patients with low EF, redo procedures, and renal 
failure, and several studies excluded patients with diseased Cx vessels. 
As expected, not all studies reported on all outcomes. The investigators 
found no significant differences in 30-day or 1- to 2-year mortality, 
myocardial infarction, stroke (30 day and 1 to 2 years), renal dysfunc-
tion, need for IABP, wound infection, or reoperation for bleeding or 

 reintervention (for ischemia). OPCAB was associated with significant 
reductions in atrial fibrillation (OR = 0.58), numbers of patients trans-
fused (OR = 0.43), respiratory infections (OR = 0.41), need for ino-
tropes (OR = 0.48), duration of ventilation (weighted mean difference 
of 3.4 hours), ICU LOS (weighted mean difference of 0.3 day), and 
hospital LOS (weighted mean difference of 1.0 day). Changes in neu-
rocognitive dysfunction were not different in the immediate postoper-
ative period; they were significantly improved at 2 to 6 months (OR =  
0.57), but there were no differences seen at 12 months. The critical 
issue of graft patency was addressed in only four studies, and these 
varied substantially with regard to when this was assessed (3 months 
in two and 12 months in two). Only one study reported a difference 
(reduction in Cx patency with OPCAB). Because of the small numbers 
of patients, the overall data for this category were considered inade-
quate for meta-analysis.

Four randomized, controlled trials have analyzed quality of life. 
Various methods precluded inclusion in the meta-analysis, but it 
 generally appears there is little difference between operations. Of the 
20 trials reporting conversion rates, 8% of OPCAB patients required 
conversion to CABG, whereas only 1.7% were converted from CABG 
to OPCAB. The conversion rate for OPCAB in these low- to medium-
risk patients is substantial and would be expected to be even greater 
in higher-risk patients with greater disease burdens, more complex 
lesions, or impaired ventricular function in whom tolerance of stabi-
lization and verticalization may be less. The anesthesiologist must be 
prepared for rapid institution of CPB at all times. This comprehensive 
analysis suggested that for every 1000 patients undergoing OPCAB, 
91 fewer patients would experience development of atrial fibrillation, 
143 fewer would require transfusion, 83 fewer would require inotropes, 
53 fewer would acquire respiratory infections, 100 fewer would have 
cognitive dysfunction at 2 to 6 months after surgery, and there would be 
300 fewer ICU days and 1000 fewer hospital days. The neutral findings 
regarding stroke, renal failure, myocardial infarction, and mortality are 
surprising but may be found to be different in higher-risk patients once 
additional data are accumulated in high-risk trials.

A working group of the American Heart Association's Council on 
Cardiovascular Surgery and Anesthesia analyzed the current literature 
and several small meta-analyses, but not that of Cheng et al discussed 
earlier.637 In an informal manner, they concluded that OPCAB prob-
ably is associated with less bleeding, less renal dysfunction, less short-
term neurocognitive dysfunction (especially in patients with calcified 
aortas), and shorter hospital LOS. However, they also observed that it 
is more technically demanding, has a greater “learning curve,” and may 
be associated with lower rates of long-term graft patency.666 Perhaps 
related to the greater technical demands, surgeons appear to place 
fewer grafts relative to on-pump CABG, and incomplete revasculariza-
tion could influence long-term outcomes. They emphasize the ongoing 
need for large-scale, randomized study data.

The fact that OPCAB surgery is technically more demanding and 
requires a significant learning curve was highlighted recently when 
Shroyer et al667 published the results of their prospective randomized 
study on on-pump versus off-pump CABG surgery in the New England 
Journal of Medicine, with significant media attention. The authors 
reported worse composite outcomes and poorer graft patency in the 
off-pump group. This study was criticized, however, for inadequate 
surgeon experience with off-pump technique (only a minimum of 20 
cases experience was required for study participation), a conversion 
rate to on-pump of 12.4% (<1% with experienced surgeons668) with 
associated higher mortality,669 and a greater rate of incomplete revas-
cularization in the OPCAB group. In addition, the 2203 patients were 
almost exclusively male (female patients are higher-risk patients who 
have been shown to benefit from OPCAB670). When patients who were 
converted to on-pump were excluded from the analysis, there was no 
significant difference in 1-year primary end-point outcome.

Puskas et al671 recently reviewed 12,812 CABG patients (1997 to 
2006) and compared in-hospital major adverse events and long-term 
survival after off-pump (OPCAB) versus on-pump CABG surgery. 
Long-term (10-year follow-up) outcome did not differ significantly 

BOX 18-10. ANESTHETIC CONSIDERATIONS 
FOR OFF-PUMP CORONARY ARTERY 
BYPASS SURGERY

1. Standard monitoring including invasive arterial blood pressure 
monitoring and central venous access.

2. A pulmonary artery catheter (PAC) currently is inserted in most 
patients undergoing OPCAB surgery.

3. Unless there are contraindications, transesophageal 
echocardiography (TEE) is recommended in all patients 
undergoing OPCAB surgery.

4. The use of warming devices to maintain normothermia is 
recommended.

5. Dosing of heparin for OPCAB cases is controversial, with 
centers using full- or low-dose regimens.

6. Fast-tracking, including early extubation, is often a goal in 
OPCAB surgery.

7. A neuraxial anesthesia technique may be used for postoperative 
analgesia and/or as the primary anesthetic technique. Potent 
antiplatelet regimens frequently are administered in these 
patients, however, and neuraxial techniques have to be planned 
accordingly and may even be contraindicated.

8. Hemodynamic compromise may be seen with positioning of the 
heart and/or stabilizer application. Positional maneuvers, volume 
administration, and vasoactive medications are used to maintain 
hemodynamic stability. Cardiopulmonary bypass always should 
be immediately available.
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between on-pump and off-pump patients. OPCAB was associated with 
significant reductions in short-term outcomes such as operative mor-
tality, stroke, and major adverse cardiac events. Further data analysis 
showed that short-term outcome (operative mortality) did not differ 
between the two groups in patients at low risk (STS predicted risk for 
mortality), whereas lower mortality was found for OPCAB surgery in 
high-risk patients.672 Female sex was associated with greater rates of 
death, stroke, myocardial infarction, and other major adverse cardiac 
events. Women undergoing OPCAB surgery had a lower mortality 
compared with on-pump CABG.

In summary, there are now increasing data showing that OPCAB 
surgery can be performed safely and may benefit certain patient pop-
ulations. Remaining concerns are incomplete revascularization, espe-
cially in patients with poor targets, and the significant learning curve 
and surgeon experience required. Patient selection is critical in obtain-
ing good results. With ongoing technologic advances, it is likely this 
approach will continue to expand in numbers of patients and surgical 
complexity.

MINIMALLY INVASIVE CORONARY ARTERY 
SURGERY
Minimally invasive direct coronary artery bypass (MIDCAB) surgery 
was first reported in 1967 with a limited left thoracotomy and LIMA-
to-LAD graft on a beating heart.673 In the more than four decades that 
have passed since the publication of this case series, coronary artery 
surgery via a midline sternotomy has become the most commonly used 
approach for surgical coronary artery revascularization. Especially in 
the earlier years of cardiac surgery, this involved a large midline inci-
sion with associated complications such as wound infection and bra-
chial plexus injury. Less-invasive techniques were sought and developed 
with the goal of avoiding such complications, faster patient recovery, 
earlier hospital discharge, and improved patient satisfaction (e.g., cos-
metically more appealing incision). Some of the following terminology 
is a sample of what is commonly being used to describe the various 
surgical approaches.

The original term MIDCAB refers to LIMA takedown and anasto-
mosis to the LAD via a small anterior thoracotomy (Figure 18-27).674–676  
This can be performed off-pump or on-pump with femoral CPB can-
nulation. Thoracoscopic and robotic techniques have been developed to 
avoid chest wall retraction and associated complications.677–679 Because 
of limited access to the coronary artery system using this approach, 
this procedure is often combined with percutaneous revascularization 
using coronary stents (hybrid procedures) (see Chapter 26).680

Totally endoscopic coronary revascularization describes complete 
surgical revascularization via small chest wall incisions using thora-
coscopic instruments and a robot to access coronary lesions that are 

not in close proximity to the chest wall incision (Figure 18-28).681 
This can be performed with or without CPB, the latter called beat-
ing heart totally endoscopic coronary revascularization.682 Finally, 
 endoscopically-assisted CABG has been developed to avoid the high 
costs associated with robotic use.683 In place of expensive robotic 
equipment,  endoscopically-assisted CABG uses a thoracoscope and 
nondisposable instruments to harvest the LIMA. The coronary anas-
tomosis is performed on a beating heart. The advantages, as well as 
problems, encountered with the earlier mentioned various minimally 
invasive techniques go beyond the scope of this text and have been 
published extensively elsewhere. Proper patient selection and expe-
rience of the surgeon are crucial in obtaining good results.684 The 
following paragraphs describe specific anesthetic considerations for 
patients presenting for minimally invasive coronary artery surgery.

Most minimally invasive coronary artery surgery techniques are 
 technically more demanding and require the surgical team, together 
with the anesthesiologist, to plan the exact approach including the type 
and location of surgical incision, on-pump versus off-pump, patient 
access during surgery (especially in robotic surgery), and goal of fast-
tracking including early extubation and adequate pain relief. Although a 
fast-track anesthesia technique often is preferred, anesthesia induction 
and maintenance do not differ from a midline sternotomy approach 
(Box 18-11). One important difference is the requirement for lung 
deflation on the side of surgical incision during a beating heart minimal 
thoracotomy or thoracoscopy approach. Lung separation techniques, 
including a double-lumen tube and bronchial blockers with a standard 
endotracheal tube, have been described.685–687 Alternatively, jet venti-
lation has been reported to facilitate surgical access.688 An additional 
challenge compared with thoracic surgery with one-lung ventilation 
is the thoracic insufflation of CO

2
, which is required for intrathoracic 

surgical instrument manipulation and access to surgical anastomo-
sis on the heart, and its hemodynamic consequences. The insufflation 
pressures are typically kept below 10 to 15 mm Hg; nevertheless, sig-
nificant increases in CVP and PAP typically are noted.689–691 RWMAs 
have been described with thoracic insufflation,692 as well as decreased 
CO at greater insufflation pressures.693 Fluid is administered to coun-
teract some of these intrathoracic positive-pressure–related changes 
but is limited by the surgeon often requesting a relatively underfilled 

Figure 18-27 Stabilization of the left anterior descending artery with a 
commercial retractor during small thoracotomy revascularization (MICS 
CABG illustration: Octopus® Neuro Stabilizer and Starfish® NS Heart 
Positioner, Meditronic, Inc., Minneapolis, MN.)

Figure 18-28 Totally endoscopic coronary artery revascularization 
on the beating heart: The stabilizer is inserted through a subxiphoid 
incision.
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heart to facilitate surgical anastomosis. Vasoconstrictor (e.g., norepi-
nephrine, vasopressin) agents, as well as drugs with more pronounced 
positive inotropic effects (e.g., dobutamine, epinephrine, milrinone, 
dopamine), are frequently added to maintain hemodynamic stability. 
Urine output, plasma lactate, and Svo

2
 should be monitored frequently, 

especially during long procedures. If hemodynamic stability cannot 
be maintained, or in the setting of acute hemodynamic compromise 
including uncontrolled surgical bleeding, the use of femoral- femoral 
CPB cannulation and prompt initiation of CPB can be lifesaving. 
Any otherwise unexplained increase in end-tidal CO

2
 should alert the 

practitioner to increased CO
2
 absorption from the positive pressure 

thoracic insufflation. Sudden decreases in end-tidal CO
2
 have been 

described with positive pressure CO
2
 insufflation in different settings 

and, if encountered, should alert the practitioner to possible massive 
CO

2
 embolization.694,695

Because of the hemodynamic changes associated with thoracic infla-
tion and prolonged one-lung ventilation in these often long surgical 
cases, adequate monitoring of hemodynamic, as well as oxygenation 
parameters, is considered prudent.696 TEE is recommended, and even 
though outcome data are lacking, a PAC catheter is inserted in the 
majority of cases, especially if more than a single-vessel LIMA anas-
tomosis is planned. Complete minimally invasive revascularization 
in multivessel CAD can be time-consuming, and some centers rou-
tinely monitor Svo

2
 and CO continuously with specific PACs for early 

detection of LCOS and decreased tissue perfusion. Access to the heart 
is limited, and defibrillator pads have to be placed before the patient 
is positioned and draped. This is further complicated by interference 
with surgical instruments and left chest wall incisions, and the defi-
brillator pad position may have to be modified accordingly. Because 
possible advantages often cited are early patient mobilization and hos-
pital discharge, fast-track anesthesia is often part of the perioperative 
management strategy. It has long been recognized that a midline ster-
notomy is less painful for most patients compared with even a small 
thorascopic incision with chest wall retraction. Adequate pain man-
agement is, therefore, mandatory in achieving fast-tracking goals in 
these patients.697 Nerve blocks including intercostal blocks or thoracic 
paravertebral blocks can smooth the transition into the postoperative 
period.

CONCLUSIONS
Anesthesia for myocardial revascularization continues to evolve 
 rapidly, with advances in surgical approach and technique, anesthetic 
pharmacology, and monitoring technologies, as well as basic science, 
clinical, and epidemiologic research. Considerable healthcare resources 
are consumed by revascularization procedures relative to other medical 
therapies. Yet, an urgent need exists to better control hospital costs and 
LOS. Since the 1990s, major changes in practice have occurred with 
high-dose opioid-benzodiazepine anesthesia being replaced by fast-
tracking with volatile anesthesia and early extubation. This has been 
followed by an increase in OPCAB and minimally invasive revascular-
ization procedures in a variety of forms with which fast-track anesthe-
sia appears well suited. The once routinely used PAC is now used less 
commonly, but TEE use continues to increase, with its strong empha-
sis in training programs and by organizations such as the Society of 
Cardiovascular Anesthesiologists. Regional anesthesia for CABG and 
OPCAB has enjoyed a resurgence in interest, although use of thoracic 
epidurals in the United States remains low. Anesthesiologists increas-
ingly are involved in perioperative issues before and after surgery with 
active surgical and hybrid operating teams. Cardiac anesthesiologists 
will continue to see sicker and more interesting cases, and the well-
prepared and engaged anesthesiologist will be a strong component of 
successful surgical interventions for many years to come.

Case 1
Acute LAD Rupture during Percutaneous Coronary 
Angioplasty
Framing

A 58-year-old man presented to the emergency room with severe chest 
pain radiating to his left arm. It was not relieved by nitroglycerin. His 
past medical history included hypertension, diabetes mellitus type 2, 
and chronic renal insufficiency. An EKG performed in the emergency 
room demonstrated ST-elevation in the anterior leads, V2-V4. The 
patient was taken to the cardiac catheterization laboratory for revas-
cularization. Coronary angiography demonstrated almost complete 
occlusion of the proximal left anterior descending coronary artery 
(LAD). An attempt was made to perform a percutaneous coronary 
angioplasty including intracoronary stent placement at the site of the 
LAD blockage. During the course of the procedure the patient’s con-
dition suddenly deteriorated and an acute LAD rupture was noted. 
A pericardial drain and an intraaortic balloon pump (IABP) were 
placed. The patient was rushed to the operating room with ongoing 
mechanical and pharmacological resuscitation. Emergency cardiopul-
monary bypass (CPB) was established via the femoral vein and artery, 
and emergency coronary artery bypass graft (CABG) performed. The 
patient was successfully weaned from CPB and was transferred to the 
intensive care unit from where he was discharged later without any 
apparent neurological sequelae.

Data Collection and Interpretation

Regional wall motion abnormalities (RWMAs) are typically seen dur-
ing myocardial ischemia. It has been demonstrated that these changes 
in regional myocardial function correlate with specific coronary perfu-
sion defects, can be seen shortly after the onset of ischemia, and may 
occur even before any ECG changes are noticed. Echocardiographic 
criteria that describe cardiac function and in particular myocardial wall 
motion have been established and are usually reported as wall motion 
inward (radial shortening) and thickening during systole. Normal 
myocardial thickening during contraction is defined as greater than 
30%, with less than 10% being the cut-off for severe. Intraoperatively, 
transesophageal echocardiography (TEE) can be used to assess global 
cardiac function as well as RWMA and monitor for new onset RWMAs 
as an early sign of myocardial ischemia. In the presented case, acute dis-
section of the LAD was accompanied by severe hemodynamic compro-

BOX 18-11. ANESTHETIC CONSIDERATIONS 
FOR MINIMALLY INVASIVE CORONARY 
ARTERY SURGERY

1. Fast-track anesthesia technique including adequate 
postoperative pain management.

2. Intraoperative monitoring should include central venous 
access, invasive arterial pressure monitoring, transesophageal 
echocardiography (TEE), and in more complex multivessel 
coronary artery revascularization, benefits of pulmonary 
artery catheter (PAC) monitoring may outweigh risks (no data 
available).

3. Defibrillator pads are mandatory and need to be placed with 
regard to the exact location of surgical incision.

4. Lung separation may be required if the procedure is performed 
off-pump.

5. Intrathoracic CO2 insufflation can cause hemodynamic changes 
and needs to be monitored carefully.

6. Frequently, hemodynamic changes need to be counteracted 
with positional maneuvers, volume administration, and inotropic 
and/or vasoconstrictive support.

7. In prolonged procedures, measurements of adequate body 
perfusion and oxygen balance should be performed frequently.

8. Emergency conversion to on-pump procedure and/or 
emergency sternotomy may be required.
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mise. The initial TEE images obtained after the patient was transferred 
to the OR can be seen in Video 1. The transgastric midpapillary short-
axis view is usually recommended for myocardial ischemia monitoring 
because wall segments supplied by all three main coronary arteries are 
displayed. This patient shows RWMAs in the LAD distribution area 
with akinesis of the anteroseptal and midpapillary segments. Further 
TEE views are shown demonstrating RWMAs in the whole LAD distri-
bution, including more basal and apical anterior segments. Following 
coronary revascularization and discontinuation from CPB, the ante-
rior wall segments are still severely hypokinetic.

Conclusion

Intraoperative TEE monitoring can help detect myocardial ischemia by 
monitoring for new-onset RWMAs. TEE can guide therapeutic decisions 
and response to treatment, and may therefore have prognostic implica-
tions in patients undergoing surgery for myocardial revascularization.

Case 2
Patient Presenting for OPCAB Surgery with Poor 
Ventricular Function
Framing

A 72-year-old female presented with three-vessel coronary artery dis-
ease (CAD) for off-pump coronary artery bypass grafting (OPCAB). 
Aside from her coronary artery disease, she had a 30-pack/year history 
of cigarette smoking, chronic obstructive pulmonary disease (COPD), 
arterial hypertension, diabetes mellitus type 2, and chronic renal insuf-
ficiency. Her preoperative cardiac catheterization report showed three-
vessel CAD, no significant left main disease, moderately depressed LV 
function with an EF estimated to be 30%, and mildly elevated left ven-
tricular end-diastolic pressure. The patient had been referred for coro-
nary artery revascularization and scheduled for OPCAB surgery. After 
uneventful anesthesia induction, a transesophageal echocardiography 
(TEE) probe was inserted for intraoperative hemodynamic monitor-
ing. A total of three venous grafts and a left internal mammary graft to 
the left anterior descending (LAD) artery were performed. The patient 
was transferred to the intensive care unit, from which she was dis-
charged later without any apparent neurological sequelae.

Data Collection and Interpretation

TEE is recommended for all cardiac surgery cases, including OPCAB 
surgery. Although positional maneuvers during the various anastomo-
ses can interfere with optimal imaging of the heart, TEE can still pro-
vide invaluable information, including volume status, global function 
and new onset regional wall motion abnormalities, new onset mitral 
regurgitation, and response to therapeutic interventions. In the pre-
sented case, the initial TEE images obtained after general anesthesia 
had been induced and an endotracheal tube had been inserted, which 
can be seen in Video 2. The transgastric midpapillary short-axis view 
is usually recommended for myocardial ischemia and hemodynamic 
monitoring because wall segments supplied by all three main coronary 
arteries are displayed and loading conditions can be easily estimated. 
Video 2 shows severe RWMAs in the LAD as well as right coronary 
artery (RCA) distribution area, with akinesis of the inferior, anterosep-
tal, and anterior midpapillary segments. The overall cardiac function 
was moderate-to-severely depressed. Cardiac output was determined 
with a thermodilution technique (pulmonary artery catheter) and 
measured as a cardiac index of 1.4 L/min/m2. The surgeon requested 
a continuous intravenous infusion of milrinone (0.35 mcg/kg/min), 
which resulted in improved cardiac output. Systemic arterial pressure 
was maintained with a continuous norepinephrine infusion (0.03 mcg/
kg/min). Fluid was administered to compensate for surgical blood loss 
and guided mostly by TEE estimates of left ventricular end-diastolic 
area. Intracardiac pressure readings during patient positioning (e.g., 
Trendelenburg) and vertical displacement of the heart during posterior- 

descending coronary artery anastomosis did not correlate well with 
TEE findings. Following coronary artery revascularization, signifi-
cantly improved global and regional wall motion function can be seen 
on TEE examination.

Conclusion

Intraoperative TEE monitoring is recommended in patients present-
ing for OPCAB surgery. TEE can guide therapeutic decisions and 
response to treatment, and therefore may have prognostic implications 
in patients undergoing surgery for myocardial revascularization.

Case 3
Patient Presenting for CABG Surgery with a History 
of Myocardial Infarction with Residual Left Ventricular 
Myocardial Aneurysm
Framing

A 47-year-old male was referred for coronary artery bypass grafting 
(CABG) surgery. He had a history of myocardial infarction 2 years 
prior for which he underwent percutaneous coronary intervention with 
multiple intracoronary stents. His other past medical history included 
insulin-dependent diabetes, poorly controlled arterial hypertension, 
and obesity. On follow-up cardiac catheterization in-stent stenosis was 
found, in addition to aneurysmal appearance of the left ventricle at the 
site of the original myocardial infarction. The overall ventricular func-
tion was reported to be mildly depressed. The patient was referred for 
further surgical management, including CABG surgery and possible 
aneurysmectomy. After uneventful anesthesia induction, a transesoph-
ageal echocardiography (TEE) probe was inserted for intraoperative 
hemodynamic monitoring and assessment of ventricular function. A 
total of 4 venous grafts as well as left internal mammary graft to left 
anterior descending (LAD) artery were performed. The patient was 
successfully weaned off cardiopulmonary bypass on minimal inotropic 
support (3 mcg/kg/min dobutamine) and transferred to the intensive 
care unit, from which she was discharged later without any apparent 
neurological sequelae.

Data Collection and Interpretation

TEE is recommended for all cardiac surgery cases including CABG sur-
gery. TEE can provide invaluable information, including volume sta-
tus, global function and new onset regional wall motion abnormalities, 
new onset mitral regurgitation, and response to therapeutic interven-
tions. In the presented case, the initial TEE images obtained after gen-
eral anesthesia had been induced and an endotracheal tube had been 
inserted can be seen in Video 3. The transgastric midpapillary short-
axis view usually is recommended for myocardial ischemia and hemo-
dynamic monitoring because wall segments supplied by all three main 
coronary arteries are displayed, and loading conditions can be easily 
estimated. Video 3 shows mildly depressed LV function in the trans-
gastric midpapillary short-axis view. The midpapillary anterior myo-
cardium seems thinned out. Additional views include the transgastric 
2-chamber view and the transgastric long-axis view. The full extent 
of the left ventricular myocardial aneurysm can now be appreciated. 
Although the basal segments are spared, the myocardium is aneurys-
mal and thinned out, particularly starting in the midpapillary ante-
rior and anteroseptal wall segments extending towards the apex. The 
aneurysmal wall is akinetic without thickening or radial shortening. 
No thrombus can be seen and the surgeon decided to proceed without 
aneurysmectomy.

Conclusion

Intraoperative TEE monitoring is recommended in all patients 
presenting for cardiac surgery. TEE can guide therapeutic deci-
sions and response to treatment, and therefore may have prog-
nostic implications in patients undergoing surgery for myocardial 
revascularization.
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Valvular Heart Disease

In many ways, surgery for coronary artery disease (CAD) has matured, 
and although there will continue to be incremental advances like 
 off-pump surgery, anastomotic connectors, and endoscopic vein har-
vest, coronary artery surgery may have seen its best days, in no small 
part because of advances in interventional cardiology. The same has 
not been true of valve surgery. At surgical institutions where valve sur-
gery is well represented, surgical volumes are stable. This reflects the 
aging of the population and the lesser impact of cardiologic interven-
tions on the valvular heart disease (VHD) process.

From the standpoint of anesthetic care, valve surgery also is usu-
ally very different from coronary artery bypass grafting (CABG). 
Chronically, over the natural history of VHD, the physiology changes 
markedly; and acutely in the operating room, physiologic conditions 
and hemodynamics are quite dynamic and are readily influenced by 
anesthetic interventions. It also is true that, for some types of valve 
lesions, it can be relatively difficult to predict before surgery how the 
heart will respond to the altered loading conditions associated with 
valve repair or replacement.

It is essential to understand the natural history of each of the major 
adult acquired valve defects and how the pathophysiology evolves. 
Clinicians must also understand surgical decision making for valve repair 
or replacement because a valve operated on at the appropriate stage of its 
natural history will have a good and more predictable outcome in con-
trast with a heart operated on at a later stage in which the perioperative 
result can be quite poor. Because the pathophysiology is dynamic and 
differs importantly between valve lesions, understanding the physiology 
and the natural history of the individual valve defects is the foundation of 
developing an anesthetic plan that will include differing requirements for 
preload, pacing rate and rhythm, use of inotropes (or negative inotropes), 
as well as vasodilators or vasoconstrictors to alter loading conditions.

Although valvular lesions impose differing physiologic changes, a 
unifying concept is that all VHD is characterized by abnormalities of 
ventricular loading. The status of the ventricle changes over time as 
both ventricular function and the valvular defect itself are influenced 
by the progression of either volume or pressure overload. As such, the 
clinical status of patients with VHD can be complex and dynamic. It is 
possible to have clinical decompensation in the context of normal ven-
tricular contractility, or ventricular decompensation performance with 
normal ejection indices. In other words, the altered loading conditions 
characteristic of VHD may result in a divergence between the function 
of the heart as a systolic pump and the intrinsic inotropic state of the 
myocardium. This divergence between cardiac performance and ino-
tropy occurs as a result of compensatory physiologic mechanisms that 
are specific to each of the ventricular loading abnormalities.

In analyzing the physiologic response of the left ventricle (LV) to a 
variety of abnormal loading conditions, it is useful to consider the con-
cepts of afterload mismatch and preload reserve.1 These concepts frame 
discussions of the pathophysiology of the individual valvular lesions. 
Another set of physiologic concepts essential to understanding VHD 
and its evolution are pressure-volume loops and the linear end-systolic 
pressure-volume relation (ESPVR). The former provides a graphic anal-
ysis of ventricular pressure-volume relations in a single beat, whereas 
the latter is a method for quantifying the intrinsic contractility of the 
myocardium over multiple contractions and is  relatively independent of 
changes in loading conditions (see Chapters 5, 12, 13 and 14).

KEY POINTS

1. Although various valvular lesions generate 
different physiologic changes, all valvular heart 
disease is characterized by abnormalities of 
ventricular loading.

2. The left ventricle normally compensates for 
increases in afterload by increases in preload. This 
increase in end-diastolic fiber stretch or radius 
further increases wall tension in accordance with 
Laplace's law, resulting in a reciprocal decline in 
myocardial fiber shortening. The stroke volume 
is maintained because the contractile force is 
augmented at the higher preload level.

3. Factors that influence heart function include 
afterload stress, preload reserve, ventricular 
compliance, contractility, and the existence of 
pathology such as valve lesions, aortic stenosis, 
and hypertrophy.

4. Treatment modalities for hypertrophic 
obstructive cardiomyopathy, a relatively common 
genetic malformation of the heart, include 
-adrenoceptor antagonists, calcium channel 

blockers, and myectomy of the septum. Newer 
approaches include dual-chamber pacing and 
septal reduction (ablation) therapy with ethanol.

5. The severity and duration of symptoms of 
aortic regurgitation may correlate poorly with 
the degree of hemodynamic and contractile 
impairment, delaying surgical treatment while 
patients are undergoing progressive deterioration.

6. Mitral regurgitation causes left ventricular 
volume overload. Treatment depends on the 
underlying mechanism and includes early 
reperfusion therapy, angiotensin-converting 
enzyme inhibitors, and surgical repair or 
replacement of the mitral valve.

7. Rheumatic disease and congenital abnormalities of 
the mitral valve are the main causes of mitral stenosis, 
a slowly progressive disease. Surgical treatment 
options include closed and open commissurotomy 
and percutaneous mitral commissurotomy.

8. Most tricuspid surgery occurs in the context of 
significant aortic or mitral disease, and anesthetic 
management primarily is determined by the left-
sided valve lesion.

9. Innovations in surgical valve repair include aortic 
valve repair and closed- and open-chamber 
procedures for mitral regurgitation.
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PATHOPHYSIOLOGY
Pressure-Volume Loops

The pressure and volume changes that occur during a normal  cardiac 
cycle are depicted in Figure 19-1. A pressure-volume loop is gener-
ated when ventricular volumes are plotted against simultaneously 
occurring ventricular pressures for a single contraction (Figure 19-2). 
Familiarity with this graphic analysis of cardiac function, the normal 
pressure-volume loop of the LV, provides a basis for appreciating a 
load-insensitive index of contractility, the ESPVR. Phase 1 in Figure 
19-2 shows ventricular filling and represents the loading of the heart 
before contraction (i.e., preload). During early and middle diastole, 
filling of the ventricle is rapid, depending on the pressure gradient 
between the left atrium and the LV. In late diastole, the left atrium 

 contracts (a wave), which results in the final left ventricular end-
 diastolic volume (LVEDV) and pressure (LVEDP). Atrial contraction 
in the normal heart accounts for 15% to 20% of ventricular  filling. The 
normal ventricle accommodates large changes in ventricular  volume 
with only a small change in ventricular diastolic pressure.

Ventricular systole occurs in two stages: the isovolumic and ejection 
phases. During isovolumic, or isometric, systole (phase 2 of the  cardiac 
cycle), intraventricular pressure increases dramatically. However, there 
is little or no concurrent decrease in ventricular volume because the 
aortic valve is still closed. Phase 3 is the systolic ejection period. When 
intraventricular pressure exceeds aortic pressure, the aortic valve opens 
and ejection begins. At the end of phase 3, the aortic valve closes. 
This point is the end-systolic pressure-volume coordinate, which may 
uniquely reflect the cardiac inotropic state.

Afterload Stress and Preload Reserve
Figure 19-3 shows the response of the LV to changes in afterload, with 
preload held constant, in the context of the pressure-volume loops 
from single contractions. These curves are constructed experimen-
tally by infusing a pure -adrenergic agonist while simultaneously 
measuring the corresponding end-systolic volumes (ESVs). The resul-
tant curves describe the diastolic pressure-volume relation (ventricu-
lar compliance) and the linear ESPVR at a given level of myocardial 
contractility. Each counterclockwise loop represents a cardiac cycle. 
The stroke volume (SV) progressively decreases as the impedance to 
ejection increases from beats 1 to 3. This pattern continues until beat 4,  
when the peak ventricular systolic pressure fails to open the  aortic 
valve and only isovolumic contraction ensues.1 This inverse  relation 
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Figure 19-1 Simultaneous left ventricular (LV) volume and pressure 
during one cardiac cycle. EKG, electrocardiogram. (From Barash PG, 
Kopriva DJ: Cardiac pump function and how to monitor it. In Thomas 
SJ [ed]: Manual of cardiac anesthesia. New York: Churchill Livingstone, 
1984, p 1.)
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Figure 19-2 An idealized pressure-volume loop for a single cardiac 
cycle. AVC, aortic valve closure; AVD, aortic valve opening; LV, left ven-
tricular; MVC, mitral valve closure; MVD, mitral valve opening. (From 
Jackson JM, Thomas SJ, Lowenstein E: Anesthetic management of 
patients with valvular heart disease. Semin Anesth 1:239, 1982.)
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Figure 19-3 Pressure-volume loops illustrating the response of the left 
ventricle (LV) to progressive increases in afterload when the preload is 
artificially held constant. (From Ross J Jr: Afterload mismatch in aortic 
and mitral valve disease: Implications for surgical therapy. J Am Coll 
Cardiol 5:811, 1985.)
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between afterload and SV (inverse force-velocity relation) also was 
documented experimentally in a canine preparation in which the 
LVEDV was held constant (Figure 19-4).2 In the intact heart, afterload 
is a function of ventricular size and arterial pressure.3 Its pivotal role 
in cardiovascular regulation is summarized in Figure 19-5. Afterload 
is defined as the tension, or force per unit of cross-sectional area, in 
the ventricular wall during ejection.4 Laplace's law provides a math-
ematical expression for the wall tension5 (in which P is the intraven-
tricular pressure) developed in a spherical chamber of radius, R, and 
wall thickness, h:

This means that ventricular afterload, a function of the constantly 
changing intraventricular pressure and radius, varies continuously 
during systole. It is extremely difficult to precisely quantify afterload 
in the clinical setting, and commonly used approximations such as 
blood pressure or systemic vascular resistance (SVR) are inherently 
misleading because they fail to reflect instantaneous pressure-volume 
variations. Left ventricular size or preload is a determinant of the SV 
and afterload.6 Normally, the LV compensates for increases in after-
load by increases in preload. This increase in end-diastolic fiber stretch 
or radius further increases wall tension in accordance with Laplace's 

law, resulting in a reciprocal decline in myocardial fiber shorten-
ing (i.e., inverse force-velocity relation). Despite this relative decline 
in fiber shortening, the SV is maintained because contractile force is 
augmented at the higher preload (i.e., Starling or length-active tension 
effect). This increased contractility at higher LVEDVs may be medi-
ated by an increased sensitivity to the inotropic effects of extracellular 
 calcium at longer muscle lengths.7–9

Use of this “preload reserve” allows the LV to maintain its SV in 
the face of an afterload stress,1 as shown in Figure 19-6.1 The increase 
in afterload (beat 2) elicits a compensatory increase in end-diastolic 
 volume (EDV; beat 3), preserving SV at the higher afterload. However, 
when the ventricle reaches the limit of its preload reserve, it overdis-
tends, and preload behaves as if it were fixed. SV then decreases with 
further increases in the systolic pressure (afterload mismatch; beat 4), 
a clinical corollary of the inverse force-velocity relation.
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Ventricular Compliance
Translating this physiologic analysis to the clinical setting is compli-
cated by a number of practical constraints. One of the most important 
is the inconstant relation between LVEDV and LVEDP. The diastolic 
pressure-volume relation for the normal mammalian LV is a curvilinear 
function (Figure 19-7).3,10 The slope of this curve (i.e., ratio of change 
in volume to change in pressure during diastole) is the ventricular com-
pliance (dV/dP). Although the normal ventricle is extremely compliant 
in the physiologic range, the instantaneous compliance decreases with 
increments in diastolic filling. This progressively increasing slope of the 
pressure-volume curve becomes evident at the extremes of ventricular 

volume, in which succeeding increments in volume result in exponen-
tially greater increases in end-diastolic pressure (EDP). Patients with 
acute aortic regurgitation (AR) experience the hemodynamic conse-
quences of this phenomenon. The catastrophic increases in ventricular 
filling pressure reflect the absolute magnitude of the volume overload 
and are a corollary of a precipitously declining compliance relation.

These hemodynamic manifestations of acute shifts up and down a 
single compliance curve must be distinguished from chronic, patho-
logic alterations in ventricular compliance, which produce actual shifts 
of the entire curve relating diastolic pressure and volume. For exam-
ple, in animal models of chronic volume overload, the entire pressure-
volume curve is shifted to the right, such that substantial increases in 
ventricular volume are tolerated with relatively little change in EDP 
(Figure 19-8).11 In this example, the slope of the new pressure-volume 
curve (i.e., compliance) is decreased. Similarly, time-dependent, right-
ward shifts of the entire pressure-volume relation have been shown to 
occur in patients with severe ventricular volume overload resulting 
from chronic AR.12 In these examples, the development of a new rela-
tion between pressure and volume may reflect the physiologic process 
of creep, the time-dependent change in size or the dimension of tissue 
maintained at a constant level of stress.4

Myocardial wall thickness is an important determinant of diastolic 
compliance. In clinical settings of chronic pressure overload (e.g.,  aortic 
stenosis [AS], chronic hypertension), diastolic compliance and ventric-
ular wall thickness have been shown to be linearly and inversely related 
(Figure 19-9).13 This may explain why the normal, thinner-walled right 
ventricle (RV) is more compliant than the normal LV, even though the 
ventricles share similar qualities of intrinsic myocardial stiffness.3,14 
This association between pathologic hypertrophy of the ventricle and 
deterioration in its diastolic compliance is a well-documented but 
poorly understood phenomenon.

It has become customary to characterize diastolic function in certain 
disease states as normal or abnormal, such as diastolic dysfunction or 
diastolic failure.15,16 The latter condition is a distinct pathophysiologic 
entity that results from an increased resistance to ventricular filling and 
leads to an inappropriate upward shift of the diastolic pressure- volume 
relation.17 For example, diastolic dysfunction is seen in ischemic car-
diomyopathy, particularly when combined with pressure overload 
hypertrophy.18

In certain diseases, these primary derangements of diastolic function 
may predominate over abnormalities of diastolic function associated 
with ventricular hypertrophy. For example, in hypertrophic cardio-
myopathy (HCM), the impaired ventricular relaxation inherent in 
the myopathic process appears to play the greater role in the observed 
abnormalities of diastolic filling because the diastolic dysfunction is 
often disproportionate to the degree of ventricular hypertrophy.19,20 
The effects of pathologic hypertrophy on diastolic compliance and ven-
tricular relaxation are complex and are considered in more detail later 
in the Aortic Stenosis and Hypertrophic Cardiomyopathy sections.
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Filling of one ventricle or changes in its configuration or compliance 
properties can significantly alter the diastolic pressure-volume charac-
teristics of the other ventricle.21,22 Progressive increases in right ven-
tricular filling shift the left ventricular compliance curve up and to the 
left. This effect is greatest at high right ventricular filling pressures and 
is accentuated by the presence of the pericardium.23 With severe right 
ventricular distention, the interventricular septum encroaches on the 
LV. This encroachment reduces the size of the LV and alters its geomet-
ric configuration such that its compliance declines.21 As a result, left 
ventricular filling pressures may fail to reflect even directional changes 
in left ventricular size.24

Contractility
Myocardial contractility can be defined as the ability of the heart 
to  generate force at a given preload.25 Although most clinicians and 
researchers seem to be comfortable with their intuitive notions of the 
cardiac inotropic state, the search for a consensus on a quantitative yard-
stick of ventricular inotropy has proved to be elusive. Its accurate and 
reproducible measurement is of more than theoretic interest because 
the contractile function of the heart is a key determinant of prognosis 
for most cardiac diseases, and it is especially important in critical deci-
sions regarding the timing of surgical correction in patients with VHD.

Historically, methods of assessing myocardial contractility have 
been divided into two groups, based on analysis of the isovolumet-
ric or the ejection phase of cardiac contraction.4 Details of their clini-
cal determination and relative reproducibility are beyond the scope of 
this discussion, but more information can be found in several excellent 
reviews,4,26,27 as well as in Chapters 5 and 14. The isovolumetric indices 
include measurements such as maximal velocity of myocardial fiber 
shortening (V

max
), peak pressure development (dP/dt), and peak dP/dt 

measured at an instantaneous pressure (dP/dt/P). Although relatively 
insensitive to loading conditions, these tests poorly reflect basal levels 
of contractility and are unreliable for comparing contractility among 
patients or assessing directional changes in contractility in an individ-
ual patient over time.26

Ejection phase indices, such as the ejection fraction (EF), are deter-
mined, in part, by the intrinsic inotropic state and can be used to 
define basal levels of contractility.26 Such measurements are extremely 
 useful in evaluating ventricular function in patients with CAD or other 

 conditions that do not significantly alter ventricular loading conditions.28 
Ejection phase indices are understandably popular because they are 
readily available, and they are the most widely used  clinical measures 
of left ventricular function. However, these indices are directly pro-
portional to preload, vary inversely with ventricular afterload, and are 
accordingly unreliable for assessing contractile performance in patients 
with most forms of VHD.

The use of the pressure-volume diagram and analysis of the ESPVR 
allow a more precise appreciation of left ventricular contractility, 
which is independent of preload.29 The extent of myocardial shorten-
ing, and therefore of end-systolic fiber length, is a direct function of 
afterload (i.e., inverse force-velocity relation), and myocardial contrac-
tility can be evaluated by making use of this fundamental property. 
In most instances, end-systolic pressure (ESP) can be substituted for 
afterload. Only with pathologic degrees of ventricular hypertrophy is 
there a major divergence between ESP and afterload. This means that 
for any level of contractility, the ESV to which a ventricle contracts is a 
linearly increasing function of ESP. A stronger ventricle contracts to a 
smaller ESV (i.e., empties more completely) at any given level of ven-
tricular afterload. Changes in the inotropic state also can be viewed in 
the context of the idealized pressure-volume loop. Positive inotropic 
interventions shift the curve up and to the left, increasing the work that 
can be performed at any given EDV (preload). Conversely, negative 
inotropic interventions shift the curve down and to the right30 (Figure 
19-10; see Chapters 5 and 14). These load-independent indices of con-
tractility are largely research tools, but in the future, it may be pos-
sible to construct pressure-volume loops and quantify ESPVRs in real 
time with echocardiographic equipment featuring automated border  
detection31 (see Chapter 12).

Clinical studies of patients with relatively normal loading conditions 
have shown that variations in the ESV reliably correlate with changes in 
ejection phase indices (Figure 19-11).32 The ESPVR represents an index 
of contractility that depends on systolic ventricular pressure (i.e., after-
load) but is independent of end-diastolic length (i.e., preload).28,33,34 
Pressure-volume loops also provide a framework for considering the 
interactions between systolic (inotropic) and diastolic (lusitropic) 
function. Although the preload (i.e., EDV) is an independent deter-
minant of SV, because of the circular nature of blood flow, the SV ulti-
mately determines venous return and the resultant preload for the 
next cardiac cycle.30 The “inotropically determined” ESV is the other 
element besides the venous return that contributes to the EDV. Just 
as the ESPVR uniquely describes systolic function, the end-diastolic 
pressure-volume relation is a manifestation of the intrinsic relaxation 
(lusitropic) properties of the ventricle. Positive lusitropic interventions 
facilitate ventricular filling and shift the end-diastolic pressure-volume 
relation down and to the right, and a negative lusitropic intervention 
shifts it up and to the left (Figure 19-12).

AORTIC STENOSIS
Clinical Features and Natural History

Aortic stenosis (AS) is the most common cardiac valve lesion in the 
United States. Approximately 1% to 2% of the population is born with 
a bicuspid aortic valve, which is prone to stenosis with aging, and the 
population is aging. Clinically significant aortic valve stenosis is present 
in 2% of unselected individuals older than 65 years, and in 5.5% of those 
older than 85 years.35 Incipient aortic valve stenosis with  calcification 
and stiffening is observed in 50% of people in the 75 to 80 age group 
and in up to 75% in those older than 85 years. Bicuspid aortic valve is 
a common congenital cardiac abnormality, occurring in approximately 
1% of the population.36 The heritability coefficient is estimated at 89%, 
suggesting that the bicuspid aortic valve is almost entirely genetic in 
nature.37 It is a risk factor for premature AS and ascending aortic aneu-
rysms. The ascending aorta in bicuspid valvular disease has the same 
histopathologic features as Marfan syndrome, such as medial degen-
eration, decreased fibrillin-1, and enhanced matrix metalloproteinase 
activity in the aortic wall. Recent data from the International Registry 
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of Acute Aortic Dissection demonstrate that patients with bicuspid aor-
tic valve have a 6.14% lifetime risk rate of aortic dissection (nine times 
that of the general population), compared with 40% for patients with 
Marfan syndrome. Yet, bicuspid aortic valvular disease is a hundred 
times more common than Marfan syndrome and is, therefore, respon-
sible for a larger number of aortic dissections.36 Calcific AS has several 
features in common with CAD. Both conditions are more common in 
men, older people, and patients with hypercholesterolemia, and both 
result, in part, from an active inflammatory  process. There is clinical 
evidence of an atherosclerotic hypothesis for the cellular mechanism 
of aortic valve stenosis. There is a clear association between clinical 
risk factors for atherosclerosis and the development of AS: increased 
lipoprotein levels, increased low-density lipoprotein (LDL) cholesterol, 
cigarette smoking, hypertension, diabetes mellitus, increased serum 
calcium and creatinine levels, and male sex.38 Homozygous familial 
hypercholesterolemia produces a severe form of AS in children.39 The 
early lesion of aortic valve sclerosis may be associated with CAD and 
vascular atherosclerosis. The extent of aortic valve calcification was 
observed as an important predictor of poor outcome in patients with 
AS.40 These and other studies suggest that aortic valve calcification is an 
inflammatory process promoted by atherosclerotic risk factors.

The early lesion of AS resembles that of the initial plaque of CAD, 
and there is a close correlation between calcification found in coro-
nary arteries and the amount of calcification found in the aortic valve. 
Pathologic studies of aortic valves revealed the presence of LDL, sug-
gesting a common cellular mechanism for the genesis of valvular and 
vascular atherosclerotic disease.38 Degenerative lesions on aortic valves 
contain an inflammatory infiltrate of nonfoam cells and foam cell 
macrophages, T lymphocytes, and other inflammatory cells. Lipid is 
accumulated in the fibrosa immediately below the endothelium layer 
on the aortic side of the valve. LDL- and apolipoprotein E–containing 
lipoproteins are present as well. Little is known about the synthesis of 
bone matrix proteins in calcific aortic valve stenosis. The calcifications 
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are composed of hydroxyapatite on a matrix of collagen, osteopontin, 
and other bone matrix proteins.

A potential mechanism for this cellular inflammation process 
involves the combination of macrophages, LDL, and the secretion by 
macrophages of transforming growth factor-  and platelet-derived 
growth factor to stimulate the conversion of valvular fibroblast cells 
into osteoblasts that produce bone proteins.38 Most surprising are the 
findings that 3-hydroxy-3-methylglutaryl coenzyme A reductase inhib-
itors (e.g., statins) retard the progression of CAD and AS.41,42 The odds 
ratio of AS progression was 0.46 in 38 treated patients compared with 
118 untreated patients.43 Other studies have shown similar results, and 
it is possible that therapy with statins or other drugs may be used to 
block or slow the progression of valve lesions in the future.38,44 In addi-
tion to recruitment of inflammatory cells and lipid accumulation into 
valves, calcification is a prominent feature that contributes to leaflet 
thickness and rigidity. Early development of aortic valve calcification 
may be related to vitamin D–receptor genotypes or mutations in the 
Notch gene.35 Calcification is an active process that includes osteopon-
tin, osteonectin, osteocalcin, and other bone morphogenic proteins that 
regulate calcification and ossification. Active osteoblastic bone forma-
tion and osteoclastic bone resorption occur in stenotic valves. Increased 
fibroblasts produce collagen, leading to fibrosis. Concomitant elastin 
degradation also contributes to valve stiffening. Whereas normal valves 
are avascular, microvessels form in thickened stenotic valves, assuring 
the continued supply of inflammatory cells and lipids. Recent advances 
in genetic epidemiology have demonstrated a strong inheritability of 
bicuspid aortic valve with three loci on chromosomes 18q, 5q, and 13q, 
which likely contain genes responsible for bicuspid aortic valve.37 The 
mode of inheritance of other valvular diseases is unclear. No inherit-
ability or inheritance studies have been reported for calcific aortic valve 
disease. In smaller genetic studies, a small number of candidate genes 
such as VDR, APOE, APOB, IL-10, and ESR1 have been identified as 

possibly playing a role in aortic valve disease. A recent breakthrough in 
the genetics of aortic valve disease was the identification of the Notch1 
signaling pathway, involved in embryonic patterning, and that is highly 
expressed within the developing embryonic aortic valve. Notch1 is a 
repressor of Runx2, a critical regulator of osteoblast development. This 
supports the concept that a developmental program might be reacti-
vated in disease processes.37

The rate of progression is, on average, a decrease in aortic valve area 
(AVA) of 0.1 cm2/year, and the peak instantaneous gradient increases 
by 10 mm Hg/year.45 The rate of progression of AS in men older than 
60 is faster than in women, and it is faster in women older than 75 than 
in women 60 to 74 years old.46 Treatment with hemodialysis, the use 
of calcium supplements, and increased serum creatinine levels corre-
lated with rapid progression of AS.47 Plasma brain natriuretic peptide, 
produced to a large extent by the ventricles, and the N-terminal part of 
the propeptide may serve as early markers of left ventricular hypertro-
phy (LVH), whereas atrial natriuretic peptide and the N-terminal part 
of the propeptide reflect atrial pressure increase.48 Repeated measure-
ments of this marker may reflect information on the stage of AS and its 
hemodynamic impact.49

Angina, syncope, and congestive heart failure (CHF) are the classic 
symptoms of the disease, and their appearance is of serious prognostic 
significance because postmortem studies indicate that symptomatic AS 
is associated with a life expectancy of only 2 to 5 years.50–52 These early 
natural history studies were completed before the availability of car-
diac catheterization studies, and some patients, although symptomatic, 
may have had objectively less severe degrees of stenosis. The “hemo-
dynamically insignificant murmur of aortic stenosis” seen so often in 
cardiologic consultations does not portend such dire consequences, 
although it is sometimes difficult to correlate AS severity with clinical 
symptoms. There is evidence that patients with moderate AS (i.e., valve 
areas of 0.7 to 1.2 cm2) are also at increased risk for the development of  
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complications, with the appearance of symptoms further increas-
ing their risk.53 According to recent American College of Cardiology 
(ACC) and American Heart Association (AHA) guidelines, peak veloc-
ity greater than 4 m/sec, a mean gradient greater than 40 mm Hg, and 
a valve area less than 1.0 cm2 are considered hemodynamically severe 
AS.54 Aortic valve surgery should be performed promptly in symptom-
atic patients. In asymptomatic patients, high aortic valve calcium con-
tent and a positive exercise test are features that suggest a benefit from 
early aortic valve replacement (AVR).

An interesting question is whether the natural history of AS has 
changed significantly in recent years.55 The question is prompted by 
two trends. The first, at least in North America, is related to the steadily 
diminishing number of patients with rheumatic disease. Today, AS 
is essentially the bicuspid, the calcific, or what has been traditionally 
referred to as the senile variety. The second trend is related to the senile 
attribution. People are living longer, particularly those with heart dis-
ease. The typical patient with AS is older and much more likely to have 
other significant medical problems, including major coexisting cardiac 
disease, most often CAD.

Angina is a frequent and classic symptom of the disease, occurring 
in approximately two thirds of patients with critical AS, and about half 
of symptomatic patients are found to have anatomically significant 
CAD.56–58 However, a controversy persists about the incidence of CAD 
in patients with AS who do not have angina, and the controversy prob-
ably reflects this underlying sense of a change in the natural history of 
the disease. Some studies report that the absence of angina virtually 
excludes the possibility of atherosclerotic heart disease.59,60 In contrast, 
a 25% incidence rate of angiographically significant (> 70% obstruc-
tion) coronary occlusions was described in angina-free patients, most 
of whom had single-vessel disease.61 However, a much larger study 
found that 14% of patients with triple-vessel or left main CAD and 
AS presented without angina.62 Underscoring the continued lack of 
a consensus on this topic is the finding of a review that the reported 
incidence rates of significant CAD in asymptomatic patients range 
from 0% to 33%.63 Identification of asymptomatic patients is impor-
tant because although coexistent, untreated (i.e., unbypassed) CAD 
has a detrimental effect on early and late survival after AVR, concom-
itant CABG with AVR does not increase perioperative mortality.64–67 
It appears that a substantial number of patients with coexisting CAD 
may have symptoms other than chest pain.68 However, there do not 
appear to be other significant differences in the clinical or hemody-
namic findings between patients with normal coronary arteries and 
those with coexistent coronary stenoses.

If the traditional natural history of AS is perhaps more ominous in the 
elderly patient with likely coexistent CAD, is there any rationale for pro-
phylactic AVR? With steady improvement in surgical results, this question 
has been raised, although rigorous studies still suggest that asymptom-
atic patients with hemodynamically significant disease face a very low 
risk for sudden death before the onset of symptoms.69–71 As if by way of 
settling this particular question, an editorial by Braunwald72 stated that 
there was no role for prophylactic AVR, and that “operative treatment is 
the most common cause of sudden death in asymptomatic patients with 
aortic stenosis.” These patients warrant careful follow-up, and the case 
against prophylactic surgical intervention is further supported by studies 
showing that ventricular function is preserved and myocardial hypertro-
phy regresses after successful valve replacement.73–75

It is probably never too late to operate on patients with symptom-
atic AS.76,77 First, unlike AR, most symptomatic patients undergo valve 
replacement when left ventricular function is still normal. Second, even 
when impaired left ventricular function develops in AS, the relief of 
pressure overload almost always restores normal function or at least 
produces considerable improvement. Morbidity rates, mortality rates, 
and clinical results are favorable even in the oldest surgical candi-
dates.78,79 Recent advances in operative techniques and perioperative 
management have contributed to excellent results after AVR in patients 
80 years of age or older, with minimal incremental  postoperative 
morbidity.80 The principal postoperative complication is respiratory 
failure.

The preoperative assessment of AS with Doppler echocardiogra-
phy includes measurement of the AVA and the transvalvular  pressure 
 gradient.81,82 The latter is calculated from the Doppler-quantified 
 transvalvular velocity of blood flow, which is increased in the presence 
of AS. This maximal velocity (v) is then inserted into the modified 
Bernoulli equation to determine the pressure gradient (PG) between 
the LV and the aorta (see Figure 19-2):

The pressure gradient is the maximal difference between the LV and 
aortic pressures that occurs during ventricular systole.83,84 This maxi-
mal instantaneous gradient is not the same as the peak-to-peak gradi-
ent determined by cardiac catheterization. The peak-to-peak gradient 
is determined by separate measurements of events that are not syn-
chronous in real time. Of more practical interest is the fact that the 
best estimate of obstruction severity, as determined from pressure 
data alone, is the mean systolic gradient, which is calculated online by 
Doppler equipment85 (see Chapters 3 and 12).

The Doppler-calculated gradient is subject to the same flow limi-
tation as invasively calculated gradients. Best understood by consid-
ering the extreme, this means that a patient with true end-stage AS 
would exhibit a relatively low calculated gradient because of minimal 
flow across a critically narrowed valve. In part because of this flow 
dependency, pressure gradients determined invasively or by Doppler 
echocardiography correctly classify AS severity in less than 50% of 
cases compared with estimates of AVA.86 However, the latter also can be 
determined by Doppler echocardiographic techniques. The preferred 
method requires only two Doppler-generated velocities: those prox-
imal and those distal to the stenotic valve. These values are inserted 
into the continuity equation, which relates the respective velocities and 
cross-sectional areas proximal and distal to a stenotic area (see Figure 
19-3). Specifically, the equation states:

in which AVA is the aortic valve area, V is the volume, and LVOT is 
the left ventricular outflow tract. Several studies have demonstrated the 
reliability of these Doppler-determined valve areas.83–86

Although advances in Doppler technology allow completely non-
invasive evaluation of a large number of patients, coronary angiogra-
phy is probably indicated in all patients older than 50 years who are 
demonstrated to have significant AS. Angiography and, if indicated, 
CABG may improve the long-term outlook for patients with CAD who 
undergo AVR.62 Angiography also can identify a smaller number of 
patients whose CAD alone would warrant CABG.

Pathophysiology
The normal AVA is 2.6 to 3.5 cm2, with hemodynamically significant 
obstruction usually occurring at cross-sectional valve areas of 1 cm2 or 
less. Generally accepted criteria for critical outflow obstruction include 
a systolic pressure gradient greater than 50 mm Hg, with a normal 
 cardiac output, and an AVA of less than 0.4 cm2. In view of the ominous 
natural history of severe AS (AVA < 0.7 cm2),55,87 symptomatic patients 
with this degree of AS are generally referred for immediate AVR.88 The 
Hakki equation is a simplification of the Gorlin equation to calculate 
the AVA based on the cardiac output (CO) and the peak pressure gradi-
ent (PG) across the valve.

An obvious corollary of the previously described relation is that “mini-
mal” pressure gradients may actually reflect critical degrees of outflow 
obstruction when the CO is significantly reduced (i.e., the generation of 
a pressure gradient requires some finite amount of flow). Clinicians have 
long recognized this phenomenon as a “paradoxic” decline in the inten-
sity of the murmur (i.e., minimal transvalvular flow) as the AS worsens.

2PG P(left ventricle) P(aorta) 4(v )

Vmax AVA area(LVOT) V(LVOT)

CO
Valve area

(PG)
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Stenosis at the level of the aortic valve results in a pressure gradient 
from the LV to the aorta. The intracavitary systolic pressure generated 
to overcome this stenosis directly increases myocardial wall tension in 
accordance with Laplace's law:

in which P is the intraventricular pressure, R is the inner radius, and h 
is the wall thickness.

This increase of wall tension is believed to be the direct stimulus 
for the further parallel replication of sarcomeres, which produces the 
concentrically hypertrophied ventricle characteristic of chronic pres-
sure overload.89,90 The consequences of this LVH include alterations 
in diastolic compliance, potential imbalances in the myocardial oxy-
gen supply and demand relationship, and possible deterioration of the 
intrinsic contractile performance of the myocardium.

Figure 19-13 shows a typical pressure-volume loop for a patient with 
AS. Two differences from the normal curve are immediately apparent. 
First, the peak pressure generated during systole is much greater because 
of the high transvalvular pressure gradient. Second, the slope of the 
diastolic limb is steeper, reflecting the reduced left ventricular diastolic 
compliance that is associated with the increase in chamber thickness.13 
Clinically, this means that small changes in diastolic  volume produce 
relatively large increases in ventricular filling pressure.

This increased chamber stiffness places a premium on the contri-
bution of atrial systole to ventricular filling, which in patients with 
AS may account for up to 40% of the LVEDV, rather than the 15% 
to 20% characteristic of the normal LV. Echocardiographic and radio-
nuclide studies have documented that diastolic filling and ventricular 
relaxation are abnormal in patients with hypertrophy from a variety 
of causes, with significant prolongation of the isovolumic relaxation 
period being the most characteristic finding.91–94 This necessarily com-
promises the duration and amount of filling achieved during the early 
rapid diastolic filling phase and increases the relative contribution of 
atrial contraction to overall diastolic filling (Figure 19-14). A much 
greater mean left atrial (LA) pressure is necessary to distend the LV 
in the absence of the sinus mechanism. One treatment of junctional 
rhythm is volume infusion.

The systolic limb of the pressure-volume loop shows preservation 
of pump function, as evidenced by maintenance of the SV and EF (see 
Figure 19-13). It is likely that use of preload reserve and adequate LVH 
are the principal compensatory mechanisms that maintain  forward 
flow. Clinical studies have confirmed that ejection  performance is 

 preserved at the expense of myocardial hypertrophy, and the  adequacy 
of the hypertrophic response has been related to the degree to which 
it achieves normalization of wall stress, in accordance with the Laplace 
relation.95–97 LVH can be viewed as a compensatory physiologic 
response that completes a negative feedback loop (Figure 19-15). It is 
possible, however, that severe afterload stress and proportionately mas-
sive LVH could decrease subendocardial perfusion and  superimpose a 
component of ischemic contractile dysfunction.

In patients with AS, LVH develops as a result of the increase in 
 pressure load. The development of LVH and its regression after thera-
peutic interventions are accompanied by changes in the cardiac extra-
cellular matrix guided by an increase in ECM1 gene expression during 
LVH and complete regression after complete correction.98

Systemic hypertension and AS represent an increase in afterload to 
the LV, and each contributes to left ventricular remodeling and LVH. 
In a large series of 193 patients with AS, 62 of whom were hyperten-
sive, symptoms manifested with larger AVAs and lower stroke work 
loss.99 Patterns of left ventricular remodeling (i.e., concentric vs. eccen-
tric remodeling and hypertrophy) were not different between hyper-
tensive and normotensive patients. Left ventricular mass decreased by 
23% 1 year after AVR, back into the normal range, in patients with 
normal preoperative ventricular function; diastolic function improved 
concomitantly. Improvements in myocardial blood flow and coro-
nary vasodilator reserve after AVRs result from reduced extravascular 
 compression and increased diastolic perfusion time.100–102

Ejection phase indices of contractile function are abnormal in many 
patients with AS.103,104 However, indices of contractile function, which 
are exquisitely sensitive to afterload, are inherently unreliable for quan-
titating the inotropic state in a disease such as AS, in which the essence 
of the hemodynamic insult is the severely increased ventricular after-
load. This in no way excludes the possibility that a subset of patients 
also may experience some intrinsic depression of myocardial contrac-
tility. For example, patients with AS may be particularly at risk for 
superimposed, ischemic ventricular dysfunction, but this possibility 
can be assessed only by the application of load-insensitive measure-
ments of contractile function.

In most patients, however, load-insensitive indices of contractility 
(i.e., end-systolic stress-diameter determinations) are virtually iden-
tical before and after the development of hypertrophy,  suggesting 
that the increase in chamber thickness compensates for the after-
load stress, and myocardial contractility is, therefore, normal, albeit 
appropriate for the higher afterload. Figure 19-16 illustrates the adap-
tation of the LV to chronic pressure overload. Figure 19-16A shows 
the pressure-volume relation before (loop A) and after (loop B) the 
development of concentric hypertrophy. The linear ESPVR is shifted 
up and to the left after concentric hypertrophy occurs. However, the 
ESPVR may not be as accurate or load insensitive in assessing con-
tractility at the extremes of afterload. Figure 19-16B shows normal-
ization of this apparently supranormal contractility, when wall stress 
(rather than pressure) is used as a more exact measure of ventricular 
afterload. Concentric hypertrophy normalizes wall stress, and con-
tractility remains unchanged. A decline in any index of myocardial 
contractility in patients with AS may represent relatively inadequate 
hypertrophy for the degree of wall stress, some intrinsic depression 
of contractility, or a combination of these two factors.56,105,106 The 
fact that most patients have normal contractility is the reason for the 
 usually  favorable response to AVR.

In AS, signs and symptoms of CHF usually develop when preload 
reserve is exhausted, not because contractility is intrinsically or perma-
nently impaired. This contrasts with mitral and AR, in which irrevers-
ible myocardial dysfunction may develop before the onset of significant 
symptoms. An important exception is the patient with AS whose symp-
toms of CHF occur in the setting of associated mitral regurgitation. 
The latter may accompany hypertrophy-induced left ventricular cham-
ber or mitral annular enlargement. Mitral regurgitation in patients 
with AS is often referred to as functional as opposed to anatomic mitral 
insufficiency. The implication is that with relief of the high intracavi-
tary systolic pressure, the mitral regurgitation will largely resolve, given 
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an anatomically normal mitral valve. It is not uncommon for grade 
2 or 3 mitral regurgitation to be significantly reduced after AVR.

More commonly, intrinsic contractility is preserved, and the major 
threat to the hypertrophied ventricle is its exquisite sensitivity to isch-
emia. Ventricular hypertrophy directly increases basal myocardial 

 oxygen demand (Mvo
2
). The other major determinants of overall 

Mvo
2
 are heart rate, contractility, and, most important, wall tension. 

Increases in the latter occur as a direct consequence of Laplace's law 
in patients with relatively inadequate hypertrophy. The possibility of 
ischemic contractile dysfunction in the inadequately hypertrophied 
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ventricle arises from increases in wall tension, which directly paral-
lels the imbalance between the increased peak systolic pressure and the 
degree of mural hypertrophy. Although there is considerable evidence 
for “supply-side” abnormalities in the myocardial supply and demand 
relation in patients with AS, clinical data also support increased Mvo

2
 

as important in the genesis of myocardial ischemia.
On the supply side, the greater LVEDP of the poorly compliant 

ventricle inevitably narrows the diastolic coronary perfusion pres-
sure (CPP) gradient. With severe outflow obstruction, decreases in SV 
and resultant systemic hypotension may critically compromise coro-
nary perfusion. A vicious cycle may develop because ischemia-induced 
abnormalities of diastolic relaxation can aggravate the compliance 
problem and further narrow the CPP gradient.107 This sets the stage 
for ischemic contractile dysfunction, additional decreases in SV, and 
worsening hypotension.

Cardiac hypertrophy also is associated with structural abnormalities 
of the coronary circulation (Figure 19-17).108,109 Animal models have 
documented that epicardial coronary vessels do not enlarge propor-
tionately when the LV is subjected to a chronic pressure load.110,111 LVH 
accompanying chronic hypertension is associated with an increased 
wall lumen ratio of the coronary arterioles, a change that limits  vessel 
dilation and augments active constriction.112,113 Animal models of 
 pressure-induced myocardial hypertrophy also have shown a decrease 
in the capillary density of about 20% to 30%.108,110,112–116 There is consid-
erable evidence that in LVH caused by pressure overload, a reduction 
in the coronary vascular reserve may underlie episodes of myocardial 
ischemia117,118 (see Chapter 6).

Echocardiographic and hemodynamic assessments of the myocardial 
oxygen supply and demand ratio are not significantly different in the 
presence or absence of angina in patients with AS.119 However, consid-
erable data indicate that dynamic factors relative to oxygen supply may 
be crucial to the pathogenesis of angina in these patients.120 Several clin-
ical studies have documented a decrease in coronary  vascular reserve 
in adult and pediatric patients with significant LVH or right ventric-
ular hypertrophy (RVH).121–123 It is further postulated that repeated 
episodes of subendocardial ischemia may contribute to the develop-
ment of subendocardial fibrosis, a component of ischemic  contractile 
dysfunction.108

It is possible that myocardial ischemia underlies the impaired 
 ventricular relaxation that has been documented in patients with 

 myocardial hypertrophy because of a variety of causes.91,93,94 Prolongation 
of ventricular relaxation and resultant diastolic dysfunction (i.e., poor 
compliance) are probably universal features of myocardial ischemia 
in a variety of clinical settings.124–128 Experimental data suggest that  
ischemia-induced impairment of calcium sequestration by the  
sarcoplasmic reticulum may underlie the increased diastolic chamber 
stiffness.129 Prevention of ischemia-induced myoplasmic calcium over-
load may be the mechanism by which the calcium channel blockers are 
able to improve diastolic dysfunction in patients with CAD.130 These 
drugs also ameliorate ventricular relaxation and diastolic filling in 
patients with HCM, although the mechanism of action is controver-
sial.91,131–133 The absence of diastolic filling abnormalities in patients with 
physiologic, as opposed to pathologic, hypertrophy also may reflect the 
relative  likelihood of ischemia in the two conditions.134–136

In summary, the pathophysiologic response to chronic pressure over-
load is a complex one characterized by unique interaction among the 
divergent effects of hypertrophy on systolic and diastolic function. Mural 
thickening enhances systolic performance, maximizing the mechanical 
work performed while minimizing its metabolic cost. The price of this 
systolic efficiency is relatively inadequate growth of the coronary micro-
circulation, which contributes to relaxation abnormalities, diastolic dys-
function, and the potential for superimposition of  ischemia-induced 
abnormalities of systolic dysfunction (Table 19-1).137 The potentially 
deleterious effects of LVH cannot be overemphasized. Even in the 
absence of AS, in which LVH can be viewed as a  compensatory and 
potentially beneficial pathophysiologic response, LVH has been found 
to have an independent adverse effect on survival.138,139
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Figure 19-17 Possible coronary circulatory changes accompanying 
ventricular hypertrophy. The size of the box indicates myocardial mass, 
and the area of circles indicates the cross-sectional area of coronary vas-
culature. The relation may be normal, as illustrated by top left box, when 
growth of the coronary bed has kept pace with ventricular hypertrophy. 
Experimental data support two possible anatomic derangements: inad-
equate growth of structurally normal vessels (bottom left) or appropriate 
growth of abnormally thickened resistance vessels whose luminal area is 
accordingly compromised. (From Marcus ML: Effects of cardiac hyper-
trophy on the coronary circulation. In Marcus ML [ed]: The  coronary 
 circulation in health and disease. New York: McGraw-Hill, 1983.)

From Lorell BH, Grossman W: Cardiac hypertrophy: The consequences for diastole. J Am 
Coll Cardiol 9:1189, 1987.

Pressure-Overload Hypertrophy

Beneficial Aspects Detrimental Aspects

Increases ventricular work Decreases ventricular diastolic distensibility
Normalizes wall stress Impairs ventricular relaxation
Normalizes systolic 

shortening
Impairs coronary vasodilator reserve, leading 

to subendocardial ischemia

TABLE  
19-1
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 Difficulty of Low-Gradient, Low-Output 
Aortic Stenosis
A subset of patients with severe AS, left ventricular dysfunction, and 
low transvalvular gradient suffers a high operative mortality rate and 
poor prognosis.140 It is difficult to assess accurately the AVA in this 
low-flow, low-gradient AS because the calculated valve area is pro-
portional to forward SV and because the Gorlin constant varies in 
low-flow states. Some patients with low-flow, low-gradient AS have a 
decreased AVA as a result of inadequate forward SV rather than ana-
tomic stenosis. Surgical therapy is unlikely to benefit these patients 
because the underlying pathology is a weakly contractile myocar-
dium. However, patients with severe anatomic AS may benefit from 
valve replacement despite the increased operative risk associated with 
the low-flow, low-gradient hemodynamic state.140 Guidelines from 
the ACC and AHA call for a dobutamine echocardiography evalua-
tion to distinguish patients with fixed anatomic AS from those with 
flow-dependent AS with left ventricular dysfunction.141 Low-flow, 
 low- gradient AS is defined as a mean gradient of less than 30 mm Hg 
and a calculated AVA less than 1.0 cm2.

Dobutamine echocardiography revealed three basic response 
 patterns—fixed AS, relative AS, and absence of contractile reserve—
in an initial study by deFilippi et al.142 In a series of 45 patients with 
low-flow, low-gradient AS, the 30-day operative mortality rate was 8% 
for patients with contractile reserve and 50% for those without con-
tractile reserve.143 Dobutamine challenges during cardiac catheter-
ization provided unique insights into low-flow, low-gradient AS, and 
the details are summarized in Figure 19-18.144 In Figure 19-18A, the 
transvalvular gradient and cardiac output increased, and the valve 
area did not change. Patients represented in Figure 19-18B increased 
their CO with little or no change in gradient, and the calculated valve 
area increased slightly. This group still benefited from surgery. The 
third group of patients had no contractile reserve because CO did not 
increase with dobutamine, and the transvalvular gradient decreased 
(see Figure 19-18C). Dobutamine infusion in the cardiac catheteriza-
tion laboratory appears to be helpful in identifying patients with low-
flow,  low-gradient AS who have a truly fixed anatomic stenosis that 
may benefit from valve replacement. The findings of these studies also 
emphasize that contractile reserve is an important prognostic indica-
tor in these patients and dobutamine challenge may help select patients 
for valve replacement. It appears that patients with contractile reserve 
and fixed AS have a relatively good prognosis with valve replacement. 
Left ventricular contractile reserve appears to be a critical variable for 
prognosis. Recent studies have focused on AS with low transvalvular 
gradients and normal ventricular EF. The pathophysiology of the low 
transvalvular gradient has been explained by decreased EDV caused 
by excessive ventricular hypertrophy accompanied by increased SVR. 
In a recent series of patients with severe AS (AVA < 0.8 cm2) with ven-
tricular dysfunction (EF < 35%) and/or a low transvalvular gradi-
ent (< 30 mm Hg), mortality predictors were advanced age, low EF, 
renal insufficiency, and lack of AR. Regardless of ventricular function, 
patients who underwent AVR had a significantly better survival.36

 Developments in the Hemodynamic 
Management of Critical Aortic Stenosis 
Patients
The use of vasodilators is traditionally contraindicated in patients 
with severe AS because cardiac output is relatively fixed across a nar-
rowed orifice. Vasodilation reduces SVR without any possibility for a 
compensatory increase in CO and severe hypotension would typically 
result. This traditional paradigm recently was re-examined in patients 
with fixed, severe AS (area < 1.0 cm2) and left ventricular dysfunction 
(EF < 0.35).145 Nitroprusside was carefully titrated to maintain a mean 
arterial pressure of more than 60 mm Hg with concomitant hemody-
namic monitoring. The cardiac index increased over 24 hours from a 

mean of 1.60 to 2.52 L/min/m2 with no changes in heart rate and mean 
arterial pressure (Figure 19-19). The pulmonary capillary wedge pressure 
(PCWP) and SVR decreased, whereas SV increased.

It appears that this treatment is effective to alleviate to some extent 
the left ventricular dysfunction component of the complete syndrome. 
Left ventricular dysfunction benefits derived from unloading and care-
ful titration of the nitroprusside most likely allowed SVR to decrease 
without changes in mean arterial pressure. This titrated unloading may 
benefit patients with severe AS and left ventricular dysfunction, and it 
may serve as a temporary bridge to AVR or oral vasodilator therapy.145 
It is unclear whether treatment with positive inotropic agents would 
produce similar effects with fewer risks. Adequate treatment of patients 
with AS, a depressed EF, and a low transvalvular gradient continues to 
pose a diagnostic and therapeutic challenge.146 The use of nitroprusside 
in AS in the absence of ventricular dysfunction may not be as effective 
and even be deleterious because of the prompt decrease in preload by 
nitroprusside.

 Timing of Intervention
In asymptomatic patients with AS, it appears to be relatively safe to 
delay surgery until symptoms develop, but outcomes vary widely. The 
presence of moderate or severe valvular calcification along with a rapid 
increase in aortic-jet velocity identify patients with a very poor prog-
nosis. These patients should be considered for early valve replacement 
rather than delaying until symptoms develop.40

Echocardiography and exercise testing may identify asymptom-
atic patients who are likely to benefit from surgery.147 In a study of 
58 asymptomatic patients, 21 had symptoms for the first time during 
exercise testing.148 Guidelines for AVR in patients with AS are shown 
in Table 19-2.

Functional outcome after AVR in patients older than 80 years is 
excellent, operative risk is limited, and late survival rates are good.149 
In patients with severe left ventricular dysfunction and low transval-
vular mean gradient, operative mortality is increased, but AVR was 
associated with improved functional status.150 Postoperative sur-
vival was best in younger patients and with larger prosthetic valves, 
whereas medium-term survival was related to improved postoperative 
 functional class.150

 Anesthetic Considerations
The described pathophysiologic principles dictate that anesthetic 
management be based on the avoidance of systemic hypotension, 
maintenance of sinus rhythm and an adequate intravascular volume, 
and awareness of the potential for myocardial ischemia (Box 19-1). In 
the absence of CHF, adequate premedication may reduce the likeli-
hood of undue preoperative excitement, tachycardia, and the resultant 
potential for exacerbating myocardial ischemia and the transvalvular 
pressure gradient. In patients with truly critical outflow tract obstruc-
tion, however, heavy premedication with an exaggerated venodilatory 
response can reduce the appropriately increased LVEDV (and LVEDP) 
needed to overcome the systolic pressure gradient. In these patients, 
in particular, the additional precaution of administering supplemen-
tary oxygen may provide worthwhile insurance against the possibil-
ity of a similarly pronounced response to the sedative effects of the 
premedicant.

Intraoperative monitoring should include a standard five-lead 
 electrocardiographic (ECG) system, including a V

5
 lead, because of 

the LV's vulnerability to ischemia. A practical constraint in terms 
of interpretation is that these patients usually exhibit ECG changes 
because of preoperative LVH. The associated ST-segment abnormal-
ities (i.e., strain pattern) may be indistinguishable from or at least 
very similar to those of myocardial ischemia, making the intraopera-
tive interpretation  difficult. Lead II and possibly an esophageal ECG 
should be readily obtainable because they may be useful for assessing 
the P-wave changes in the event of supraventricular arrhythmias (see 
Chapter 25).
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Hemodynamic monitoring is controversial, and few prospective 
data are available on which to base an enlightened clinical decision. 
The central venous pressure (CVP) is a particularly poor estimate of 
left ventricular filling when left ventricular compliance is reduced. 
A  normal CVP can significantly underestimate the LVEDP or PCWP. 
The principal risks, although minimal, of using a pulmonary artery 
catheter (PAC) in the patient with AS are arrhythmia-induced 

hypotension and ischemia. Loss of synchronous atrial contraction or 
a supraventricular tachyarrhythmia can compromise diastolic filling of 
the poorly compliant LV, resulting in hypotension and the potential 
for rapid hemodynamic deterioration. The threat of catheter-induced 
arrhythmias is significant for the patient with AS. However, accepting a 
low- normal CVP as evidence of good ventricular function can lead to 
similarly catastrophic underfilling of the LV on the basis of insufficient 
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 replenishment of surgical blood loss. To some extent, even the PCWP 
can underestimate the LVEDP (and LVEDV) when ventricular compli-
ance is markedly reduced. Placement of a PAC also allows for measure-
ment of CO, derived hemodynamic parameters, mixed venous oxygen 
saturation (Svo

2
), and possible transvenous pacing (see Chapter 14).

Intraoperative fluid management should be aimed at maintaining 
appropriately increased left-sided filling pressures. This is one reason 
why many clinicians believe that the PAC is worth its small arrhyth-
mogenic risk. Keeping up with intravascular volume losses is partic-
ularly important in noncardiovascular surgery, in which the shorter 
duration of the operation may make an inhalation or potentially 
 vasodilating regional anesthetic preferable to a narcotic technique.

Patients with symptomatic AS are usually encountered only in the 
setting of cardiovascular surgery because of their ominous prognosis 

without AVR. Few studies have specifically addressed the response of 
these patients to the standard intravenous and inhalation induction 
agents; however, the responses to narcotic151,152 and nonnarcotic153,154 
intravenous agents are apparently not dissimilar from those of patients 
with other forms of VHD. The principal benefit of a narcotic  induction 
is the assurance of an adequate depth of anesthesia during intuba-
tion, which reliably blunts potentially deleterious reflex sympathetic 
responses capable of precipitating tachycardia and ischemia.

Many clinicians also prefer a pure narcotic technique for main-
tenance. The negative inotropy of the inhalation anesthetics is a 
 theoretical disadvantage for a myocardium faced with the challenge 
of overcoming outflow tract obstruction. A more clinically relevant 
drawback may be the increased risk for arrhythmia-induced hypoten-
sion, particularly that associated with nodal rhythm and resultant loss 
of the atrium's critical contribution to filling of the hypertrophied 
 ventricle155,156 (see Chapter 9).

Occasionally, surgical stimulation elicits a hypertensive response 
despite the impedance posed by the stenotic valve and a seemingly ade-
quate depth of narcotic anesthesia. In such patients, a judicious trial of 
low concentrations of an inhalation agent, used purely for control of 
hypertension, may prove efficacious. The ability to concurrently  monitor 
CO is useful in this situation. The temptation to control intraoperative 
hypertension with vasodilators should be resisted in most cases. Given 
the risk for ischemia, nitroglycerin seems to be a particularly attractive 
drug. Its effectiveness in relieving subendocardial  ischemia in patients 
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Figure 19-19 Changes in cardiac index, heart rate, mean arterial pressure, and pulmonary-capillary wedge pressure during titration with nitrop-
russide over 24 hours in patients with severe aortic stenosis and left ventricular dysfunction. (Adapted from Khot UN, Novaro GM, Popovic ZB, et al: 
Nitroprusside in critically ill patients with left ventricular dysfunction and aortic stenosis. N Engl J Med 348:1756, 2003.)

Adapted from the American Heart Association website (www.americanheart.org).

Recommendations for the Use of Aortic Valve 
Replacement in Patients with Aortic Stenosis

Replacement Indicated Replacement Possibly Indicated

Patients with severe aortic stenosis 
and any of its classic symptoms 
(e.g., angina, syncope, dyspnea)

Patients with moderate aortic 
stenosis who require coronary 
artery bypass surgery or surgery 
on the aorta or heart valves

Patients with severe aortic stenosis 
who are undergoing coronary artery 
bypass surgery

Asymptomatic patients with severe 
aortic stenosis and at least one of 
the following: ejection fraction of 
no more than 0.50, hemodynamic 
instability during exercise 
(e.g., hypotension), ventricular 
tachycardia; not indicated 
to prevent sudden death in 
asymptomatic patients who have 
none of the findings listed

Patients with severe aortic stenosis 
who are undergoing surgery on the 
aorta or other heart valves

TABLE  
19–2

BOX 19-1. AORTIC STENOSIS

Preload: increased
Afterload: increased
Goal: sinus rhythm
Avoid: hypotension, tachycardia, bradycardia

http://www.americanheart.org
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with AS is controversial157,158; however, there is always the risk for even 
transient episodes of “overshoot.” The hypertrophied ventricle's criti-
cal dependence on an adequate CPP may be unforgiving of even a 
 momentary dip in the systemic arterial pressure.

Intraoperative hypotension, regardless of the primary cause, should 
be treated immediately and aggressively with a direct -adrenergic 
agonist such as phenylephrine.159 The goal should be to immediately 
restore the CPP and then to address the underlying problem (e.g., 
hypovolemia, arrhythmia). After the arterial pressure responds, treat-
ment of the precipitating event should be equally aggressive, but rapid 
transfusion or cardioversion should not delay the administration of a 
direct-acting vasoconstrictor. Patients with severe AS in whom objec-
tive signs of myocardial ischemia persist despite restoration of the 
blood pressure should be treated extremely aggressively. This may 
mean the immediate use of an inotropic agent or simply accelerating 
the institution of cardiopulmonary bypass (CPB).

Intraoperative myocardial ischemic injury in the patient with AS has 
been appreciated for some time, and there are several theories regard-
ing its pathogenesis. The potential vulnerability of the hypertrophied 
myocardium to ischemic damage was initially speculated on by car-
diac surgeons who described the phenomenon of irreversible ischemic 
contracture—what they called the stone heart—occurring after AVR in 
a group of patients with severe LVH.160 The anatomic and hemody-
namic bases for an unfavorable myocardial oxygen supply and demand 
relation have already been considered, but the possibility that these 
patients might be experiencing prebypass ischemic injury remains a 
plausible, although unproven, hypothesis.

Most attention has been focused on the potential for irreversible 
 cellular damage occurring during the period of ischemic cardiac arrest. 
Although there is a consensus that improved myocardial preservation 
has been crucial in reducing the mortality rate after CABG, there is 
evidence that current cardioplegic techniques may provide suboptimal 
protection for patients with VHD.161,162 Specifically, there is ultrastruc-
tural evidence (e.g., intracellular or mitochondrial edema) suggesting 
that the hypertrophied myocardium is uniquely susceptible to isch-
emic damage during the aortic cross-clamp interval, despite the pre-
sumed protection. Although these changes are observed in patients 
whose clinical course is seemingly unremarkable, such ischemic cellu-
lar damage also may underlie the frequent occurrence of postoperative 
low-output syndromes and the greater mortality rates associated with 
valvular operations.163

Although a detailed consideration of myocardial preservation is 
beyond the scope of this chapter (see Chapters 28 and 29), certain 
aspects are peculiar to the operative management of patients with 
AS, and it is likely that improved cardioplegic techniques will play an 
important role in reducing operative morbidity and mortality rates. 
Because the operation requires an ascending aortotomy, many sur-
geons routinely use direct coronary ostial cannulation for the delivery 
of the cardioplegic solution. Problems associated with this approach are 
uncommon but include the inherent hazard of injury to the coronary 
ostia; cannula-induced late stenosis of the left main coronary artery 
also has been described.164 Coronary ostial delivery requires interrupt-
ing the surgical procedure for subsequent reinfusions of the cardiople-
gic solution. These problems are obviated by the use of cardioplegia 
delivery by the coronary sinus. The retrograde technique commonly is 
used in conjunction with an initial dose of antegrade cardioplegia; the 
latter provides for a more immediate electromechanical arrest.165–167

 Noncardiac Surgery in the Patient with 
Aortic Stenosis
Patients with AS who undergo noncardiac surgery were identified by 
Goldman et al148 as being at increased risk for cardiac complications, 
including myocardial infarction, CHF, and supraventricular tachyar-
rhythmias. Likewise, the ACC Task Force on perioperative evaluation 
of the cardiac patient identified patients with severe or symptomatic AS 
as being at increased risk for serious perioperative cardiac  morbidity.168 

It stated that symptomatic stenotic lesions are associated with the risk 
for perioperative severe CHF or shock and often require percutaneous 
valvotomy or valve replacement before noncardiac surgery to reduce 
cardiac risk. With the overall aging of the surgical population and given 
a peak incidence of significant AS in the fifth and sixth decades, it is 
likely that these patients will be encountered with increasing frequency 
in the setting of noncardiac surgery. Given the natural history of the 
disease and following the conservative ACC guidelines cited previ-
ously, one approach is to recommend immediate but elective AVR to 
all AS patients, before any noncardiac procedures. Although there is a 
 rationale for this “shotgun” solution, a variety of ethical, practical, and 
economic constraints argue for a more selective approach.

A common clinical problem is the elderly, asymptomatic patient, 
with a harsh systolic ejection murmur, who is scheduled for noncar-
diac surgery. Risk assessment for the asymptomatic patient is challeng-
ing because the prognosis in the absence of AVR may be quite benign. 
However, symptoms correlate poorly with AS severity, which may by 
itself portend a more ominous natural history. In these patients, the 
use of a two-dimensional (2D) Doppler echocardiographic examina-
tion allows for the noninvasive assessment of the severity of stenosis57 
and for some quantification of contractile function (see Chapters 1, 2, 
and 12). Patients with moderate AS have a greater short-term incidence 
of cardiovascular complications, and this risk is further increased by 
the presence of symptoms or objective evidence of contractile impair-
ment.53 Armed with the echocardiographic evaluation (e.g., stenosis 
severity, contractile state), the clinician can make an initial assessment 
of relative risk. Depending on the overall clinical picture, some of these 
patients may warrant immediate elective AVR, whereas in others, it may 
be more appropriate to proceed with the noncardiac operation, with 
hemodynamic monitoring as dictated by the echocardiographic data 
and the nature of the surgery. A reality of the clinical setting is that the 
overall picture often seems to dictate that the anesthesiologist should 
proceed with the originally planned operation, albeit at increased risk 
for perioperative cardiac morbidity.

HYPERTROPHIC CARDIOMYOPATHY

 Hypertrophic Obstructive 
Cardiomyopathy
Hypertrophic obstructive cardiomyopathy is a relatively common 
genetic malformation of the heart with a prevalence of approximately 
1 in 500 (see Chapter 22). The hypertrophy initially develops in the 
septum and extends to the free walls, often giving a picture of con-
centric hypertrophy. Asymmetric septal hypertrophy leads to a vari-
able pressure gradient between the apical left ventricular chamber and 
the LVOT. The LVOT obstruction leads to increases in left ventricu-
lar pressure, which fuels a vicious cycle of further hypertrophy and 
increased LVOT obstruction.169 Various treatment modalities include 

-adrenoceptor antagonists, calcium channel blockers, and surgi-
cal myectomy of the septum. For more than 40 years, the traditional 
standard treatment has been the ventricular septal myotomy-myomec-
tomy of Morrow, in which a small amount of muscle from the subaor-
tic septum is resected.170 Two new treatment modalities have gained 
popularity in recent years: dual-chamber pacing and septal reduction 
(ablation) therapy with ethanol.

Dual-chamber DDD pacing is based on the observation that excita-
tion of the septum of the LV contracts it away from the apposing wall, 
which may reduce the LVOT gradient. The precise mechanism by which 
dual-chamber pacing decreases LVOT gradient or improves symp-
toms is uncertain. Possible mechanisms are asynchronous  ventricular 
 activation, paradoxic septal wall motion, a negative inotropic effect, an 
increase in ESV, decreased systolic anterior leaflet motion, altered myo-
cardial perfusion, and regression of LVH.171 The AV interval must be 
sufficiently short to guarantee early right ventricular apical activation 
without conduction through the His-Purkinje system. Although some 
studies have shown a decrease in the LVOT gradient of 25%, there are 
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still variable results with respect to improvements in exercise capacity 
and symptoms.171–174

Patients with severe, drug-resistant symptoms of CHF, angina, or 
syncope are considered for nonsurgical septal reduction therapy. In 
one series, patients with a resting gradient of more than 40 mm Hg 
or a dobutamine-induced gradient of more than 60 mm Hg were 
included.175 After coronary angiography to exclude significant CAD 
and after placement of temporary pacing wires, the LVOT gradient 
was measured at rest and during various interventions (e.g., Valsalva, 
postextrasystolic, isoproterenol, amyl nitrite). The coronary septal 
branches were cannulated with a small balloon-equipped catheter. The 
balloon was inflated to prevent overflow or spillage into the left ante-
rior descending coronary artery. Depending on the septal branch size 
and area of septal hypertrophy, a dose of 2 to 5 mL ethanol was injected 
slowly through the balloon catheter lumen. The LVOT gradient 
decreased immediately in 85% to 90% of patients. Further decreases 
in gradient were reported after 6 months.171 The septal muscle mass 
was not decreased adequately through alcohol injections at the time of 
the intervention, but ventricular remodeling continued and led to sus-
tained symptomatic improvement, most dramatically over the first 3 to 
6 months.169 Exercise tolerance increased as well, but atrioventricular 
block, right bundle branch block, and left bundle branch block were 
frequent adverse consequences. Permanent heart blocks still occurred 
in 5% to 10% of cases.176

 Clinical Features and Natural History
HCM is an uncommon familial disorder in which there is pronounced 
hypertrophy of histologically abnormal sarcomeres with characteristi-
cally disproportionate involvement of the interventricular  septum.177–179 
This disease has numerous pathologic and pathophysiologic features, 
which vary in their relative predominance in individual patients. 
A variety of other names have been applied to the disorder, including 
asymmetric septal hypertrophy, muscular subaortic stenosis, and idio-
pathic hypertrophic subaortic stenosis, with each emphasizing some 
aspect of the disease that may or may not be a prominent feature of 
its presentation in an individual patient. The cause and exact  pattern 
of inheritance of the disease remain unknown, although it appears 
to be an autosomal dominant trait expressed with a high degree of 
 penetrance179–181 (see Chapter 22).

Patients vary widely in their clinical presentation. The contri-
bution of echocardiography to the diagnosis has unquestionably 
increased the number of asymptomatic patients who carry the diag-
nosis. Most patients with HCM are asymptomatic and have been seen 
by the echocardiographer because of relatives having clinical disease. 
Follow-up remains an important problem for cardiologists because 
sudden death or cardiac arrest may occur as the presenting symptom in 
slightly more than half of previously asymptomatic patients.182

Less dramatic frequently presenting complaints include dyspnea, 
angina, and syncope.179 The clinical picture is often similar to  valvular 
AS. The symptoms may share a similar pathophysiologic basis (e.g., 
poor diastolic compliance) in the two conditions. The prognostic 
implications of clinical disease, however, are less certain for patients 
with HCM. Although cardiac arrest may be an unheralded event, 
other patients may have a stable pattern of angina or intermittent 
syncopal episodes for many years.183 Palpitations also are frequently 
described and may be related to a variety of underlying arrhythmias. 
Of patients studied with continuous ambulatory monitoring, ventric-
ular arrhythmias occur in more than 75%, supraventricular tachycar-
dias in 25%, and atrial fibrillation (AF) in 5% to 10%.184–186 The latter 
often  precipitates clinical deterioration because of the dependence of 
the noncompliant LV on atrial systole for its filling.187

The natural history of patients with HCM also is extremely variable. 
These patients are all at risk for sudden death, although those with a 
family history of this problem form an especially high-risk group.188 
Unfortunately, younger and previously asymptomatic patients with 
minimal subaortic gradients also may be at greater risk for sudden death 
because of their more frequent and vigorous  physical  activity.182,189 It is 

unknown whether vigorous physical activity in patients with HCM is 
an independent risk factor for sudden death, but this disease is the most 
frequent autopsy finding in previously healthy competitive  athletes 
who die suddenly.190

Although patients referred to diagnostic centers for evaluation of 
HCM are usually young-to-middle-aged persons, a syndrome with 
similar clinical and echocardiographic findings has been identified 
in the elderly.93 Echocardiographically, these patients exhibit a simi-
larly thickened and hypercontractile LV. Their most common symp-
toms are those of CHF and are thought to reflect severe reductions 
in the ventricular diastolic compliance. As in younger patients with 
classic HCM, there is marked systolic anterior motion (SAM) of the 
mitral apparatus. However, in HCM of the elderly, the SAM is seem-
ingly caused or at least accentuated by a severe degree of mitral annular 
calcification, which results in a particularly small LVOT.191 Previously 
asymptomatic, these patients often experience the onset of progres-
sively severe symptoms in the sixth decade of life, and the response 
to medical therapy, usually calcium channel-blocking drugs, has been 
poor.191 This lack of improvement with medical therapy may reflect 
the fact that mitral annular calcification plays a key role in produc-
ing a truly physical (i.e., less dynamic) subaortic obstruction. This also 
would explain the female predominance of the disease because mitral 
annular calcification is more common in elderly women. It is unclear 
whether this represents a true variant of classic HCM with late onset 
or it is perhaps etiologically linked to long-standing systemic hyper-
tension, with  secondary, unexplained, disproportionate involvement of 
the interventricular septum.93

 Pathophysiology
In HCM, the principal pathophysiologic abnormality is myocardial 
hypertrophy. The hypertrophy is a primary event in these patients and 
occurs independently of outflow tract obstruction. Unlike in AS, the 
hypertrophy begets the pressure gradient, not the other way around. 
Histologically, the hypertrophy consists of myocardial fiber disarray, 
and, anatomically, there is usually disproportionate enlargement of the 
interventricular septum.192

Controversy exists concerning the intrinsic contractile strength of 
the myocardium in patients with HCM. Several studies have demon-
strated normal or supranormal indices of systolic function in patients 
with this disease.193–195 Left ventricular ejection is rapid, with 80% of the 
SV being ejected very early during systole.193,196 This is true regardless 
of the presence, temporal location during systole, or magnitude of out-
flow tract obstruction. However, studies have shown that end- systolic 
stress is significantly reduced in relation to ESV (Figure 19-20).197,198 
Reiteration of the Laplace formula for wall stress, P × R/2h, shows that, 
in HCM, the degree of primary hypertrophy (i.e., with increased wall 
thickness [h]) should minimize instantaneous left ventricular after-
load. As a result, there is preservation, perhaps even elevation, of after-
load-sensitive indices of systolic function, such as the EF.199 Myocardial 
hypertrophy, particularly to the extent that it accentuates subaortic 
obstruction, increases the ESPVR, widening the divergence between 
it and the more accurate (load-insensitive) ratio of end-systolic wall 
stress to ESV. High peak systolic pressures (i.e., subaortic obstruction), 
elevation of ejection phase indices, and low ESV (i.e., minimal after-
load) may reflect uncontrolled hypertrophy of an abnormal and per-
haps intrinsically depressed myocardium. Whether overall contractility 
is normal, supranormal, or impaired in a given patient, it is likely that 
there will be regional differences in a ventricle's contractile function, 
which correlate with the histologic heterogeneity so characteristic of 
this disease.200

A consensus exists that the disease is characterized by a wide spec-
trum of the severity of obstruction. It is totally absent in some patients, 
may be variable in others, or may be critically severe. Its most distinc-
tive qualities are its dynamic nature (depending on contractile state 
and loading conditions), its timing (begins early, peaks variably), and 
its subaortic location.193,201 Those accepting the phenomenon of physi-
cal subaortic obstruction believe that it arises from the  hypertrophied 
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septum's encroachment on the systolic outflow tract, which is bounded 
anteriorly by the interventricular septum and posteriorly by the ante-
rior leaflet of the mitral valve. In most patients with obstruction, exag-
gerated anterior (i.e., toward the septum) motion of the anterior mitral 
valve leaflet during systole accentuates the obstruction.202 The cause of 
this SAM is unclear. One possibility is that the mitral valve is pulled 
toward the septum by contraction of the papillary muscles, whose ori-
entation is abnormal because of the hypertrophic process.203 Another 
theory is that vigorous contraction of the hypertrophied septum results 
in rapid acceleration of the blood through a simultaneously narrowed 
outflow tract. This could generate hydraulic forces consistent with a 
Venturi effect, whereby the anterior leaflet of the mitral valve would 
be drawn close to or within actual contact with the  interventricular 
 septum204 (Figure 19-21). This means that after the obstruction is 

 triggered, the mitral valve leaflet is forced against the septum by the 
pressure difference across the orifice. However, the pressure difference 
further decreases orifice size and further increases the pressure dif-
ference in a time-dependent amplifying feedback loop.205 This analy-
sis also is consistent with observations that the measured gradient is 
directly correlated with the duration of mitral-septal  contact. Although 
still controversial,206–208 there appears to be good correlation between 
the degree of SAM and the magnitude of the pressure gradient.209,210 
The SAM-septal contact also underlies the severe subaortic obstruction 
characteristic of HCM of the elderly, although the narrowing usually 
is more severe and the contribution of septal movement toward the 
mitral valve is usually greater.191

The timing of SAM-septal contact also is important because the 
magnitude of the subaortic gradient is proportional to the fraction 
of forward flow ejected in the presence of anatomic obstruction.211 
In general, large gradients occur as a result of early and prolonged 
SAM-septal contact, and small gradients arise from delayed and brief 
SAM-septal contact.204,209 In studies of patients with various degrees of 
subaortic obstruction, the proportion of flow ejected in the presence 
of a gradient has varied between 30% and 70%.209,212,213 Patients with 
evidence of systolic obstruction at rest have the longest intervals of sys-
tolic contact between the anterior leaflet of the mitral valve and the 
septum.214 However, if SAM-septal contact is restricted to late systole, 
a pressure gradient may occur on the basis of “cavity obliteration” in 
the absence of any functional obstruction to blood flow.215,216 In such 
patients, 95% of the SV may be ejected by the halfway point in systole, 
when SAM-septal contact is just beginning.193,209 Despite its seemingly 
critical role in producing outflow tract obstruction, SAM of the mitral 
valve is not a specific finding for HCM, and it may occur in patients 
with HCM who do not have obstruction.206,207,214

In addition to SAM, approximately two thirds of patients exhibit a 
constellation of structural malformations of the mitral valve.217 These 
malformations include increased leaflet area and elongation of the leaf-
lets or anomalous papillary muscle insertion directly into the anterior 
mitral valve leaflet. HCM is not a disease process confined to cardiac 
muscle alone because these anatomic abnormalities of the mitral valve 
are unlikely to be acquired or secondary to mechanical factors.

Three basic mechanisms—increased contractility, decreased after-
load, and decreased preload—exacerbate the degree of SAM-septal 
contact and produce the dynamic obstruction characteristic of patients 
with HCM. The common pathway is a reduction in ventricular  volume 
(actively by increased contractility, directly or reflexly in response to 
vasodilation, or passively by reduced preload), which increases the 
proximity of the anterior mitral valve leaflet to the hypertrophied 
 septum.179,183,218 Factors that usually impair contractile performance, 
such as myocardial depression, systemic vasoconstriction, and ven-
tricular overdistention, characteristically improve systolic function in 
patients with HCM and outflow tract obstruction. Diagnostically, these 
paradoxes are exploited by quantifying the degree of subaortic obstruc-
tion after isoproterenol (e.g., increased inotropy, tachycardia, and 
decreased volume) and the Valsalva maneuver (e.g., decreased venous 
return and ventricular volume), both of which reliably elicit increases 
in the pressure gradient. In the operating room, catheter-induced 
ectopy or premature ventricular contractions resulting from cardiac 
manipulation also may transiently exacerbate the gradient by increased 
inotropy from postextrasystolic potentiation. Therapeutically, volume 
 loading,  myocardial depression, and vasoconstriction should minimize 
 obstruction and augment forward flow.

Patients with HCM demonstrate critical derangements in diastolic 
function, which, although in some ways more subtle than the unique 
phenomenon of subaortic obstruction, may contribute equally to 
the challenge posed.219–222 These abnormalities include prolongation 
of the isovolumic relaxation time (i.e., aortic valve closure to mitral 
valve opening) and reduction in the peak velocity of left ventricular 
 filling.91,195 Diastolic dysfunction exhibits the same heterogeneity char-
acteristic of its systolic function, probably because its underlying cause 
is intrinsic to the primary myopathic process and not merely second-
ary to the associated chamber hypertrophy.223 Accordingly, diastolic 
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Figure 19-21 Proposed mechanism of systolic anterior motion in 
hypertrophic cardiomyopathy. A, Normally, blood is ejected from the 
left ventricle (LV) through an unimpeded outflow tract. B, Thickening 
of the ventricular septum results in a restricted outflow tract, and this 
obstruction causes the blood to be ejected at a higher velocity, closer to 
the area of the anterior mitral valve (MV) leaflet. As a result of its proxim-
ity to this high-velocity fluid path, the anterior MV leaflet is drawn toward 
the hypertrophied septum by a Venturi effect (arrow). (From Wigle ED, 
Sasson Z, Henderson MA, et al: Hypertrophic cardiomyopathy: The 
importance of the site and the extent of hypertrophy. A review. Prog 
Cardiovasc Dis 28:1, 1985.)
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Figure 19-20 End-systolic stress versus end-systolic volume in healthy 
subjects (dark circles) and in patients with hypertrophic cardiomyopa-
thy (HCM; light circles); dashed lines indicate the 95% confidence limit. 
Stress-volume data for most patients with HCM are located downward 
and to the right of the confidence band (i.e., decreased end-systolic 
stress related to volume), which is indicative of intrinsically depressed 
myocardial contractility. (From Pouleur H, Rousseau MF, van Eyll C, 
et al: Force-velocity-length relations in hypertrophic cardiomyopathy: 
Evidence of normal or depressed myocardial contractility. Am J Cardiol 
52:813, 1983.)



 19 Valvular Heart Disease 587

filling abnormalities in HCM are largely independent of the magni-
tude of LVH and are seen even in patients with only mild, localized 
hypertrophy.20

Poor diastolic compliance is the most clinically apparent manifes-
tation of the relaxation abnormalities. Left ventricular filling pres-
sures are markedly increased despite enhanced systolic ejection and 
the normal or subnormal EDV. This reduced ventricular volume 
 re-emphasizes the pivotal role played by the hypertrophied but intrin-
sically depressed myocardium. Reductions in afterload, mediated by 
hypertrophy, support the ventricle's systolic performance, resulting in 
increased emptying and a small diastolic volume. However, hypertro-
phy also impairs relaxation, resulting in poor diastolic compliance and 
an increased ventricular filling pressure. The key point is that the high 
filling pressure does not reflect distention of a failing ventricle, even 
though stress-volume relations suggest that its contractility is intrinsi-
cally depressed (Figure 19-22 and Table 19-3). This disease is charac-
terized by systolic and diastolic dysfunction.

As in patients with valvular AS, relatively high filling pressures reflect 
the LVEDV (i.e., degree of preload reserve) needed to  overcome the 
 outflow obstruction. Intervention with vasodilators is, therefore, inap-
propriate. The poor ventricular compliance also means that patients 
with HCM depend on a large intravascular volume and the maintenance 
of sinus rhythm for adequate diastolic filling. The atrial  contribution to 
ventricular filling is even more important in HCM than in valvular AS, 
and it may approach 75% of total SV.132

Another similarity between HCM and valvular AS is that the com-
bination of myocardial hypertrophy, with or without LVOT obstruc-
tion, may precipitate imbalances in the myocardial oxygen supply and 
demand relation. Angina-like discomfort is one of the classic symp-
toms of patients with HCM, and its pathogenesis has been attrib-
uted to increases in Mvo

2
, specifically the increased overall muscle 

mass and the high systolic wall tension generated by the ventricle's 
ejection against the dynamic subaortic obstruction. However, as in 
patients with AS, there is also evidence of a compromise in myo-
cardial oxygen supply.224,225 Patients with HCM suffer from several 
types of  hypertrophy-related abnormalities of the coronary circula-
tion; some are common to other conditions associated with patho-
logic  hypertrophy (e.g., AS), and others are apparently unique to this 
distinctive form of hypertrophy.226 A reduced capillary density in the 
hypertrophied myocardium prevents flow from increasing in pro-
portion to the increase in myocardial mass.227 It also is possible that 
there are primary HCM-associated abnormalities of the  coronary 

 circulation that are  unrelated to myocardial hypertrophy.228 In addi-
tion to these coronary circulatory abnormalities, there is evidence 
of a metabolic derangement in the hypertrophied interventricular 
septum, whereby there is a decreased use of adequately delivered 
 metabolic substrates.225

The reduction in coronary vascular reserve is similar to that observed 
in patients with valvular AS, in whom Mvo

2
 may be presumed to be 

uniformly increased.118 However, angina also occurs in patients with 
HCM in the absence of subaortic obstruction. Although basal Mvo

2
 is 

increased in proportion to the increased muscle mass, it is particularly 
interesting that clinical studies support a greater pathogenetic role for 
coronary circulatory abnormalities in producing ischemia in patients 
with nonobstructive hypertrophy.229

Hemodynamic derangements peculiar to the disease may aggra-
vate the ventricle's anatomic vulnerability to ischemia. The increased 
LVEDP for any LVEDV (i.e., poor compliance) inevitably narrows the 
diastolic CPP gradient. This may precipitate subendocardial ischemia 
in some patients with HCM, particularly those faced with the increased 
oxygen demand of overcoming late-systolic obstruction.219 There is 
evidence that hypertrophy-induced myocardial ischemia may under-
lie the diastolic dysfunction characteristic of HCM.230 As in patients 
with valvular AS, ischemia-induced abnormalities of diastolic calcium 
sequestration may further exacerbate relaxation abnormalities, initiat-
ing a vicious cycle (Figure 19-23).107,122,137,160,161,231

-Blockers and calcium channel blockers form the basis of medi-
cal therapy for HCM. -Blockade is most useful for preventing sym-
pathetically mediated increases in the subaortic gradient and for the 
prevention of tachyarrhythmias, which also can exacerbate outflow 
obstruction. Disopyramide also has been used to reduce contractil-
ity and for its antiarrhythmic properties.232 Calcium channel blockers 
often prove clinically effective in patients with HCM regardless of the 
presence or absence of systolic obstruction.233 The mechanism of action 
involves improvement in diastolic relaxation, allowing an increase in 
LVEDV at a relatively lower LVEDP. The negative inotropy may atten-
uate the subaortic pressure gradient; however, in selected patients, 
the gradient may worsen because of pronounced and  unpredictable 
degrees of vasodilation.234,235

Surgery—a septal myotomy or partial myomectomy by the aortic 
approach—is reserved for those patients who remain symptomatic 
despite maximal pharmacologic therapy. In a long-term retrospective 
study, the cumulative survival rate was significantly better in surgically 
than in pharmacologically treated patients.236 However, it is quite likely 
that pharmacologic therapy may be more appropriate for the patient 
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Figure 19-22 Proposed interactions between myocardial hypertro-
phy and other related properties of ventricular function. (From Wigle ED, 
Sasson Z, Henderson MA, et al: Hypertrophic cardiomyopathy: The 
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Fail 3:85, 1987.

Factors That Affect Left Ventricular Diastolic Filling in 
Hypertrophic Cardiomyopathy

Chamber stiffness*
Relaxation
 Loads
  Contraction load
   Subaortic stenosis
  Relaxation loads
   Late-systolic loading
   End-systolic deformation (restoring forces)
   Coronary filling
   Ventricular filling
 Inactivation
  Myoplasmic calcium overload
   Primary
   Ischemic
  Nonuniformity of load and inactivation in space and time†

Pericardial constraints and ventricular interaction
Effect of extent of hypertrophy on the preceding factors

TABLE  
19-3
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with a dynamic component to their degree of subaortic obstruction.237 
Further improvement in the clinical outcome of surgically treated 
patients may be achieved with the addition of verapamil, presum-
ably reflecting a two-pronged attack on the systolic (myomectomy) 
and diastolic (verapamil) components of the disease. Enthusiasm 
continues for the therapeutic use of dual-chamber pacing in this dis-
ease, with some patients demonstrating reductions in their subaortic 
 gradients.171–174,238,239 It was not an option for patients in AF.

Myomectomy usually results in significant symptomatic improve-
ment, together with a reduction in the subaortic gradient.240 The 
intraoperative guidance and evaluation of the surgical result by an 
experienced echocardiographer are essential for the success of this 
 procedure.241–243 In successful cases, the postmyomectomy study will 
show dramatic septal thinning, widening of the LVOT, and resolution 
of SAM and the LVOT color mosaic.

As in any disease with diverse diagnostic criteria, it is difficult to 
compare mortality rates among various series, but perioperative mor-
tality rates for isolated septal myomectomy are less than 2%, although 
operative risks are greater when combined with other procedures.244,245 
However, clinical studies of predominantly elderly patients reported 
mortality rates in excess of 15%. Complications other than heart block 
are infrequent, although more than one third of patients will experi-
ence new, clinically insignificant AR.246 It is unclear whether this new 
AR poses a long-term risk for these patients from the standpoint of 
CHF, but it probably warrants the continued use of endocarditis 
prophylaxis.

 Anesthetic Considerations
Priorities in anesthetic management are to avoid aggravating the sub-
aortic obstruction while remaining aware of the derangements in 
diastolic function that may be somewhat less amenable to direct phar-
macologic manipulation (Box 19-2). It is, therefore, necessary to main-
tain an appropriate intravascular volume while avoiding direct or reflex 
increases in contractility or heart rate. The latter goals can be achieved 
with a deep level of general anesthesia (GA) and the associated direct 
myocardial depression. Regardless of the specific technique, the pres-
ervation of an adequate CPP, using vasoconstrictors rather than ino-
tropes, is necessary to avoid myocardial ischemia. Heavy premedication 
is advisable with a view to avoiding anxiety-induced tachycardia or a 
reduction in ventricular filling. Chronic -blockade or calcium-channel 
blockade, or both, should be continued up to and including the day of 
surgery. These medications should be restarted immediately after sur-
gery, particularly in those patients undergoing  noncardiac surgery.

Intraoperative monitoring should include an ECG system with 
the capability of monitoring a V

5
 lead and each of the six limb leads. 

Inspection of lead II may be helpful in the accurate diagnosis of 
supraventricular and junctional tachyarrhythmias, which may precipi-
tate catastrophic hemodynamic deterioration because of the potential 
for inadequate ventricular filling resulting from the reduction in dia-
stolic time or loss of the atrial contribution to ventricular filling. The 
latter may be crucial in patients with significantly reduced  diastolic 
compliance.132 Abnormal Q waves have been described on the elec-
trocardiograms in 20% to 50% of patients with HCM.179 These waves 
should not raise concern about a previous myocardial infarction; 
instead, they probably represent accentuation of normal septal depo-
larization or delay in depolarization of electrophysiologically abnormal 
cells.247 Some patients exhibit a short PR interval with initial slurring 
of the QRS complex, and they may be at increased risk for supraven-
tricular tachyarrhythmias on the basis of preexcitation.248 Although the 
specific predisposing factors are unknown, patients with HCM are at 
increased risk for any type of arrhythmia in the operative setting.249

Given the pronounced abnormalities in left ventricular diastolic 
compliance, the CVP is likely to be an inaccurate guide to changes 
in left ventricular volume. However, a CVP catheter is extremely use-
ful for the prompt administration of vasoactive drugs if they become 
necessary. As in valvular AS, the information provided by insertion of 
a PAC is worth the small arrhythmogenic risk. The potential for hypo-
volemia-induced exacerbation of outflow tract obstruction makes 
it crucial that the clinician have an accurate gauge of intravascular 
filling. The reduced diastolic compliance means that the PCWP will 
overestimate the patient's true volume status, and a reasonable clini-
cal objective is to maintain the PCWP in the high-normal to  elevated 
range. A PAC with pacing capability is ideal because atrial overdrive 
pacing can effect immediate hemodynamic improvement in the 
event of  episodes of junctional rhythm (see Chapters 14, 22, and 25). 
The absolute requirement of these patients for an adequate preload 
 cannot be overemphasized because even abrupt positioning changes 
have resulted in acute hemodynamic deterioration, including acute 
 pulmonary edema.250

Intraoperative arrhythmias require aggressive therapy. During 
 cardiac surgery, insertion of the venous cannulae may precipitate 
atrial arrhythmias. Because the resultant hypotension may be severe, 
the surgeon should cannulate the aorta before any atrial manipula-
tions. Supraventricular or junctional tachyarrhythmias may require 

BOX 19-2. HYPERTROPHIC CARDIOMYOPATHY

Preload: increased
Afterload: increased
Goal: myocardial depression
Avoid: tachycardia, inotropes, vasodilators
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 immediate cardioversion if they precipitate catastrophic degrees of 
hypotension. Although verapamil is one drug of choice for paroxysmal 
atrial and junctional tachycardia, it has the potential of disastrously 
worsening the LVOT obstruction if it elicits excessive vasodilation 
or if it is used in the setting of severe hypotension.235 Cardioversion 
is  preferable when the mean arterial pressure is already very low; the 
 concurrent administration of phenylephrine also is advisable. This 
drug is almost always a low-risk, high-yield choice for the hypotensive 
patient with HCM. It augments perfusion, may ameliorate the pres-
sure gradient, and often elicits a potentially beneficial vagal reflex when 
used to treat tachyarrhythmia-induced hypotension.

The inhalation anesthetics commonly are used for patients with 
HCM. Their dose-dependent myocardial depression is ideal because 
negative inotropy reduces the degree of SAM-septal contact, which 
results in LVOT obstruction. Hypotension is almost always the result 
of underlying hypovolemia, which is potentially exacerbated by 
anesthetic-induced vasodilation. Inotropes, -adrenergic agonists, 
and calcium are all contraindicated because they worsen the systolic 
obstruction and perpetuate the hypotension. In most cases, a beneficial 
response can be obtained with aggressive replenishment of intravascu-
lar volume and concurrent infusion of phenylephrine.

Several investigators have suggested that regional anesthesia, with 
its potential for accentuating peripheral vasodilation, may be relatively 
contraindicated in the management of patients with HCM.251,252 The 
theoretic constraints are similar to those for patients with valvular AS, 
and the same clinical caveats apply. If the vascular system is kept appro-
priately full and “tight” with vasopressors, it is reasonable to consider 
these techniques in the light of other clinical advantages they might 
offer the patient. Catheter techniques (e.g., continuous spinals, epidu-
rals) may be preferable to the bolus administration of local anesthet-
ics to achieve a finer degree of control of the anesthetic level.253 There 
unquestionably is the potential for a cascade of iatrogenic complica-
tions if sympatholytic hypotension is treated in a knee-jerk fashion 
with ephedrine, epinephrine, or a variety of other equally contraindi-
cated -adrenergic agonists.

Although echocardiography has undoubtedly contributed to an 
increased frequency of diagnosis of this disease, an occasional patient 
escapes detection by ultrasound examination in the course of the 
 preoperative workup. When other objective data, including the physi-
cal examination, ECG results, and chest radiograph, show only nonspe-
cific abnormalities, it is easy to disregard vague or atypical complaints 
of chest pain, presyncope, and dyspnea. This is particularly true when 
the symptoms might reasonably be attributed to the primary condi-
tion that brought the patient to surgery (e.g., CABG).254 Other identifi-
able populations are said to be at high risk for occult HCM. HCM of 
the elderly already has been discussed, and probably only a fraction of 
such patients arrive in the operating room with such a formal diagno-
sis. However, it is not uncommon for the anesthesiologist to encoun-
ter an elderly patient with long-standing systemic hypertension and 
unexplained episodes of pulmonary congestion for whom the primary 
physician has prescribed a digitalis preparation. Anesthesiologists occa-
sionally may be presented with the opportunity to diagnose unsus-
pected HCM or one of its variants. Intraoperative events that could 
conceivably provoke or accentuate physiologic manifestations of the 
disease include hypovolemia, tachycardia, spontaneous or “manipu-
lative” ectopy, and paradoxic responses to vasoactive drugs (e.g., ino-
tropes, vasodilators, and vasoconstrictors) or anesthetic agents.254,255 
Clues such as these allow the experienced and astute clinician to recog-
nize the phenomenon of dynamic subaortic obstruction when it occurs 
in less obvious clinical settings.

AORTIC REGURGITATION

 Clinical Features and Natural History
AR may result from an abnormality of the valve itself, from bicuspid 
anatomy, have a rheumatic or infectious origin, or occur in association 
with any condition producing dilation of the aortic root and  leaflet 

separation. Nonrheumatic valvular diseases commonly resulting in AR 
include infective endocarditis, trauma, and connective tissue disorders 
such as Marfan syndrome or cystic medionecrosis of the aortic valve.56 
Aortic dissection from trauma, hypertension, or chronic degenera-
tive processes also can result in dilatation of the root and functional 
 incompetence (see Chapter 21).

The natural history of chronic AR is that of a long asymptomatic 
interval during which the valvular incompetence and secondary ven-
tricular enlargement become progressively more severe.3,141 When 
symptoms do appear, they are usually those of CHF, and chest pain, 
if it occurs, is often nonexertional in origin. The life expectancy for 
patients with significant disease has historically been about 9 years, 
and in contrast with AS, the onset of symptoms because of AR does 
not portend an immediately ominous prognosis.256,257 In the absence of 
surgery, early recognition of AR and chronic use of vasodilators appear 
to be prolonging life span in this patient population.141,258

A relatively unique and problematic feature of chronic AR is that the 
severity of symptoms and their duration may correlate poorly with the 
degree of hemodynamic and contractile impairment.141,259 The issue in 
surgical decision making is that many patients can remain asymptom-
atic, during which time they are undergoing progressive deterioration 
in their myocardial contractility. Noninvasive diagnostic studies (e.g., 
radionuclide cineangiography and 2D and Doppler echocardiographic 
assessment of response to pharmacologic afterload stress) may facili-
tate the detection of early derangements in contractile function in rela-
tively asymptomatic patients.260–262 These findings are important to the 
cardiologist when considering surgical referral (see Chapters 1 to 3) 
because patients with depressed preoperative left ventricular function 
have a greater perioperative mortality rate and are at increased risk for 
persistent postoperative heart failure (HF).96,263,264

As in acute mitral regurgitation, the physiology of acute AR is quite 
different from chronic AR. Common causes include endocarditis, 
trauma, and acute aortic dissection. Because of a lack of chronic com-
pensation, these patients usually present with pulmonary edema and 
HF refractory to optimal medical therapy. These patients are often 
hypotensive and clinically appear to be on the verge of cardiovascular 
collapse.

 Pathophysiology
Left ventricular volume overload is the pathognomonic feature of 
chronic AR. The degree of volume overload is determined by the mag-
nitude of the regurgitant flow, which is related to the size of the regur-
gitant orifice, the aorta-ventricular pressure gradient, and the diastolic 
time. It has been suggested that the size of the regurgitant aortic ori-
fice is constant and independent of changes in loading conditions.265 
However, in other valvular lesions (e.g., AS, mitral regurgitation), the 
orifice size is not constant and is dependent on the hemodynamic state. 
There is some evidence, in an experimental model of acute AR, that the 
regurgitant orifice area can change with increases or decreases in the 
transvalvular pressure gradient.266 When AR occurs in the absence of 
valvular fibrosis or calcification (valve elasticity is preserved), reduc-
tion of regurgitant area may be one of the mechanisms of the beneficial 
effect of afterload reduction.

The hemodynamic effects of changes in heart rate are also less 
straightforward than might be assumed.267 Theoretically, tachycardia 
should maximize net forward flow by shortening the regurgitant dia-
stolic time interval. This hypothesis, first offered by Corrigan in 1832, 
may be the pathophysiologic basis for the seemingly paradoxic observa-
tion that patients with AR may tolerate exercise despite having symptoms 
of pulmonary congestion at rest. Sympathetically mediated vasodilation, 
increased inotropy, and tachycardia may contribute to the increased CO 
achieved during isometric exercise in patients with AR.268 Chronically, 
similar, reflex-induced hemodynamic changes may contribute to the 
beneficial effects of arteriolar dilators.269 The peripheral vasculature 
directly affects regurgitant volume through reflex changes in heart rate; 
it also can alter volume loading by effects on the diastolic time. It plays a 
key role in the overall pathophysiology of AR270,271 (Figure 19-24).
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Despite these observations, the beneficial effects of shortened  diastolic 
time alone may be less clear-cut. Angiographic study of subjects with 
chronic AR has shown that pacing-induced tachycardia can decrease the 
SV, LVEDV, and LVEDP and can increase cardiac output,272 but that the 
ratio of the regurgitant volume to the total SV may remain unchanged. 
This occurs because tachycardia shortens the diastolic period per stroke, 
but increases the number of strokes per minute, leaving the net diastolic 
time per minute relatively unchanged. Similar observation has been 
made with radionuclide studies that demonstrated that tachycardia can 
increase CO and decrease LVEDV; however, pulmonary arterial pres-
sure (PAP) and PCWP may not change with increasing heart rate.273 
This divergence between the effects of tachycardia on left ventricular 
volume (decreased) and filling pressures (unchanged) may reflect the 
pronounced rightward shift of the left ventricular pressure-volume loop 
that is characteristic of long-standing AR.

Chronically, AR results in a state of left ventricular volume and 
 pressure overload. Progressive volume overloading from AR increases 
end-diastolic wall tension (i.e., ventricular afterload) and stimulates 
the serial replication of sarcomeres, producing a pattern of eccentric 
ventricular hypertrophy.97,264 This dilation of the ventricle, in accor-
dance with Laplace's law, also increases the systolic wall tension, stimu-
lating some concentric hypertrophy. The result is normalization of the 
ratio of ventricular wall thickness to cavitary radius.97 This process of 
eccentric hypertrophy results in the greatest absolute degrees of cardio-
megaly seen in valve disease. EDV may be three to four times normal, 
and very high cardiac outputs can be sustained.274

Figure 19-25 shows the pressure-volume loops for acute and chronic 
AR. In the chronic form, the diastolic pressure-volume curve is shifted 
far to the right. This permits a tremendous increase in LVEDV with 
minimal change in filling pressure, a property frequently described as 
high diastolic compliance.274 However, animal models of chronic left 
ventricular volume overloading instead suggest that the entire diastolic 
pressure-volume curve is shifted to the right (see Figure 19-8).11 
This accounts for the apparent paradox of high ventricular volumes at 
relatively low filling pressures.

The parallel shifts of the entire curve relating diastolic pressure 
and volume are a manifestation of the physiologic process known as 
“creep.”4 This refers to the time-dependent increase in dimension that 

occurs as a result of an applied stress—in this case, volume overload. 
Because of this chronic adaptation, left ventricular filling pressures are 
in the low-to-normal range and are relatively insensitive to changes in 
intravascular volume. This is not true of greater filling pressures, for 
which increases are a reliable guide to volume overload and ventricu-
lar distention.

Because the increase in preload is compensated for by ventricular 
hypertrophy, CO is maintained by the Frank-Starling mechanism, and 
cardiac failure is not seen. This is true despite probable decreases in con-
tractility.258 There is virtually no isovolumic diastolic phase because the 
ventricle is filling throughout diastole. The isovolumic phase of systole 
also is brief because of the low aortic diastolic pressure. This minimal 
impedance to the forward ejection of a large SV allows for the perfor-
mance of maximal myocardial work at a minimum of oxygen con-
sumption. Eventually, however, progressive volume overload increases 
ventricular EDV to the point that compensatory hypertrophy is no 
 longer sufficient to compensate, and a decline in systolic function occurs. 
As systolic function declines, end-systolic dimension increases further, 
left ventricular wall stress increases, and left ventricular function is fur-
ther compromised by the excessive ventricular afterload. At this point, 
the decline of ventricular function is progressive and can be quite rapid. 
As is shown in Figure 19-26A, in the patient with compensated AR, the 
eccentrically dilated ventricle maintains its SV and EF by using preload 
reserve; wall stress is only slightly increased. In Figure 19-26B, the limit of 
preload reserve has been reached and ventricular dysfunction has shifted 
the end-systolic wall stress relation to the right. As a result of the higher 
wall stress, the SV and EF inevitably decline. In patients in whom the 
EF has become less than 25% or the end-systolic diameter larger than 
60 mm, irreversible myocardial changes are likely to have occurred.141

The primary determinants of Mvo
2
—contractility and wall 

 tension—usually are not significantly increased with chronic AR, 
although calculated myocardial work may be twice normal. Actual 
Mvo

2
 may be only minimally increased because the greater propor-

tion of myocardial work is spent in the energy-efficient process of fiber 
shortening, with little increase occurring in oxygen-consuming tension 
development275 (see Figure 19-26).

Despite the relatively normal Mvo
2
, angina can occur in one third 

of patients with severe AR, even in the absence of CAD.276 Patients 
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with chronic AR may be at risk for myocardial ischemia caused by 
 hypertrophy-induced abnormalities of the coronary circulation. The 
increase in total myocardial mass can increase baseline Mvo

2
, and there 

is evidence that total coronary blood flow, although increased, fails to 
keep pace with the increase in myocardial mass. Evidence suggests that 
the insidious development of contractile dysfunction may, in part, have 
an ischemic basis.277

Despite these rather favorable considerations in terms of myocar-
dial energetics, an increase in Mvo

2
 may pose a threat to the patient 

with chronic AR because of decreased coronary vascular reserve.278 
Although this phenomenon has been more thoroughly documented 
in patients with chronic pressure-induced hypertrophy, some studies 
indicate that the coronary vascular reserve is similarly compromised 
in patients with left ventricular volume overload.279,280 The process of 
hypertrophy may be a double-edged sword from the standpoint of 
the myocardial oxygen balance. Hypertrophy minimizes oxygen con-
sumption as measured by wall stress, but increases basal Mvo

2
 and 

may elicit derangements in the quality or quantity of the coronary 
vasculature.

It also is important to remember that intraoperatively, patients with 
chronic AR may be at risk for acute ischemia with episodes of signifi-
cant bradycardia. As bradycardia prolongs diastolic time, it increases 
regurgitant flow, and left ventricular diastolic pressure and wall tension 
increase rapidly. Simultaneously, the CPP is decreased as aortic runoff 
occurs during diastole and diastolic ventricular pressure is increased.281 
Under these conditions, myocardial perfusion pressure may be insuf-
ficient. Clinically, very rapid decompensation can occur. The isch-
emic ventricle can dilate rapidly such that progressively increased 
end- systolic dimensions are seen, and ischemia and ventricular failure 
become a positive feedback loop.

 Surgical Decision Making
From the discussion of the pathophysiology of chronic AR, it is evident 
that an accurate assessment of contractility is crucial to surgical deci-
sion making, because the clinical history may be an unreliable index of 
ventricular function. It is not uncommon for asymptomatic patients 
to have ventricular dysfunction, whereas symptomatic patients may 
be free of even modest myocardial depression. A variety of prognostic 
indicators have been used to identify early ventricular dysfunction as a 
trigger for surgical intervention. Clinical status, such as exercise capac-
ity and New York Heart Association (NYHA) class, and noninvasive  
and invasive laboratory tests have been used. Hemodynamic para-
meters such as the end-systolic stress-volume relation and estimates of 
the left ventricular contractile state have been evaluated as predictors 
of worsening left ventricular function.

Although ejection phase indices (e.g., EF) are most familiar to 
 anesthesiologists, they are inherently unreliable for quantifying ven-
tricular function in the setting of chronic volume overloading, because 
the Starling mechanism continues to support increases in the SV long 
after the onset of intrinsic myocardial depression. Left ventricular dila-
tion, compensatory hypertrophy, and minimal afterload may normalize 
the EF, even though contractility is significantly depressed.258 Preload 
can be exquisitely sensitive to changes in heart rate and  systemic vas-
cular tone. Ventricular performance, therefore, may not be adequately 
reflected by the EF.282,283 The often-reported regurgitant volume or 
regurgitant fraction are similarly rate and load dependent, and they 
may correlate poorly with the underlying inotropic state.284

A variety of end-systolic indices have been examined in chronic AR, 
and these provide a more load-independent assessment of the inotro-
pic state. Although the left ventricular end-systolic volume (LVESV) 
is preload independent, it does vary with myocardial contractility and 
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afterload. An increased ESV may reflect a depressed inotropic state, or it 
may increase because of an increased left ventricular afterload resulting 
from increased chamber size or pressure.282 There also is evidence that 
the relative load independence of the LVESV is limited when ventricu-
lar hypertrophy is primarily eccentric.25 However, with long-standing 
volume overload, virtually all studies have found that an increased end-
systolic dimension correlates with a poor prognosis and a significantly 
depressed contractile state.261,285

When valve surgery is performed after ventricular decompensa-
tion has occurred, the immediate and long-term results are marginal. 
Much of the increased mortality is a function of postoperative deaths 
from HF.264,286 When valve surgery occurs before significant ventricu-
lar decompensation, ventricular recovery is remarkable, with remod-
eling and a reduction in left ventricular size beginning as early as 
2 weeks after surgery.141,264 Because delays in surgical intervention can 
be catastrophic and because the response to surgery is so good, there is 
evidence of a shift toward earlier valve replacement, and surgery in rela-
tively asymptomatic patients has been advocated.264 Based on review of 
the published literature, the ACC and the AHA have provided practice 
guidelines for surgical intervention in chronic AR.141 Valve surgery is 
recommended for asymptomatic patients with left ventricular  systolic 
dysfunction. Surgery also should be considered if ventricular dilation 
has occurred in the asymptomatic patient, even if the EF is normal. 
In patients who are symptomatic but have normal ventricular func-
tion, the ACC and AHA recommend further evaluation for an unre-
lated cause and observation. In these cases, serial echocardiographic 
assessment is appropriate. Symptomatic patients with left  ventricular 
 dysfunction should undergo surgery.13

 Acute Aortic Regurgitation
In acute AR, sudden diastolic volume overload of a nonadapted LV 
results in a precipitous increase in the EDP because the ventricle is 
operating on the steepest portion of the diastolic pressure-volume 
curve (see Figure 19-25).287 In severe acute AR, the LVEDP can equilibrate 
with aortic diastolic pressure and exceed the LA pressure in late dias-
tole. This may be sufficient to cause closure of the mitral valve before 
atrial systole.288 This is an important echocardiographic finding indic-
ative of severe AR.289 Although this phenomenon initially shields the 
pulmonary capillaries from the full force of the dramatically increased 
LVEDP, the protection may be short-lived.290 Severe left ventricular 
 distention often follows and produces mitral annular enlargement and 
functional mitral regurgitation.

The inevitable decline in SV in acute decompensating AR 
 elicits a reflex sympathetic response so that tachycardia and a high 
SVR are  common. Moderate tachycardia beneficially shortens the 
 regurgitant time without reducing the transmitral filling volume.291 
Vasoconstriction, however, preserves CPP at the expense of increasing 
the aorta- ventricular gradient and regurgitation.

As may be expected, patients with acute AR may be at greater risk for 
myocardial ischemia. As with chronic AR and bradycardia, coronary 
perfusion may be compromised by the combination of a low diastolic 
arterial pressure and the precipitously increased LVEDP. This narrow-
ing of CPP may be so severe that the phasic epicardial blood flow may 
change to a predominantly systolic pattern with severe acute AR.292 
Dissection of the coronary ostia is rare but frequently causes fatality 
in patients with acute AR. In addition to the structural impediment 
to myocardial oxygen delivery, catastrophic hypotension and high 
LVEDP combine to cause accentuated ischemia and ventricular dila-
tion. Immediate surgical correction is the only hope for salvaging these 
patients, who often prove refractory to inotropes and vasodilators. 
Attempts at stabilizing the ischemic component of their injury with 
the intra-aortic balloon are usually contraindicated because augment-
ing the diastolic pressure worsens regurgitation.

Acute AR most commonly is due to infective endocarditis or aortic 
dissection, and intraoperative transesophageal echocardiography (TEE) 
has assumed increasing importance both in diagnosis of acute AR and 
in decisions regarding its surgical management.293 Transesophageal 

echocardiographic studies are highly sensitive and specific for the diag-
nosis of infective endocarditis, and are significantly more sensitive than 
transthoracic echocardiography.294 TEE has been shown to be particu-
larly useful in the diagnosis of abscesses associated with endocarditis,295 
and may detect previously unsuspected abnormalities (Roger Click, 
MD, Mayo Clinic, personal communication). Although an area of 
active investigation, there is currently no completely satisfactory non-
invasive method for quantifying the severity of AR. Premature closure 
of the mitral valve, determination of the pressure half-time of AR, and 
color-flow estimation of both the regurgitant jet's width and its size in 
relation to the LVOT are commonly described techniques.296–298 (Refer 
to Chapters 12 and 13 for further discussion.)

 Anesthetic Considerations
Intraoperative monitoring should include an ECG system with the 
capability of monitoring a lateral precordial lead because ischemia is a 
potential hazard (Box 19-3). For most valvular procedures, a PAC pro-
vides useful information. A PAC allows determination of basal filling 
pressures and cardiac output, which is particularly useful in chronic 
AR given the potential unreliability of the clinical history and EF. 
Equally important is the ability to accurately monitor ventricular pre-
load and CO response to pharmacologic interventions. The aggressive 
use of vasodilators often is appropriate therapy perioperatively for the 
failing ventricle, but their use can compromise the preload to which the 
ventricle has chronically adjusted. Concurrent preload augmentation, 
guided by the pulmonary artery diastolic pressure or PCWP, may be 
crucial to optimize CO when afterload is pharmacologically manipu-
lated299–301 (see Chapters 10, 12 to 14, 32, and 34). The other requirement 
for a PAC is to allow for pacing when it is anticipated. The deleterious 
effects of significant bradycardia in AR have been described. In patients 
who arrive in the operating room with heart rates less than 70 beats/
min or in patients for whom rapid epicardial pacing may be difficult to 
establish (e.g., redo operations), placement of a pacing wire probably 
is indicated. Typically, only a ventricular wire would be appropriate; it 
is more reliable than atrial pacing, and in AR, the atrial contribution to 
ventricular diastolic volume usually is not essential. Capturing the ven-
tricle with a PAC-based, transvenous wire can be difficult because of 
the very large ventricular cavity size in patients with chronic AR.

Because patients with AR may differ widely in their degree of myo-
cardial dysfunction, anesthetic management must be appropriately 
individualized. For cardiac or noncardiac surgery, the hemodynamic 
goals are a mild tachycardia, a positive inotropic state, and a controlled 
reduction in SVR. For cardiac surgery, dopamine or dobutamine, pan-
curonium, ketamine, and nitroprusside infusions are excellent choices. 
For the patient with acute AR, the goals are the same, but urgency must 
be stressed. It is essential to try to rapidly reduce end-diastolic and end-
systolic ventricular volumes with the very aggressive use of inotropes 
(e.g., epinephrine) and vasodilators. There is sometimes concern that 
inotropes may exacerbate the root dissection in acute AR by increas-
ing the shear force on the aortic wall. Despite this theoretic concern, 
positive inotropes should not be withheld from the patient who dete-
riorates in the operating room because they may provide the precious 
additional minutes of hemodynamic stability needed to get on CPB. 
In acute and chronic forms of AR, serial measurements of CO can 
indicate that ventricular size and CO have been optimized, regardless 
of the systemic pressure. TEE also is useful to look at ventricular size, 
but probably maximizing CO under these conditions gets closer to the 
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Preload: increased
Afterload: decreased
Goal: augmentation of forward flow
Avoid: bradycardia
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therapeutic goal than looking at ventricular size alone. With acute AR 
and premature closure of the mitral valve, PAPs may grossly underes-
timate the LVEDP, which continues to increase under the influence of 
the diastolic regurgitant jet from the aorta. For noncardiac surgery in 
the patient with AR, there are advantages to epidural or other regional 
techniques when appropriate. Epidural anesthesia usually is preferable 
to spinal techniques in which more precipitous declines in SVR can 
occur.

Predicting the response of the patient with AR to anesthetic interven-
tions can be difficult if the contractile state of the ventricle is unknown. 
Although reductions in functional status or EF are broad indicators of 
poorer outcomes, examining the medical history for serial measure-
ments of EF or ventricular ESVs may be most useful. Because patients 
with chronic AR are subject to a rapid, self-perpetuating decline in 
ventricular performance, demonstration of recent decreases in EF or 
increases in ventricular size may be the best indicators of a challenging 
intraoperative course.

A few other practical points bear comment in surgery for AR. The 
early and late phases of CPB can be a real problem in AR, particularly 
in redo operations. Before cross-clamp placement, the ventricle is at 
risk for distention if it is not ejecting or being vented. If the ventricle 
dilates with AR during CPB, the intraventricular pressures may equili-
brate with the aortic root pressures. Under these conditions, there is no 
coronary perfusion, and the ventricle may dilate rapidly and become 
profoundly ischemic. This can occur before cross-clamp placement 
with bradycardia, ventricular fibrillation, tachycardia, or even with a 
rapid supraventricular rhythm that compromises organized mechani-
cal activity. Correcting the rhythm, pacing, cross-clamping the aorta, 
or venting the ventricle addresses this problem. This also can occur 
in cardiac surgery for conditions other than AR. In patients with 
unknown or uncorrected AR, removal of the cross-clamp causes the 
same  ventricular dilation and ischemia if a rhythm and ejection are 
not rapidly established. Ventricular venting or pacing may be essential 
until an organized, mechanically efficient rhythm is established. This 
 problem must be considered in patients referred for CABG alone, in 
those with mild or moderate AR not having AVR, and in patients in 
whom  intraoperative TEE is not used.

MITRAL REGURGITATION

 Clinical Features and Natural History
Unlike mitral stenosis (MS), which is almost always the result of rheu-
matic valve disease, mitral regurgitation may result from a variety of 
disease processes that affect the valve leaflets, the chordae tendineae, 
the papillary muscles, the valve annulus, or the LV. Mitral regurgitation 
can be classified as organic or functional. Organic mitral regurgitation 
describes diseases that result in distortion, disruption, or destruction of 
the mitral leaflets or chordal structures. In Western countries, degen-
erative processes that lead to leaflet prolapse with or without chordal 
rupture represent the most common cause of mitral regurgitation.300 
Other causes of organic mitral regurgitation include  infective endo-
carditis, mitral annular calcification, rheumatic valve disease, and con-
nective tissue disorders such as Marfan or Ehlers-Danlos syndrome. 
Much less common causes of organic mitral regurgitation include con-
genital mitral valve clefts, diet-drug or ergotamine toxicity, and car-
cinoid valve disease with metabolically active pulmonary tumors or 
right-to-left intracardiac shunting.302 Mitral valve prolapse (MVP) is a 
common (2.4%) disorder with a strong hereditary component. Several 
genes play a pivotal role in heart valve formation, including calcineu-
rin, Wnt/beta-catenin signaling, fibroblast growth factor 4 (FGF-4), 
the homeobox gene Sox4, and the downstream modulator of trans-
forming growth factor-  superfamily signaling Smad6. Genotypic 
linkage was found to chromosomes 11, 13, and 16. The recent finding 
of a mutation in familial mitral valve prolapse not related to connec-
tive tissue syndromes, an X-linked filament A mutation, suggests that 
mitral valve prolapse may be the final common outcome of multiple 
genetic defects.

Functional mitral regurgitation describes cases in which mitral 
regurgitation occurs despite structurally normal leaflets and chordae 
tendineae. Resulting from altered function or geometry of the LV or 
mitral annulus, functional mitral regurgitation often occurs in the set-
ting of ischemic heart disease, and the term ischemic mitral regurgitation 
is sometimes used interchangeably with functional mitral regurgitation. 
However, the functional form can occur in patients without demon-
strable CAD, such as those with idiopathic dilated cardiomyopathy 
and mitral annular dilatation. The term ischemic mitral regurgitation 
probably best applies to functional cases with a known ischemic cause. 
Rupture of a papillary muscle with acute, severe mitral regurgitation is 
somewhat more difficult to classify. Although usually a sequela of acute 
myocardial infarction (AMI) with normal leaflets and chordae, there is 
an obvious anatomic disruption of the mitral apparatus.

Because it can be caused by a wide variety of disease processes, 
the natural history of mitral regurgitation is quite variable.302 Even 
among patients with acute-onset disease, the clinical course depends 
on the mechanism of regurgitation and the response to treatment. For 
instance, patients with acute, severe mitral regurgitation caused by a 
ruptured papillary muscle have a dismal outcome without surgery.302 
However, the clinical course of acute mitral regurgitation caused by 
endocarditis could be favorable if the patient responds well to antibi-
otic therapy.302 Although those with chronic mitral regurgitation usu-
ally enter an initial, often asymptomatic, compensated phase, the time 
course for progression to left ventricular dysfunction and symptomatic 
HF is unpredictable.302 The literature reflects the wide variability in the 
natural history of mitral regurgitation, with published 5-year survival 
rates for patients with mitral regurgitation of 27% to 97%.303 Selection 
bias, small study populations, and poorly defined degrees of mitral 
regurgitation likely explain these discrepancies.304 Later studies better 
define the clinical course of certain subgroups of patients with mitral 
regurgitation. For instance, Ling et al305 examined the natural history 
of patients with mitral regurgitation because of flail leaflets. Among 
this select group, the investigators observed an excess annual mortality 
rate of 6.3% with a combined rate of death or surgery of 90% within 
a 10-year period.305 Patients with flail mitral valve leaflets also experi-
ence an increased risk for sudden death.306 Grigioni et al306 reported a 
1.8% per year rate of sudden death among patients with flail mitral 
leaflets who were being medically managed. The rate of sudden death 
 diminished after surgical intervention in this population.306

The application of quantitative Doppler echocardiography to the 
prospective study of mitral regurgitation has allowed researchers to 
 document the progressive nature of this condition. Enriquez-Sarano 
et al307 found that, on average, the regurgitant volume increases 7.5 mL 
and the effective regurgitant orifice increases 5.9 mm2 each year. However, 
as with the natural history of mitral regurgitation in general, there was 
significant variability in the rate of progression among patients. Rapid 
progression of its severity occurred among patients who developed flail 
leaflets, but mitral regurgitation regressed in 11% of those studied.307

 Pathophysiology
Mitral regurgitation causes left ventricular volume overload. The 
regurgitant volume combines with the normal LA volume and 
returns to the LV during each diastolic period. This increased pre-
load leads to increased sarcomere stretch and, in the initial phases of 
the disease process, augmentation of left ventricular ejection perfor-
mance by the Frank-Starling mechanism. Systolic ejection into the 
relatively low-pressure left atrium further enhances the contractile 
appearance of the LV.

The presentation of patients with mitral regurgitation varies depend-
ing on the pathophysiology of the specific condition, which is affected 
by the mechanism, severity, and acuity of the mitral regurgitation. In 
cases of acute, severe mitral regurgitation, such as in patients with a 
ruptured papillary muscle after AMI, the sudden increase in preload 
enhances left ventricular contractility by the Frank-Starling mecha-
nism. Despite the increased preload, left ventricular size initially is 
normal. Normal left ventricular size combined with the ability to eject 
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into a low-pressure circuit (i.e., the left atrium) results in decreased 
afterload in the acute setting. The measured LVEF in cases of sudden, 
severe mitral regurgitation may approach 75%, although forward SV 
is reduced.302 However, because the left atrium has not yet dilated in 
response to the large regurgitant volume, LA pressure increases acutely 
and may lead to pulmonary vascular congestion, pulmonary edema, 
and dyspnea.302

Many patients with mitral regurgitation, particularly those whose 
valvular incompetence develops more slowly, may enter a chronic, 
compensated phase. In this phase, chronic volume overload triggers 
left ventricular cavity enlargement by promoting eccentric hypertro-
phy (see Figure 19-15). Increased preload continues to augment left ven-
tricular systolic performance. At the same time, the left atrium dilates 
in response to the ongoing regurgitant volume. Although LA dilata-
tion maintains a low-pressure circuit that facilitates left ventricular 
 systolic ejection, the increased radius of the left ventricular cavity leads 
to increased wall tension according to the law of Laplace, which was 
given earlier.

Unlike the case of sudden, acute mitral regurgitation, which is 
characterized by normal left ventricular size and reduced afterload, 
afterload remains in the normal range in the chronic, compensated 
phase of mitral regurgitation.308 The changes seen in chronic, com-
pensated mitral regurgitation are represented graphically in Figure 
19-27. The isovolumic contraction phase is shortened as the blood 
is ejected into the low-pressure left atrium early in the cycle of ven-
tricular systole. Because the dilated, compliant LV accepts increased 
diastolic volumes at low or normal filling pressures, some physicians 
believe that left ventricular diastolic function is enhanced in patients 
with chronic mitral regurgitation.308 Whereas dilatation of the left 
heart chambers permits left ventricular filling at low or normal pres-
sures, chamber enlargement progressively dilates the mitral annulus, 
potentially increasing the effective regurgitant orifice and regurgi-
tant volume over time. Patients may tolerate the phase of chronic, 
compensated mitral regurgitation for many years because increased 
preload maintains left ventricular ejection performance. If symp-
toms develop during this time, they often are related to dimin-
ished forward CO because the regurgitant fraction may exceed 50%. 
Rather than dyspnea or signs of pulmonary congestion, fatigue and 
weakness predominate.

With the eventual decline in left ventricular systolic function, patients 
enter a decompensated phase. Progressive left ventricular  dilatation 
increases wall stress and afterload, causing further  deterioration in 

left ventricular performance,302 mitral annular dilatation, and wors-
ening of the mitral regurgitation. Left ventricular end-systolic pres-
sure increases. The increased left ventricular filling pressures result 
in increase of LA pressures and, given time, pulmonary vascular con-
gestion, pulmonary hypertension, and right ventricular dysfunction. 
In addition to fatigue and weakness, patients with decompensated, 
chronic mitral regurgitation also may report dyspnea and orthopnea. 
It is difficult to predict when a patient with mitral regurgitation is likely 
to decompensate clinically. The progression of disease in any given 
patient depends on the underlying cause of mitral regurgitation, its 
severity, the response of the LV to volume overload, and possibly the 
effect of medical management.302,309

Assessment of left ventricular function in patients with mitral regur-
gitation is controversial but critically important for clinical decision 
making.303 As in AR, the altered loading conditions that characterize 
mitral regurgitation confound traditional, load-dependent measures 
of left ventricular systolic function such as EF. Although numerous 
methods of assessing left ventricular function have been proposed, no 
consensus exists.303 Despite its limitations, EF remains the most studied 
variable of left ventricular function in patients with mitral regurgitation 
and the most predictive of clinical outcome. For instance, preoperative 
EF is the most important prognostic factor for long-term survival after 
surgery for mitral regurgitation.310 Preoperative EF also predicts post-
operative EF and the occurrence of CHF after the surgical correction 
of mitral regurgitation.311,312 Because of the combination of increased 
preload and the ability to eject into the low-pressure left atrium, a nor-
mally functioning LV should display an increased EF in the presence of 
significant mitral regurgitation. Conversely, an EF considered normal 
in a patient with competent valves may represent diminished left ven-
tricular function in the setting of mitral regurgitation. In patients with 
severe mitral regurgitation, an EF in the range of 50% to 60% likely 
represents significant left ventricular dysfunction and is itself an indi-
cation for surgery.141 Enriquez-Sarano et al310 reported that the post-
operative survival after mitral repair or replacement declines after the 
preoperative EF decreases to less than 60%.

A number of studies provide insight into the origin of left ven-
tricular dysfunction in the setting of mitral regurgitation. In animal 
models of the disease, myocardial mass accumulates mainly through 
a decrease in the natural degradation of cellular elements, rather than 
by an increased rate of protein synthesis.313–315 In contrast, myocardial 
protein synthesis increases within hours of the creation of simulated 
AS and left ventricular pressure overload.316 Histologic preparations 
from animals with experimental mitral regurgitation and left ventric-
ular dysfunction also show a 35% reduction in contractile elements 
within individual myocytes.317 Examination of pressure-volume 
loops from patients with AS and mitral regurgitation is also insight-
ful (see Figures 19-13 and 19-27). If the area contained within each 
loop is examined, it can be seen that this area, or stroke work, is simi-
lar for the two disease states. However, patients with AS generally dis-
play a greater degree of myocardial hypertrophy when compared with 
patients suffering from mitral regurgitation. Stroke work per gram of 
myocardium is greater in patients with mitral regurgitation, a find-
ing that also may explain left ventricular dysfunction in this patient 
population.308

 Ischemic Mitral Regurgitation
Ischemic mitral regurgitation (IMR) represents mitral regurgitation 
occurring in the setting of ischemic heart disease in patients without 
significant abnormalities of the valve leaflets or chordal structures. 
Some clinicians use the terms ischemic mitral regurgitation and func-
tional mitral regurgitation interchangeably. However, IMR more accu-
rately describes those cases of functional mitral regurgitation that 
occur in the setting of CAD. Papillary muscle rupture, which is almost 
always a sequela of AMI, also may be classified as IMR, although a clear 
organic defect of the mitral apparatus exists.

Clinicians increasingly are recognizing the importance of IMR 
because it is quite common. The incidence rate of mitral regurgitation 
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Figure 19-27 Volume overload with mitral regurgitation (MR). As in 
volume overloading from aortic regurgitation, wall stress-volume loops 
of the eccentrically hypertrophied left ventricle are shifted to the right. 
However, in chronic MR, retrograde ejection into the low-pressure left 
atrium minimizes ventricular wall stress, supporting the ejection frac-
tion (EFx). (From Ross J Jr: Afterload mismatch in aortic and mitral valve 
 disease: Implications for surgical therapy. J Am Coll Cardiol 5:811, 1985.)
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after AMI as detected by echocardiography ranges from 39% to 73%.309 
Echocardiographic studies also demonstrate that in 13% to 29% of 
cases, the IMR is at least moderate in severity.309 The presence of IMR 
also portends a worse clinical outcome. For instance, patients with 
IMR after AMI experience a twofold to sixfold increase in cardiovas-
cular mortality in the first year after the ischemic event.318 Patients 
with severe IMR have a 1-year mortality rate that approaches 50%.319 
However, in evaluating patients with mitral regurgitation presumed to 
be of ischemic origin, clinicians should attempt to identify the sever-
ity of the regurgitation, the time of onset, and the likely mechanism of 
valvular incompetence, because these factors influence prognosis and 
treatment. For instance, patients with mild IMR in the early phase of 
an AMI rarely experience hemodynamic sequelae from this mitral leak-
age, whereas those with ischemic rupture of a papillary muscle often 
present with acute CHF and have a poor prognosis without  surgical 
intervention.

Investigators have identified certain patient characteristics associ-
ated with an increased incidence of IMR. For instance, patients with 
advanced age, inferior or posterior AMI, spherical left ventricular 
geometry, and multiple-vessel CAD tend to display greater rates of 
IMR.309,320 Other factors associated with increased rates of IMR include 
LA enlargement, mitral annular dilatation, and decreased EF.309 Frank 
rupture of a papillary muscle, which occurs in 1% of AMI cases, usually 
involves the posteromedial papillary muscle because its blood supply is 
derived from a single coronary artery.

The understanding of the pathophysiologic basis of IMR contin-
ues to evolve. Early investigators proposed ischemic papillary muscle 
dysfunction as a primary cause of IMR.321–323 Later studies indicated 
that isolated ischemia of one or both papillary muscles does not cause 
significant mitral regurgitation.324–327 Instead, ischemia of the papil-
lary muscle and the adjacent myocardium is necessary to produce 
IMR.309,324,326,327 Myocardial ischemia may result in focal or global left 
ventricular bulging and, with time, ventricular remodeling to a more 
spherical shape. Such geometric changes cause outward migration 
of the papillary muscles. The finding most strongly correlated with 
chronic IMR is outward papillary muscle displacement.309,328 When 
the papillary muscles are displaced outward, the point of mitral leaf-
let coaptation moves apically and away from the mitral annulus, 
resulting in the appearance of valve tenting. Besides outward bulging 
of the LV, scarring and retraction of the papillary muscles also may 
produce mitral leaflet tethering, with the net effect of incomplete 
leaflet coaptation and valvular incompetence. Some investigators 
believe that  papillary muscle dysfunction may reduce the degree of 
IMR in certain patients.329,330 Komeda et al330 suggested that reduced 
contractility of the papillary muscles may counteract the tethering 
effect of ischemic myocardium, thereby allowing leaflet coaptation 
to occur closer to the mitral annulus. An additional potential mecha-
nism of IMR is decreased contractility of the posterior mitral annu-
lus. During systole, annular contraction reduces the mitral orifice 
area by 25%.331–333 Because the anterior portion of the mitral annu-
lus is more fibrous, posterior annular contraction plays a greater role 
in reducing the size of the mitral orifice. Loss of posterior annular 
 contraction may contribute to mitral regurgitation in the setting of 
myocardial ischemia.

The clinical approach to IMR depends on its underlying mech-
anism. Timely surgical intervention often is warranted in cases of 
papillary muscle rupture. For patients with an intact mitral appa-
ratus who present with IMR in the setting of AMI, early reperfu-
sion therapy improves regional and global left ventricular function, 
reduces ventricular dilatation, and decreases the likelihood of adverse 
remodeling and associated papillary muscle displacement.329,334–337 
The resultant improvements in ventricular function and geometry 
combine to reduce the incidence of IMR. Clinicians often prescribe 
angiotensin-converting enzyme inhibitors to patients with ischemic 
heart disease. Chronic angiotensin-converting enzyme inhibitor 
therapy may decrease the incidence and severity of IMR by prevent-
ing left ventricular remodeling, although data to support this theory 
are lacking.329

 Assessment of Mitral Regurgitation
Clinicians may suspect mitral regurgitation on the basis of current 
symptoms, medical history, or findings on physical examination. 
Echocardiography with the capability of 2D and Doppler (includ-
ing color-flow) imaging represents the diagnostic modality of choice 
for the assessment of mitral regurgitation. Transthoracic echocar-
diogram (TTE) is readily available in most areas, is noninvasive, and 
provides detailed information about the mechanism of mitral regur-
gitation, its severity, and its impact on cardiac chamber size and func-
tion. Additional information available from TTE includes calculation 
of right ventricular systolic pressure based on the peak velocity of the 
tricuspid regurgitant signal and an estimate of right atrial pressure. 
Whenever possible, echocardiographers should attempt to provide a 
quantitative assessment of mitral regurgitation severity. Techniques 
that allow the determination of effective regurgitant orifice, regurgi-
tant volume, or regurgitant fraction include the proximal isoveloc-
ity surface area (PISA) method and the continuity equation. Other 
echocardiographic findings such as pulmonary vein systolic flow rever-
sals suggest severe mitral regurgitation, and they should be reported if 
present. Assessment of the size of the regurgitant jet in the left atrium 
may provide a gross estimation of mitral regurgitation severity but is 
limited by factors such as LA size and pressure, machine settings such 
as color-flow gain and aliasing velocity, and the orientation of the 
regurgitant jet itself. Eccentric regurgitant jets propagating along the 
wall of the left atrium often appear smaller than a centrally directed jet 
of equivalent severity. When transthoracic echocardiography is subop-
timal, patients may be referred for TEE. Because of the proximity of the 
transducer to the mitral valve, TEE often produces superior images of 
the mitral valve. When performing intraoperative TEE examinations, 
anesthesiologists should recall that altered loading conditions, such as 
anesthetic-induced decreases in SVR, might favor forward cardiac out-
put and diminish the observed amount of mitral regurgitation. More 
detailed discussions of the echocardiographic evaluation of the mitral 
valve are presented in Chapters 1, 2, 12 and 13.

Cardiac catheterization with left ventriculography may also be 
used to evaluate mitral regurgitation. This invasive procedure often is 
reserved for cases in which the echocardiographic data are suboptimal, 
conflicting, or discordant with the clinical findings.302 Assessment of 
severity by ventriculography requires analysis of the amount of con-
trast material that enters the left atrium after injection into the LV. 
However, the amount of contrast material appearing in the left atrium 
depends on the severity of mitral regurgitation and on the volume of 
the left atrium, the catheter position, and the rate of contrast injec-
tion.302 Right-heart catheterization may or may not demonstrate the 
presence of v waves in patients with significant mitral regurgitation. 
A high degree of LA compliance makes the appearance of prominent v 
waves less likely (see Chapter 3).

Other diagnostic tests commonly obtained in patients with mitral 
regurgitation include an electrocardiogram and chest radiograph. ECG 
findings such as AF, LA enlargement, and ST-segment abnormalities 
may be observed in patients with mitral regurgitation, but they are not 
specific.301 Similarly, chest radiographs may identify enlargement of 
the left heart chambers and pulmonary vascular congestion, but such 
 findings are not specific for mitral regurgitation.

 Surgical Decision Making
Just as progress in the understanding of the pathophysiology of mitral 
regurgitation has evolved, so too has the surgical approach to this dis-
ease process. A high operative mortality associated with the surgical 
correction of mitral regurgitation in the 1980s led many clinicians 
to manage patients conservatively.303,304,338 Because favorable loading 
conditions and high LA compliance allow even patients with signifi-
cant mitral regurgitation to remain asymptomatic for long periods, it 
is likely that many patients did not undergo surgery until the onset 
of disabling symptoms. Studies show that more severe preoperative 
symptoms are associated with a lower EF and a greater incidence of 
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postoperative CHF.304,311,312 Historically, poor outcomes after surgery 
for mitral regurgitation might have occurred because clinicians did not 
appreciate the true degree of left ventricular dysfunction at the time 
of surgery in symptomatic patients. An EF of less than 60% in the set-
ting of severe mitral regurgitation represents significant left ventricu-
lar dysfunction and predicts a worse outcome with surgery or medical 
management.305,310 Surgical techniques common in the 1980s probably 
also contributed to unfavorable postoperative outcomes. For instance, 
although the mechanisms are incompletely understood, resection of 
the subvalvular apparatus contributes to decreased left ventricular 
 systolic performance after mitral replacement.339

In part because of improved surgical techniques, the operative 
mortality rate for patients with organic mitral regurgitation who are 
younger than 75 years is about 1% in some centers.310 Besides pres-
ervation of the subvalvular apparatus, valve repair represents another 
surgical technique associated with improved postoperative out-
come.304,340 Although not applicable to all patients, such as those with 
advanced rheumatic disease, the popularity of valve repairs con-
tinues to grow. Studies indicate numerous benefits associated with 
mitral repair. For instance, after accounting for baseline characteris-
tics, patients who undergo mitral repair instead of replacement expe-
rience lower operative mortality and better long-term survival, largely 
because of improved postoperative left ventricular function.304,340 The 
survival benefit that accompanies valve repair also is observed among 
patients undergoing combined valve and CABG surgery.340 Valve repair 
does not increase the likelihood of reoperation when compared with 
replacement.340 Although originally used most often for posterior leaf-
let disease, surgeons now routinely repair anterior mitral leaflets with 
good success.341 When repairing anterior leaflet prolapse, surgeons may 
insert artificial chordae.342,343 The approach to flail or prolapsing poste-
rior mitral leaflet segments often involves resection of a portion of the 
leaflet.343 In addition to resecting a portion of the leaflet and plicating 
the redundant tissue, an annuloplasty ring often is placed to reduce 
mitral orifice size and return the annulus to a more anatomic shape.343 
Some surgeons favor a flexible, partial, posterior annuloplasty band, 
which may allow improved systolic contraction of the posterior annu-
lus and better postoperative left ventricular function.332,343,344

Timely and appropriate surgical referral helps improve the periop-
erative outcome of patients with mitral regurgitation. To appropriately 
refer patients for surgery, clinicians should have an understanding 
of the factors that influence surgical risk in this population.303 The 
 factors that correlated best with increased operative risk in patients 
with significant mitral regurgitation included age older than 75, severe 
preoperative symptoms of CHF, and concomitant CAD.310,345,346 Even 
though they represent a high-risk group, patients with severe mitral 
regurgitation and symptoms of HF should still be referred for surgery, 
because valve repair or replacement offers a survival advantage com-
pared with medical management.303,305 Similarly, although periopera-
tive risk remains increased, patients with evidence of left  ventricular 
dysfunction, such as an EF less than 60% or an end-systolic left ven-
tricular diameter greater than 45 mm, should be referred for surgery 
to prevent further, possibly irreversible deterioration in ventricular 
performance.141,303 Asymptomatic patients without evidence of left 
ventricular dysfunction also should be considered for surgery if con-
ditions such as AF, ventricular tachycardia, or pulmonary hyperten-
sion are identified or the effective regurgitant orifice is greater than 
40 mm.2,141,303 Institutional experience, particularly with techniques 
such as valve repair, is an important consideration for clinicians 
 contemplating early surgical referral.303

 Minimally Invasive Mitral Valve Surgery
Beginning in the mid-1990s, several groups adopted a minimally inva-
sive approach to mitral valve repair.347,348 Typically performed via lower 
ministernotomies or right parasternal incisions, aortic cannulation for 
CPB was accomplished via the chest. The venous cannula was placed 
either via the femoral vein347 or the right atrium.348 Standard surgical 
repair techniques were utilized. In reporting a series of 707 minimally 

invasive mitral valve repairs, McClure et al347 noted an operative mor-
tality rate of 0.4% and an incidence rate of stroke of 2%. Failed repair 
necessitating reoperation occurred in 4.8% of cases, with long-term fol-
low-up demonstrating 83% survival beyond 11 years. When compared 
with conventional sternotomy for mitral repair, these authors also noted 
reductions in hospital length of stay, aortic cross-clamp time, and total 
CPB time in their minimally invasive cases.347,349 Additional benefits of 
these minimally invasive approaches were reported by Svensson et al.348 
From a cohort of patients who underwent minimally invasive mitral 
repair between 1995 and 2004, the authors selected 590 cases that were 
matched using propensity scores with 590 patients who received mitral 
repair via conventional sternotomy. This study demonstrated improved 
pain scores and FEV

1
 (forced expiratory volume in 1 second), together 

with reductions in perioperative bleeding and transfusion require-
ments in the minimally invasive group. Procedural success was not 
reduced by the adoption of a minimally invasive approach, and in fact, 
there was a trend toward fewer patients with 3+ or 4+ residual mitral 
regurgitation at 1- and 5-year follow-up in this cohort.

The trend toward even less invasive mitral repair continued in the 
late 1990s with the advent of thoracoscopic and robotic-assisted proce-
dures. In 1996, Carpentier350 performed the first video-assisted mitral 
valve repair via a minithoracotomy with fibrillatory arrest. The era of 
robotic-assisted mitral repair began the following year when Mohr351 
used a voice-controlled robotic arm or AESOP (automated endoscopic 
system for optimal positioning) to provide thoracoscopic visualization 
of the mitral valve during a repair that was accomplished through a 
4-cm right thoracotomy. Then, in 1998, Carpentier used a prototype 
robotic system (da Vinci; Intuitive Surgical, Mountain View, CA) to 
perform a mitral repair.352 Although approved 2 years earlier for gen-
eral laparoscopic surgery, the da Vinci system was given FDA approval 
for mitral valve surgery in the United States in 2002.353 Since that time, 
there has been a rapid increase in literature reports related to robotic-
assisted cardiac surgery. In fact, within a 6-year period, more than 
200 articles were published related to robotic-assisted cardiac surgery, 
including 60 from a single author.354 Several centers have published 
series of more than 100 robotic cases.355–357

Currently, the concept of minimally invasive mitral surgery generally 
refers to valve repairs accomplished via a 3- or 4-cm right inframam-
mary incision in the fourth or fifth intercostal space (Figure 19-28). 
Several additional, 1-cm incisions surround the primary incision and 
facilitate placement of robotic arms or other thoracoscopic instru-
ments. The arterial cannula for CPB is inserted in the femoral artery 
(Figure 19-29). Venous cannulation is also accomplished via the fem-
oral route using TEE guidance (Figure 19-30). Supplementary venous 
drainage is used in some centers by inserting either a 15 to 17 French 
right internal jugular vein cannula or specialized PAC with multiple end 
holes that drains to the venous reservoir during CPB. Cardioplegia may 
be given either antegrade into the aortic root or retrograde via the cor-
onary sinus. Surgeons typically administer antegrade cardioplegia by 

Figure 19-28 Close-up view of the chest incisions for a robotic-assisted 
mitral valve repair. The surgeon has inserted his left index finger into the 
4-cm primary incision located in the fourth intercostal space.
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one of two methods. The first involves the placement of a catheter tip 
into the ascending aorta through a right parasternal stab incision under 
 thoracoscopic vision. This method is similar to standard antegrade 
 cardioplegia administration in median sternotomy cases. A long-shafted 
aortic cross-clamp placed through a stab incision in the right lateral 
chest wall is used to occlude the aorta distal to the cardioplegia cannula. 
The second method of antegrade cardioplegia administration utilizes 
a specialized endoaortic cannula inserted via the femoral artery. A bal-
loon near the distal end of this cannula is positioned in the ascending 
aorta using TEE guidance. Inflation of the balloon occludes the ascend-
ing aorta while antegrade cardioplegia delivery commences at the distal 
tip of the device. Although the choice of antegrade cardioplegia system 
varies between surgeons and institutions, use of the endoaortic clamp 
and cardioplegia delivery system have been associated with increased 

morbidity, cost, and cross-clamp times.358 Retrograde cardioplegia may 
be given, if desired, by means of a coronary sinus catheter that has been 
percutaneously placed via the right internal jugular vein. When using a 
right minithoracotomy approach, the actual repair may be performed 
using long-handled, thoracoscopic instruments (Figure 19-31) or robotic 
assistance. Though referred to as “robotic,” systems such as the da Vinci 
are probably more appropriately described as telemanipulators. As such, 
these devices receive direct input from the hands and feet of the sur-
geon who is seated at a remote console and translate these motions to 
end- effectors within the chest of the patient (Figure 19-32). Proponents 
of robotic-assisted mitral repair cite a number of advantages of this 
approach compared with minimally invasive thoracoscopic surgery.353 
When seated at the remote console of a robotic device, the surgeon 
has near-stereoscopic vision compared with viewing a 2D image on a 
television screen. In addition, robotic devices provide motion scaling 
and tremor filtration to smooth movements. Because the robotic arms 
have articulating “wrists” at their distal ends, the surgeon can achieve  
7 degrees of freedom of movement within the chest, similar to open sur-
gery. By comparison, long-handled thoracoscopic instruments, which 
are often oriented nearly parallel to one another, afford only 4 degrees 
of freedom. Both thoracoscopic and robotic-assisted approaches  utilize 
the same operative techniques as standard open repairs. Thus, tech-
niques such as leaflet resection, chordal insertion or transfer, sliding 
plasties, edge-to-edge repair, and annuloplasty band insertion may be 
used by experienced surgeons.

Figure 19-29 Intraoperative photograph taken from near the patient's 
head before robotic-assisted mitral valve repair. Femoral cannulation for 
cardiopulmonary bypass has been completed (top). The primary surgi-
cal incision and working ports are also shown (bottom).

LAIVC
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Figure 19-30 Midesophageal, bicaval, transesophageal echocar-
diogram demonstrating the venous cannula (arrows), which has been 
passed through the inferior vena cava (IVC), across the right atrium (RA), 
and into the superior vena cava (SVC). The left atrium (LA) is visualized 
at the top of the image.

Figure 19-31 Minimally invasive thoracoscopic mitral valve repair. 
The surgeon (right) is repairing the mitral valve via a right minithoraco-
tomy using long-shafted instruments. A thoracoscopic view of the mitral 
valve can be seen on the television monitor (left).

Figure 19-32 Robotic-assisted mitral valve repair. The surgeon 
(lower left) controls the robotic arms while seated at a console remote 
from the patient.
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The procedural success and operative mortality of robotic-assisted 
mitral repair in larger series appear relatively comparable with tradi-
tional surgical approaches. In reporting their first 300 robotic-assisted 
mitral repairs, Chitwood et al355 noted a 30-day mortality of 0.7% with 
a stroke rate of 0.7%. Mean CPB time was 159 minutes with a mean 
aortic cross-clamp time of 122 minutes. Eighty-nine concomitant pro-
cedures were performed, such as the Maze procedure and closure of 
atrial level shunts. At a mean follow-up of 815 days, 93% of patients 
were found to have residual mitral regurgitation that ranged from 
none to mild. Technical failure, such as annuloplasty band dehiscence, 
led to reoperation in 3.3% of cases. Hospital length of stay averaged 
5.2 days. Cheng et al356 recently described the outcomes of their first 
120 robotic-assisted mitral repair cases. Similar to Chitwood et al,355 
Cheng et al356 reported a 30-day mortality rate of less than 1%. Mean 
CPB time was 157 minutes with a mean aortic cross-clamp time of 
117 minutes. Fifty-three concomitant procedures were performed in 
these patients. Failed repair necessitating reoperation was encountered 
in 5% of cases. Citing a procedural learning curve, the authors noted 
that all failed repairs occurred within the first 74 cases. Average hospital 
length of stay was 6.3 days.

Just as catheter-based techniques have been developed to treat valvu-
lar AS, efforts also are under way to develop catheter-based interventions 
for mitral regurgitation. Currently, the two primary percutaneous tech-
niques under investigation involve edge-to-edge repair and annuloplasty 
band insertion.359 The edge-to-edge repair, popularized in open mitral 
operations by Alfieri, uses a percutaneously delivered clip to secure the 
anterior leaflet to the posterior leaflet, thereby creating a double-orifice 
mitral valve. Although several proprietary devices are under develop-
ment by different manufacturers, the MitraClip (Evalve, Menlo Park, 
CA) is currently the subject of investigation in the phase II multicenter 
EVEREST II (Endovascular Valve Edge-to-edge Repair Study) trial.360

Although transventricular devices are under investigation, the most 
popular approach to percutaneous mitral annuloplasty relies on the 
anatomic proximity of the coronary sinus to the posterior mitral annu-
lus. Tension applied to a device anchored in the coronary sinus has 
effectively limited mitral annular size both in animal models and early 
human experience.360

 Anesthetic Considerations
Patients who present to the operating room with mitral regurgita-
tion may differ significantly with respect to duration of disease, symp-
toms, hemodynamic stability, ventricular function, and involvement of 
the right heart and pulmonary circulation (Box 19-4). For instance, 
a patient with severe mitral regurgitation caused by acute papillary 
muscle rupture may enter the operating room in cardiogenic shock 
with pulmonary congestion requiring intra-aortic balloon pump aug-
mentation. Another patient with a newly diagnosed flail posterior 
mitral leaflet may enter the surgical suite with relatively preserved 
left ventricular function and no symptoms whatsoever. In the latter 
patient, the compliance of the left atrium may have prevented pulmo-
nary vascular congestion, pulmonary hypertension, and right ventric-
ular dysfunction. Despite the differences in presentation, the general 
management goals remain similar and include maintenance of forward 
cardiac output and reduction in the mitral regurgitant fraction. The 
anesthesiologist also must seek to optimize right ventricular function, 
in part by avoiding increases in pulmonary vascular congestion and 
pulmonary hypertension. Various degrees of intervention are needed 

to achieve these hemodynamic management goals, depending on the 
patient's presentation.

Information obtained during the preoperative interview and exami-
nation provides the anesthesiologist with important insight into the 
patient's degree of hemodynamic compromise. For example, a patient 
who reports dyspnea at rest or with minimal activity may have signifi-
cant pulmonary vascular congestion and possibly compromised right 
ventricular function. This information combined with the estimated 
pulmonary artery systolic pressure derived from the preoperative TTE 
report helps the anesthesiologist prepare for potential right-heart dys-
function intraoperatively. In such a patient, the anesthesiologist avoids 
heavy premedication with its attendant risk for obtundation, hypoven-
tilation, and further increase of PAPs. Auscultation of the heart may 
reveal rhythm disturbances such as AF and the systolic murmur of 
mitral regurgitation. Clinicians should recall, however, that in cases of 
acute, severe mitral regurgitation, a significant increase in LA pressure 
decreases the systolic pressure gradient between the left heart cham-
bers, and the murmur of mitral regurgitation may be diminished or 
even absent.302

Invasive hemodynamic monitoring provides the anesthesiolo-
gist with a wealth of important information. Arterial catheters are 
essential for monitoring beat-to-beat changes in blood pressure that 
occur in response to a variety of surgical and anesthetic manipula-
tions. PACs facilitate many aspects of intraoperative patient manage-
ment. Intraoperative use of a PAC allows the anesthesiologist to more 
 carefully optimize left-sided filling pressures. Although the PCWP and 
pulmonary artery diastolic pressure depend on LA and left ventricular 
compliance and filling, examination of intraoperative trends in these 
variables enhances the ability of the anesthesiologist to provide appro-
priate levels of preload while avoiding volume overload. Periodic deter-
mination of cardiac output allows a more objective assessment of the 
patient's response to interventions such as fluid administration or ino-
tropic infusion. The presence or size of a v wave on a PCWP  tracing 
does not reliably correlate with the severity of mitral regurgitation, 
because this finding depends on LA compliance. Just as in the man-
agement of patients with aortic valvular regurgitation, another ben-
efit of PAC insertion is the ability to introduce a ventricular pacing 
wire to rapidly counteract hemodynamically significant bradycardia. 
In patients with right ventricular compromise, monitoring trends in 
the CVP recording also may be helpful. Tricuspid regurgitation (TR) 
detected through analysis of the CVP tracing may suggest right ventric-
ular dilatation, which may be caused by pulmonary hypertension.361

Intraoperative TEE provides invaluable information during the 
 surgical correction of mitral regurgitation. It reliably identifies the 
mechanism of mitral regurgitation, thereby guiding the surgical 
approach,362 and it objectively demonstrates the size and function of 
the cardiac chambers. TEE can readily identify the cause of hemody-
namic derangements, facilitating proper intervention. For instance, the 
appearance of SAM of the mitral apparatus immediately after valve 
repair allows the anesthesiologist to intervene with volume infusion 
and medications such as esmolol or phenylephrine as appropriate. In 
rare circumstances when hemodynamically significant SAM persists 
despite these interventions, the surgeon may elect to further repair or 
even replace the mitral valve. TEE also identifies concomitant pathol-
ogy that may warrant surgical attention, such as atrial level shunts and 
additional valve disease (see Chapters 12 and 13).

During minimally invasive and robotic-assisted mitral valve surgery, 
intraoperative TEE is essential. The use of a right minithoracotomy for 
these procedures precludes bypass cannulation via the chest. Instead, 
femoral arterial and venous cannulation are selected, with or without 
supplementary venous drainage from the superior vena cava or pul-
monary artery. Real-time TEE imaging typically guides cannulation 
for CPB. If an endoaortic balloon clamp is used, the echocardiogra-
pher ensures that the balloon is correctly positioned in the ascending 
aorta. If a transthoracic aortic cross-clamp is chosen, the aortic can-
nula inserted into the femoral artery generally is not visualized with 
TEE. However, confirmation of guidewire placement in the descend-
ing aorta may be requested to exclude accidental passage into the 

BOX 19-4. MITRAL REGURGITATION

Preload: increased
Afterload: decreased
Goal: mild tachycardia, vasodilation
Avoid: myocardial depression
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contralateral iliac artery. The desired position of the tip of the femo-
ral venous cannula is variable; some prefer the tip within the superior 
vena cava, whereas others select the right atrium or inferior vena cava-
right atrial junction. Whatever the chosen position for the venous can-
nula, TEE imaging can identify a malpositioned cannula or guidewire 
(Figure 19-33). Tamponade after perforation of the LA appendage by 
a guidewire that was placed across a patent foramen ovale has been 
reported.363 TEE also is invaluable during the percutaneous placement 
of coronary sinus catheters for retrograde cardioplegia delivery (Figure 
19-34A and B). Patients who may benefit from retrograde cardioplegia, 
such as those with significant AR, may be identified by the intraopera-
tive echocardiographer.

In addition to specific TEE considerations related to cannulation 
procedures, the selection of a minimally invasive or robotic-assisted 
approach to mitral repair necessitates other changes in anesthetic man-
agement. Though not universally used, one-lung ventilation is preferred 
in many centers. This may be achieved by the usual methods, such as a 
double-lumen endotracheal tube or bronchial blocker. Impaired oxy-
genation is not uncommon when one-lung ventilation is used during 
the termination of CPB during these procedures.364 The delivery of  
cardioplegia requires special attention from both the surgical and 
 anesthesia teams. If an endoaortic balloon clamp system is used, one 
or more methods should be used to verify its position. In addition to 

TEE, some centers place arterial catheters in both the right and left radial 
arteries; dampening of the right radial arterial waveform could signify 
balloon migration toward the innominate artery. If retrograde car-
dioplegia is administered via a percutaneously placed catheter, its posi-
tion should be well documented by TEE, with or without fluoroscopy. 
Coronary sinus pressure should be monitored at baseline, during bal-
loon inflation, and during cardioplegia administration. External patches 
for defibrillation are generally applied before patient positioning. A mul-
timodal approach to analgesia may facilitate early extubation in these 
patients. Some centers include a regional technique such as intrathecal 
opioids or paravertebral blocks as part of the  anesthetic plan.

The intraoperative management of patients with mitral regurgita-
tion before the institution of CPB focuses on optimizing forward car-
diac output, minimizing the mitral regurgitant volume, and  preventing 
deleterious increases in PAPs. Maintaining adequate left ventricular 
preload is essential. An enlarged LV that operates on a higher portion 
of the Frank-Starling curve requires adequate filling. At the same time, 
excessive volume administration is to be avoided because it may cause 
unwanted dilatation of the mitral annulus and worsening of the mitral 
regurgitation. Excessive fluid administration may precipitate right ven-
tricular failure in patients with pulmonary vascular congestion and 
pulmonary hypertension. Optimization of preload is aided by analysis 
of data obtained from PAC measurements and TEE images. Because 
significant left ventricular dysfunction is present in many patients with 
mitral regurgitation, anesthesiologists often select specific induction 
and maintenance regimens to avoid further depressing left ventricular 
function. For this reason, large doses of narcotics have been popular 
in the past.151,152 Other researchers have shown that smaller doses of 
narcotics combined with vasodilating inhalation anesthetics also pro-
duce acceptable intraoperative hemodynamics.365,366 By reducing the 
amount of narcotics administered, the addition of a vasodilating inha-
lation agent to the anesthetic regimen may allow for faster extubation 
of the trachea after surgery. With the current trend toward early refer-
ral of asymptomatic patients for mitral repair, anesthetic  regimens that 
reduce the duration of postoperative mechanical  ventilation may be 
advantageous.

In patients with severe left ventricular dysfunction, infusions 
of inotropic medications such as dopamine, dobutamine, or even 
epinephrine may be required to maintain an adequate cardiac out-
put. Phosphodiesterase inhibitors such as milrinone also may aug-
ment  systolic ventricular performance and reduce pulmonary 
and  peripheral vascular resistances. By reducing pulmonary and 

Figure 19-33 Midesophageal, bicaval, transesophageal echocardio-
gram demonstrating the J-tipped guidewire for the femoral venous 
 cannula crossing a patent foramen ovale.

A B

Figure 19-34 A, Modified midesophageal, bicaval, transesophageal echocardiogram demonstrating a percutaneously placed coronary sinus cath-
eter entering the coronary sinus (left side). B, Intraoperative fluoroscopic image taken after contrast injection into the distal tip of a correctly placed 
coronary sinus catheter.
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peripheral vascular resistance, forward cardiac output is facilitated. 
Nitroglycerin and sodium nitroprusside represent two  additional 
options for reducing the impedance to ventricular ejection. If 
patients prove refractory to inotropic and vasodilator therapy, inser-
tion of an intra-aortic balloon pump should be strongly considered 
(see Chapters 10, 13, 27, 32, and 34).

Manipulation of the heart rate may be necessary in some patients 
to optimize hemodynamics. Bradycardia generally should be avoided 
because slower heart rates allow for larger filling volumes, poten-
tially resulting in left ventricular distention and mitral annular dilata-
tion. Regurgitant volumes may increase at slower heart rates. Slightly 
increased heart rates, especially when combined with increased left 
ventricular contractility, favor a smaller mitral annular area and may 
decrease the regurgitant fraction. Sinus rhythm and preserved atrial 
contraction are less important in patients with mitral regurgitation 
compared with patients with stenotic valves. Mitral annular dilatation 
accompanies most cases of long-standing mitral regurgitation. Patients 
with pure mitral regurgitation generally have no impedance to left 
 ventricular filling, and AF usually is better tolerated than in patients 
with stenotic lesions.

Because severe mitral regurgitation may result in pulmonary 
hypertension and right ventricular dysfunction, anesthesiologists 
should tailor their intraoperative management strategies accord-
ingly. Hypercapnia, hypoxia, and acidosis increase PAPs and should 
be avoided. Mild hyperventilation may be beneficial in some patients. 
The effect of nitrous oxide on pulmonary vascular resistance (PVR) 
and pulmonary hypertension is controversial. Some studies show 
no change in PVR when administered to anesthetized patients with 
CAD or VHD.367–369 Other studies in patients with MS demonstrate 
an increase in PVR after nitrous oxide administration, and in vitro 
 evidence suggests that nitrous oxide increases norepinephrine release 
from the pulmonary artery.370–372

Patients with severe right ventricular dysfunction after CPB can prove 
exceptionally difficult to manage. Besides avoiding the factors known 
to increase PVR, only a few options exist for these patients. Inotropic 
agents with vasodilating properties such as dobutamine, isoproterenol, 
and milrinone augment right ventricular systolic  performance and 
decrease PVR, but their use often is confounded by systemic hypoten-
sion. Prostaglandin E

1
 (PGE

1
) reliably reduces PVR and undergoes 

extensive first-pass metabolism in the pulmonary  circulation.373,374 
Although PGE

1
 reduces PAPs after CPB, systemic hypotension requir-

ing infusions of vasoconstrictors through an LA catheter also has 
occurred.375–378 Inhaled nitric oxide represents another alternative 
available for the treatment of right ventricular failure in the setting of 
pulmonary hypertension. Nitric oxide reliably relaxes the pulmonary 
vasculature and is then immediately bound to hemoglobin and inac-
tivated. Studies indicate that systemic hypotension during nitric oxide 
therapy is unlikely.379,380 (See Chapter 24.)

Left ventricular dysfunction also may contribute to post-CPB hemo-
dynamic instability. With mitral competence restored, the low-pressure 
outlet for left ventricular ejection is removed. The enlarged LV must 
then eject entirely into the aorta. Because left ventricular enlargement 
leads to increased wall stress, a condition of increased afterload often 
exists after CPB. At the same time, the preload augmentation inherent 
to mitral regurgitation is removed. It is, therefore, not surprising that 
the systolic performance of the LV often declines after surgical correc-
tion of mitral regurgitation. Treatment options in the immediate post-
CPB period include inotropic and vasodilator therapy and, if necessary, 
intra-aortic balloon pump augmentation.

MITRAL STENOSIS

 Clinical Features and Natural History
Clinically significant MS in adult patients usually is a result of rheu-
matic disease. Congenital abnormalities of the mitral valve represent 
a rare cause of MS in younger patients. Other uncommon conditions 
that do not directly involve the mitral valve apparatus but may limit left 

ventricular inflow and simulate the clinical findings of MS include cor 
triatriatum, large LA neoplasms, and pulmonary vein obstruction.381

A decades-long asymptomatic period characterizes the initial phase 
of rheumatic MS. Symptoms rarely appear until the normal mitral 
valve area of 4 to 6 cm2 (Figure 19-35) has been reduced to 2.5 cm2 or 
less.382 When the mitral valve area reaches 1.5 to 2.5 cm2, symptoms 
usually occur only in association with exercise or other conditions such 
as fever, pregnancy, or AF, that lead to increases in heart rate or cardiac 
output.383,384 After the mitral valve area decreases to less than 1.5 cm2, 
symptoms may develop at rest. Some patients are able to remain asymp-
tomatic for long periods by gradually reducing their level of activity.381 
Patients with MS commonly report dyspnea as their initial symptom, a 
finding reflective of increased LA pressure and pulmonary congestion. 
In addition to dyspnea, patients may report palpitations that signal the 
onset of AF. Systemic thromboembolization occurs in 10% to 20% of 
patients with MS and does not appear to be correlated with the mitral 
valve area or LA size.383 Chest pain that simulates angina is present in 
a small number of patients with MS and may result from RVH rather 
than CAD.383
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Figure 19-35 Hemodynamic changes with progressive narrowing 
of the mitral valve. CO, cardiac output; LA, left atrium; PA, pulmo-
nary artery. (From Rapaport E: Natural history of aortic and mitral valve 
 disease. Am J Cardiol 35:221, 1971.)
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There has been a change in the typical age of presentation of patients 
with MS.383 Previously, patients, often women, presented with MS while 
in their 20s and 30s.383,385,386 Since the early 1990s, perhaps because of 
more slowly progressive disease in the United States, patients have been 
presenting in their 40s and 50s.383,387,388 After symptoms develop, MS 
remains a slow, progressive disease. Often, patients live 10 to 20 years 
with mild symptoms, such as dyspnea with exercise, before disabling 
NYHA Class III and IV symptoms develop. The symptomatic state 
of the patient predicts the clinical outcome. For instance, the 10-year 
survival rate of patients with mild symptoms approaches 80%, but 
the 10-year survival rate of patients with disabling symptoms is only 
15% without surgery.383,388–390

 Pathophysiology
Rheumatic MS results in valve leaflet thickening and fusion of the com-
missures. Later in the disease process, leaflet calcification and subval-
vular chordal fusion may occur.383 These changes combine to reduce 
the effective mitral valve area and limit diastolic flow into the LV. As a 
result of the fixed obstruction to left ventricular inflow, LA pressures 
increase. Elevated LA pressures limit pulmonary venous drainage and 
result in increased PAPs.310 Over time, pulmonary arteriolar hypertro-
phy develops in response to chronically increased pulmonary vascular 
pressures.311 Pulmonary hypertension may trigger increases in RVEDV 
and RVEDP, and in some patients, signs of right ventricular failure 
such as ascites or peripheral edema may appear.385,386 LA enlargement 
is an almost-universal finding in patients with established MS and is a 
risk factor for the development of AF.

Patients with MS tolerate tachycardia particularly poorly. Left ven-
tricular inflow, already limited by a mechanically abnormal valve, 
is further compromised by the disproportionate decline in the dia-
stolic period that accompanies tachycardia. The flow rate across the 
stenotic valve must increase to maintain left ventricular filling in a 
shorter  diastolic period. Because the valve area remains constant, 
the pressure gradient between the LA and LV increases by the square 
of the increase in the flow rate, according to the Gorlin formula, in 
which PG is the transvalvular pressure gradient:

Tachycardia necessitates a significant increase in the transvalvu-
lar pressure gradient and may precipitate feelings of breathlessness in 
awake patients. In patients with AF, it is the increased ventricular rate 
that is most deleterious, rather than the loss of atrial contraction.312 
Although coordinated atrial activity is always preferable, the primary 
goal in treating patients with MS and AF should be control of the 
 ventricular rate.

MS results in diminished left ventricular preload reserve. As seen 
in the pressure-volume loop in Figure 19-36, LVEDV and LVEDP are 
reduced with an accompanying decline in SV. Controversy exists, how-
ever, regarding the contractile state of the LV in these patients. Gash 
et al391 reported that almost one third of their study population of 
patients with MS had an EF less than 50%. Limited preload may con-
tribute to a reduced EF in some of these patients. However, the obser-
vation that left ventricular contractile impairment persists after surgery 
in some patients suggests that other causes of left ventricular dysfunc-
tion may exist. Rheumatic myocarditis has been reported, although 
its role in producing left ventricular contractile dysfunction is uncer-
tain.391 Other investigators have described posterobasal regional wall 
motion abnormalities, perhaps a consequence of thickening and cal-
cification of the mitral apparatus.314,315 Vasoconstriction occurring in 
response to diminished CO also may impair left ventricular ejection.392 
Afterload also may be increased because of inadequate myocardial wall 
thickness.391 The lack of adequate wall thickness leads to elevations in 
wall stress in accordance with the law of Laplace.

In addition to abnormalities in systolic function, patients with 
MS may have impaired diastolic function. MS creates an obvious 
 impairment of left ventricular diastolic filling. However, the intrinsic 

compliance of the LV also may be reduced by the rheumatic disease 
process. Using conductance catheter and micromanometer techniques, 
Liu et al393 discovered decreased left ventricular compliance in a group 
of patients with MS scheduled for mitral balloon valvuloplasty. On 
repeat measurements taken immediately after valvuloplasty, the inves-
tigators observed a significant increase in left ventricular compliance. 
Because the increase in compliance occurred immediately after valvu-
loplasty, the physicians hypothesized that the changes associated with 
rheumatic MS create an internal constraint that limits left ventricular 
compliance.

 Assessment of Mitral Stenosis
As for patients with mitral regurgitation, echocardiography represents 
the diagnostic modality of choice for patients with suspected MS.381,394,395 
Two-dimensional and Doppler echocardiographic techniques are able 
to accurately and noninvasively measure the transvalvular pressure gra-
dient and mitral valve area. Because the pressure gradient varies with 
the flow rate and diastolic period, the assessment of MS severity ide-
ally should be based on the measured or calculated mitral valve area.381 
Echocardiographic methods used to obtain mitral valve area include 
the pressure half-time technique, the continuity equation,  planimetry 
of the valve orifice, and PISA analysis. Other invaluable information 
obtained during an echocardiographic study includes the size and 
function of the ventricle and an estimation of the PAP.

Exercise echocardiography can be used when the patient's symp-
toms and the resting echocardiographic data are discordant.394 In such 
cases, echocardiography may be performed while the patient exer-
cises on a supine bicycle. If during exercise the transmitral gradient 
or PAP increases significantly, MS is the likely cause of the patient's 
symptoms.394

With the accuracy and widespread use of echocardiography,  cardiac 
catheterization and invasive measurements of hemodynamics are 
almost never necessary.383,395 Even patients referred for preoperative 
coronary angiography need not undergo invasive hemodynamic stud-
ies at the time of catheterization if adequate echocardiographic data 
already have been obtained.395 Catheter-based hemodynamic assess-
ments are reserved for situations in which echocardiographic studies 
are suboptimal or conflict with the clinical picture because invasive 
mitral valve hemodynamic studies are complex and limited.383 For 
instance, a transseptal puncture is required to measure the LA-to-LV 
pressure gradient directly and entails risks such as tamponade, aortic 
injury, and heart block.383 If the PCWP is used in place of direct LA 
pressure measurements, the gradient derived is less accurate than that 
obtained with Doppler echocardiography.319
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Similar to patients with mitral regurgitation, nonspecific findings 
commonly are seen on electrocardiograms and chest radiographs in 
patients with MS. Potential ECG findings include AF and LA enlarge-
ment. Radiographs may also reveal LA enlargement and pulmonary 
vascular congestion.

 Surgical Decision Making
Appropriate referral of patients for surgical intervention requires inte-
gration of clinical and echocardiographic data. Patients presenting with 
severe symptoms (i.e., NYHA Class III and IV) should be immediately 
referred for surgery because their outcome is poor if treated medi-
cally.313,383 Patients with only mild MS and few or no symptoms may 
be managed conservatively with periodic evaluation. Patients who are 
asymptomatic but have moderate MS (i.e., mitral valve area between 
1.0 and 1.5 cm2) require careful assessment. If significant pulmonary 
hypertension (i.e., pulmonary artery systolic pressure > 50 mm Hg) is 
present, surgical intervention should be considered.313 Intervention also 
may be indicated if a patient becomes symptomatic or PAPs increase 
significantly during exercise testing.383

The surgical options for treating MS continue to evolve. Closed 
commissurotomy, in which the surgeon fractures fused mitral commis-
sures, was first performed in the 1920s. It became popular in the 1940s 
and still is used to treat MS in developing countries.394 With the advent 
of CPB in the 1950s, techniques of open commissurotomy developed, 
allowing the surgeon to directly inspect the valve before splitting the 
commissures.394 The common goals of closed and open mitral com-
missurotomy include increasing the effective mitral valve area and 
decreasing the LA-to-LV pressure gradient, with a resultant relief in the 
patient's symptoms.

Percutaneous mitral commissurotomy (PMC) allows a less inva-
sive, catheter-based approach to MS. First reported by Inoue in 1984,396 
 clinicians worldwide perform PMC more than 10,000 times each 
year.397 The technique of PMC involves directing a balloon-tipped 
catheter across the stenotic mitral valve. Specifically designed balloons 
allow sequential inflation of the distal and proximal portions of the 
balloon, ensuring correct positioning across the mitral valve before 
the middle portion of the device is inflated to split the fused commis-
sures.398 Patient selection for PMC requires careful echocardiographic 
evaluation. Echocardiographic grading scales have been developed to 
evaluate mitral leaflet mobility, thickness, calcification, and subvalvu-
lar fusion.399 Patients who score favorably on such echocardiographic 
assessments (i.e., adequate leaflet mobility with little calcification) 
may be referred for PMC. Success rates for PMC are similar to those 
achieved with surgical commissurotomy, and most patients experi-
ence a doubling in the effective mitral valve area.394 An increase in the 
amount of mitral regurgitation represents the most common compli-
cation associated with PMC.394

Not all patients are candidates for surgical commissurotomy or 
PMC. For instance, those with heavily calcified valves or significant 
mitral regurgitation are likely to experience suboptimal results after 
commissurotomy. Mitral valve anatomy unsuitable for PMC is more 
commonly encountered in Western countries, where patients with MS 
typically present at an older average age.397 Mitral valve replacement 
commonly is recommended for these patients. The risk for mitral valve 
replacement depends on patient characteristics such as age, functional 
status, and other comorbid conditions.394 Surgical risk in younger 
patients with few coexisting medical problems generally is less than 
5%. Conversely, surgical risk in elderly patients with severe symptoms 
related to MS and multiple comorbidities may be 10% to 20%.394

 Anesthetic Considerations
Several important goals should guide the anesthetic management of 
patients with significant MS. First, the anesthesiologist should seek 
to prevent tachycardia and treat it promptly if it develops in the peri-
operative period (Box 19-5). Maintenance of left ventricular preload 
without exacerbation of pulmonary vascular congestion represents a 

second management goal. Third, anesthesiologists should avoid factors 
that aggravate pulmonary hypertension and impair right ventricular 
function.

Prevention and treatment of tachycardia are central to the periop-
erative management of these patients. Tachycardia shortens the dia-
stolic filling period. An elevation in transvalvular flow rate is required 
with a resultant increase in the LA-to-LV pressure gradient to maintain 
left ventricular preload with a shortened diastolic period. Avoidance 
of tachycardia begins in the preoperative period. Anxiety-induced 
tachycardia may be treated with small doses of narcotics or benzodi-
azepines. However, excessive sedation is counterproductive because 
 sedative-induced hypoventilation can result in hypoxemia or hypercar-
bia, potentially aggravating a patient's underlying pulmonary hyper-
tension, and because large doses of premedication can jeopardize the 
patient's already limited left ventricular preload. Appropriate monitor-
ing and supplemental oxygen therapy should be considered for patients 
receiving preoperative narcotics or benzodiazepines. Medications taken 
by the patient before surgery to control heart rate, such as digitalis, 

-blockers, calcium-receptor antagonists, or amiodarone, should be 
continued in the perioperative period. Additional doses of -blockers 
and calcium-receptor antagonists may be required intraoperatively, 
particularly to control the ventricular rate in patients with AF. Control 
of the ventricular rate remains the primary goal in managing patients 
with AF, although cardioversion should not be withheld from patients 
with atrial tachyarrhythmias who become hemodynamically unstable. 
Narcotic-based anesthetics often are helpful in avoiding intraopera-
tive tachycardia. However, clinicians should realize these patients may 
be receiving other vagotonic drugs, and that profound bradycardia is 
possible in response to large doses of narcotics.326,327 The selection of a 
muscle relaxant such as pancuronium may help prevent the unwanted 
bradycardia associated with high-dose narcotics.

Maintenance of preload is another important goal for manag-
ing patients who have a fixed obstruction to left ventricular filling. 
Appropriate replacement of blood loss and prevention of excessive 
anesthetic-induced venodilation help preserve hemodynamic stability 
intraoperatively. Invasive hemodynamic monitoring allows the anes-
thesiologist to maintain adequate preload while avoiding excessive 
fluid administration that could aggravate pulmonary vascular conges-
tion. Placement of an arterial catheter facilitates timely recognition of 
hemodynamic derangements. PACs can be invaluable in the manage-
ment of patients with significant MS. Even though the PCWP over-
estimates left ventricular filling and the pulmonary artery diastolic 
pressure may not accurately reflect left-heart volume in patients with 
pulmonary hypertension, examination of trends and responses to 
intervention can be more readily assessed. Tachycardia increases the 
pressure gradient between the left atrium and LV. Increased heart rates 
widen the discrepancy between the PCWP and the true LVEDP. Despite 
these limitations, the PAC remains a useful monitoring tool, providing 
information on cardiac output and PAPs. As anesthesiologists gain an 
increasing appreciation for the role of intraoperative TEE, this power-
ful imaging modality will no doubt be used more frequently to assess 
ventricular filling and function.

Many patients with MS present with pulmonary hypertension. 
Anesthetic techniques that avoid increases in PVR are likely to benefit 
these patients and prevent additional right ventricular embarrassment. 
Meticulous attention to arterial blood gas results allows appropriate 
adjustment of ventilatory parameters. Vasodilator therapy in patients 
with pulmonary hypertension generally is ineffective because the 

BOX 19-5. MITRAL STENOSIS

Preload: normal or increased
Afterload: normal
Goal: controlled ventricular response
Avoid: tachycardia, pulmonary vasoconstriction
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 venodilation produced further limits left ventricular filling and does 
not improve cardiac output. The only MS patients who may benefit 
from vasodilator therapy are those with concomitant mitral regurgi-
tation, or those with severe pulmonary hypertension and right ven-
tricular dysfunction in whom pulmonary vasodilation can facilitate 
transpulmonary blood flow and improve left ventricular filling.325 
The treatment of right ventricular dysfunction has been discussed in 
 preceding sections.

TRICUSPID REGURGITATION

 Clinical Features and Natural History
Surgical tricuspid disease is caused by a structural defect in the valve 
apparatus or is a functional lesion. Functional TR is far more com-
mon and usually results from right ventricular overload and tricuspid 
annular dilation. Left-sided valvular disease, usually mitral regurgita-
tion, most commonly is responsible. Functional tricuspid incompe-
tence also can result from MS, AR, or AS, or from isolated pulmonary 
hypertension. When mitral regurgitation is severe enough to warrant 
valve repair or replacement, TR may be present in 30% to 50% of 
patients.400–402

TR also may be caused by structural defects as in rheumatic valve 
disease, carcinoid syndrome, endocarditis, Epstein's anomaly, or 
trauma.403,404 In rheumatic disease, histologic involvement of the tri-
cuspid valve may occur in 46% of patients, but it is rarely clinically 
severe, and in these cases, the valve usually is also stenotic.56,405 TR also 
has been described in association with CAD as a result of ischemia, 
infarction, or rupture of the right ventricular papillary muscles.406

Another cause of structural tricuspid valve defects may be occur-
ring with increasing frequency. Although this has not been reported 
in the literature, at some institutions, such as that of the authors, there 
appears to be an increasing incidence of isolated tricuspid insufficiency 
related to long-standing transvenous pacemaker wires. Given the rapid 
escalation of the use of pacemakers and the aging of the population, 
this result is expected. This is occurring in the absence of endocarditis. 
The presence of the pacemaker wire tends to scar and tether one of the 
tricuspid leaflets. Historically, isolated tricuspid repair or replacement 
has been uncommon, but physicians may see more of this procedure 
for this reason.

Symptoms of isolated tricuspid insufficiency are usually minor in 
the absence of concurrent pulmonary hypertension. Intravenous drug 
abusers who experience development of tricuspid endocarditis are the 
classic example. In these patients, structural damage to the valve may 
be quite severe, but because they are free of other cardiac disease, they 
can tolerate complete excision of the tricuspid valve with few adverse 
effects.407 Excision of the tricuspid valve in endocarditis has been com-
mon because of the undesirability of placing a valve prosthesis in a 
region of infection.404 Surgical annuloplasty may be a better long-
term option if the valve is structurally salvageable. Another factor that 
broadly favors tricuspid repair rather than replacement is the high inci-
dence of thrombotic complications with a valve in this position. The 
lower pressure and flow state on the right side of the heart are respon-
sible for this phenomenon. Increasingly, valve replacement in the 
tricuspid area is relegated to those patients who truly have unrecon-
structable rheumatic valve disease, totally destroyed tricuspid valves 
from  endocarditis, or rare congenital lesions.408–414 This is true because 
the literature shows improved longer-term outcomes with valve repair 
over replacement.415

In chronic TR caused by right ventricular dilation, the clinical sce-
nario often is much different from that of isolated tricuspid disease. The 
major hemodynamic derangements are usually those of the associated 
mitral or aortic valve disease. The RV dilates in the face of the afterload 
stress from long-standing pulmonary hypertension, and the resultant 
increase in end-diastolic fiber stretch (i.e., preload reserve) promotes 
increases in SV mediated by the Starling mechanism. These increases 
are negated by a concurrently increasing right ventricular afterload, 
however, because of relatively inadequate RVH.416 Regurgitation 

through the tricuspid valve reduces right ventricular wall tension at the 
price of a decrease in effective forward SV.

An important corollary of right ventricular chamber enlargement 
is the possibility of a leftward shift of the interventricular septum and 
encroachment on the left ventricular cavity.417 This phenomenon can 
reduce the left ventricular chamber size and the slope of the left ven-
tricular diastolic pressure-volume curve, rendering the LV less compli-
ant.418–420 Septal encroachment may mask left ventricular underfilling 
by decreasing left ventricular compliance, thereby artificially increasing 
LVEDP. A failing right ventricular underloads the left side by reduced 
effective SV and anatomic (septal shift) mechanisms.

Right ventricular failure may be relatively mild early in the course 
of functional TR, but over time, the regurgitation will worsen, with 
further dilation leading to further right ventricular volume overload 
and chamber enlargement, which may worsen the tricuspid incom-
petence.403 As in mitral regurgitation, the incompetent tricuspid valve 
serves as a pop-off circulation during right ventricular systole, and over 
time, the capacitance of the right atrium and vena cavae can increase 
dramatically. Untreated, this eventually leads to systemic venous con-
gestion, hepatic congestion, severe peripheral edema, and ascites. 
Because tricuspid insufficiency in the absence of pulmonary hyperten-
sion is rare, it has been difficult to demonstrate that chronic volume 
overload and ventricular dilation result in right ventricular cardio-
myopathy. However, when right ventricular volume overload occurs 
in the context of pulmonic valve insufficiency, right ventricular fail-
ure results from volume overload.421 Clinical experience supports the 
 presumption of right ventricular cardiomyopathy in severe TR as well. 
In late tricuspid insufficiency, right ventricular function can decline 
when  tricuspid valve repair renders the valve competent.

 Surgical Decision Making
In structural tricuspid insufficiency, the decision to repair or replace 
the valve is straightforward. The same cannot be said of functional TR. 
Because most functional cases are the consequence of left-sided valve 
lesions with right ventricular overload, the TR usually improves signifi-
cantly after the aortic or mitral valve is repaired or replaced, typically at 
least one grade. It can be unclear in the operating room whether addi-
tion of a tricuspid procedure to the left-sided valve surgery is indicated. 
In this situation, intraoperative TEE plays an essential role. If the TR 
is severe in the pre-CPB assessment, tricuspid valve surgery is almost 
always performed.400 However, the evidence is less clear when the 
regurgitation is graded as moderate. Some surgeons choose to repair 
the tricuspid with moderate regurgitation, but others advocate obser-
vation.400,402,422 It is common with moderate or moderate-to-severe TR, 
in the context of left-sided valve surgery, to complete the left-sided pro-
cedure and then reassess the tricuspid valve with TEE when the heart is 
full and ejecting.423,424 If the regurgitation remains more than moderate 
after the left-sided valve is fixed, many surgeons then do the tricuspid 
procedure. If the regurgitation is moderate or less, the appropriate sur-
gical course may remain unclear. Some patients having left-sided valve 
procedures must return to the operating room in the future for tricus-
pid surgery, and data from the Mayo Clinic suggest that this problem 
may be increasing.425 When this occurs, the morbidity and mortality 
rates are probably significantly increased over what would have been 
experienced were the tricuspid valve fixed at the time of the aortic or 
mitral valve procedure. Decision making in functional TR is made 
more complicated by the inability to rigorously quantify the severity 
of the regurgitation and right ventricular dysfunction.425 When regur-
gitation is severe or mild, the assessment of the severity of TR is not 
critical to surgical decision making, but determinations from mild to 
 moderate and moderate to severe are essential.

As with mitral regurgitation and the LV, the presence of significant TR 
makes right ventricular function difficult to assess because the regur-
gitant fraction leads to a falsely increased EF. In the absence of sophisti-
cated echocardiographic assessments, such as determination of rate of 
right ventricular pressure increase with pulsed Doppler, it is common 
to look at enlarged right ventricular chamber size and any decrease in 
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RVEF as indicators of decompensation.425,426 Clinical experience sug-
gests that pulmonary hypertension also is likely to be a marker for right 
ventricular failure after tricuspid surgery, but studies of sufficient size 
are still lacking. Like assessment of right ventricular function, grading 
of severity of TR is at best semiquantitative. Color-flow mapping of the 
volume of the regurgitant jet within the right atrium is standard,415 and 
this can be supplemented by looking for systolic flow reversal in the 
portal veins using pulsed-wave Doppler.427 Even though the assessment 
of residual TR after left-sided valve surgery is important, the tricus-
pid valve is sometimes difficult to examine with TEE, and the presence 
of an aortic or, particularly, a mitral mechanical prosthesis makes this 
assessment more difficult.

 Anesthetic Considerations
Because most tricuspid surgery occurs in the context of significant aor-
tic or mitral disease, anesthetic management primarily is determined 
by the left-sided valve lesion. The exception to this is when signifi-
cant pulmonary hypertension and right ventricular failure are present. 
Under these conditions, the primary impediment to hemodynamic 
stability after surgery will be right ventricular failure rather than the 
left-sided process.

If right ventricular dysfunction is predicted, it is useful to place a 
PAC, even if the tricuspid valve will be replaced. Even if the PAC has to 
be removed because of tricuspid valve replacement, it still can be help-
ful to obtain CO and PAPs before CPB to get insight into right ven-
tricular function and anticipate the hemodynamic support that may 
be required. A PAC is also of greater use than a CVP alone because the 
CVP is a poor index of intravascular filling and the degree of TR. This 
is true because the atrium and vena cavae are highly compliant and will 
accept large regurgitant volumes with relatively little change in pres-
sure. A PAC also is useful even if intraoperative TEE is used. As in aortic 
insufficiency with the LV, the RV in chronic TR is volume overloaded 
and dilated, and requires a large EDV to maintain forward flow. At the 
same time, because of the unreliability of the CVP as an indicator of 
filling, it is possible to volume overload patients with TR and right ven-
tricular failure. Cardiac output in right ventricular failure often can be 
augmented with the use of vasodilators, and even though right ventric-
ular dimensions can be followed intraoperatively with TEE, maximiz-
ing cardiac output (sometimes at the cost of systemic arterial pressure) 
is best done with serial CO measurements (as in AR). Whenever there 
is significant right ventricular distention, the possibility of septal shift 
and secondary deterioration of left ventricular diastolic compliance 
should be carefully considered. Echocardiography is uniquely helpful 
for this assessment.

The post-CPB management of the patient undergoing an isolated 
tricuspid valve procedure is usually straightforward. These patients 
usually do not have significant right ventricular failure or pulmonary 
hypertension and typically require only a brief period of CPB with-
out aortic cross-clamping. A larger group of patients, particularly those 
with TR related to AS, typically come off CPB with little need for sup-
port of the RV. These patients often do well because the improvement 
in left ventricular function after AVR for AS is usually sufficient to 
reduce PAPs significantly and offload the right heart. When the left-
sided valve surgery is for mitral disease, the improvement usually is not 
as marked, and greater degrees of inotropic support of the RV often are 
indicated. The combination of a phosphodiesterase inhibitor with a 
vasodilator and a catecholamine infusion is useful. Serial CO measure-
ments to balance systemic pressure and right ventricular output and 
filling are critical.

A few other practical points on tricuspid valve repair and replace-
ment should be made. First, because right-sided pressures can be 
chronically increased with TR, it is important to look for a patent fora-
men ovale and the potential for right-to-left shunting before initiation 
of CPB. Second, intravascular volume may be quite high in this patient 
population, and it is often practical to avoid red blood cell transfusion 
by hemofiltration during bypass. Third, if significant right  ventricular 
dysfunction is present or there is peripheral edema or ascites, there is the 

potential for a coagulopathy related to liver congestion, and the patient 
should be managed accordingly. Fourth, it is important to ensure that 
central venous catheters, particularly PACs, are not entrapped in right 
atrial suture lines.

INNOVATIONS IN VALVE REPAIR
Interventional cardiology has had a significant impact on the volume 
of CABG, and it can be predicted that interventional cardiology will 
alter surgery for VHD over time. Multiple, less invasive approaches 
to mitral valve repair are in animal or clinical trials, and tremendous 
inroads have been made in percutaneous replacement of the aortic 
valve. Innovations in surgical valve repair also are being made. These 
include aortic valve repair, and closed- and open-chamber procedures 
for mitral regurgitation.

 Aortic Valve Repair
Over the last several years there has been a major shift from valve 
replacement to valve repair in degenerative mitral valve disease. The 
same has not been true of the aortic valve, in part because the valve 
disease is different in the majority of patients, but also because the high 
flow and pressure conditions across the aortic valve make repair more 
prone to failure. That said, aortic valve repair is being increasingly done 
as an appropriate patient population is being defined. Although valve 
repair for AR has found broader use when regurgitation is associated 
with dissection or dilation of the aortic root,428,429 isolated valve repair 
has been less common. A growing body of data suggests that aortic 
valve repair may offer advantages over valve replacement in younger 
individuals with AR secondary to bicuspid valves.428,430 In contrast with 
AVR, this eliminates the need for anticoagulation for a mechanical valve 
and should delay the need for reoperation unlike if a tissue valve would 
have been placed. When regurgitation occurs with a bicuspid valve, the 
insufficiency usually is caused by retraction or prolapse, or both, of the 
conjoined cusp, and repair consists of triangular incision to shorten 
and elevate that cusp to improve apposition. Although very long-term 
follow-up has not been reported, in a large series from the Mayo Clinic, 
with a mean follow-up of 4.2 years, late failure of the repair requir-
ing reoperation occurred in 14 of 160 consecutive patients, with most 
of that failure occurring from repairs done in the first decade of the 
15-year experience.428

As a result of this experience, aortic valve repair is likely to find 
increasing application in this patient population. For this group, anes-
thetic management usually is straightforward, although the clini-
cal indications for valve repair in AR are the same as those for valve 
replacement. The compelling issue for the anesthesiologist in these 
cases is echocardiographic assessment of the valve for suitability of 
repair and the adequacy of the repair after the procedure.

New Techniques for Mitral Valve Repair
Mitral regurgitation frequently is associated with CHF. In dilated and 
ischemic cardiomyopathy, enlargement of the mitral annulus results 
in a failure of coaptation of the mitral leaflets and valve incompe-
tence. Although cardiac surgery is an effective treatment, morbidity 
with operation can be high. Three different approaches have been 
developed to address mitral regurgitation occurring in the absence 
of structural mitral pathology. These approaches address the failure 
of leaflet coaptation at either the level of the valve leaflets, the valve 
annulus, or by altering the anatomic relation of the septal and lateral 
walls of the LV.

Mitral Leaflet Repair
Alfieri and colleagues431 showed that mitral regurgitation could be 
improved using an edge-to-edge technique in which mitral valve leaf-
lets are brought together by a central suture. This approach led to a 
catheter-based technology, which, by apposing the edges of a regurgi-
tant MV, results in edge-to-edge repair.
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The MitraClip device (Evalve, Menlo Park, CA) consists of a 
 catheter-mounted clip that is placed using a femoral venous and 
trans-septal approach.432 Under general anesthesia (GA) with echocar-
diographic and fluoroscopic guidance, the clip is placed to achieve 
apposition of the central portion of the anterior and posterior leaflets. 
If the severity of mitral regurgitation is not reduced, the device can be 
opened and repositioned. Animal studies show incorporation of the 
device into the leaflets at 6 to 10 weeks with persistent coaptation.432 
The clinical trials of the Phase I EVEREST trial reported results for 6 
months in a population of 27 patients.433 Of 27 patients, 24 underwent 
clip placement, and of those, 6 needed open surgical repair, 3 (12.5%) 
had unresolved mitral regurgitation, and 3 had partial clip detach-
ment for a total  failure rate of 25% (Figure 19-37). Of the 18 remaining 
patients, 13 had 2+ mitral regurgitation at 6 months and 5 had 3+ 
mitral regurgitation.

The results of the EVEREST MitraClip trial do not compare favor-
ably with surgery, in which results are much better. This conclusion 

is further supported because patient selection for the MitraClip trial 
included patients who would have had predictably good surgical results 
(56% P2 prolapse or flail and 40% bileaflet prolapse or flail). That 
said, there may still be a place for this technology in high-risk patients 
who are poor surgical candidates or as part of combined hybrid pro-
cedures (limited coronary revascularization plus MitraClip) when an 
improvement in functional status without a perfect surgical result 
may be appropriate (see Chapter 26).

The EVEREST 2 trial is an ongoing, multicenter trial directly com-
paring MitraClip results with surgical mitral repair in a 2:1 random-
ization. Results of that trial will add information about the clinical 
applicability of this technology.

Percutaneous Transvenous Mitral Annuloplasty
The second type of approach to functional mitral regurgitation is 
alteration of the mitral annulus, as might occur with a traditional 
open mitral repair; but with the percutaneous approach, the  annulus 
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Figure 19-37 Flow chart showing overall results for the 27 study patients. MR, mitral regurgitation. (From Webb JG, Harnek J, Munt BI, et al: 
Percutaneous transvenous mitral annuloplasty: Initial human experience with device implantation in the coronary sinus. Circulation 113:851–855, 
2006.)
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is downsized by an extracardiac restraint.434,435 With this technique, 
 interventional cardiologists percutaneously thread a wire from the 
venous system into the right atrium and into the coronary sinus. The 
relation between the coronary sinus and posterior leaflet allows down-
sizing of the septal-lateral diameter from this position. Under echocar-
diographic guidance, tension is applied to cinch the mitral annulus 
smaller, and an anchor is deployed to maintain position. In animal tri-
als in a sheep model, a significant reduction in mitral annular dimen-
sion was achieved and mitral regurgitation was eliminated in seven 
of nine animals.434 Only trivial mitral regurgitation remained in the 
remaining two. In addition, PAPs were significantly reduced and CO 
increased (Figure 19-38).

Temporary436 and permanent implantation of these devices in 
humans has been reported.437 Differing designs are being investigated, 
but in the Edwards system, the implant is made up of three parts: a 
distal anchor seated in the great cardiac vein, a bridging section that 
applies anterior force to the posterior annulus, and a proximal anchor 
seated in the ostium of the coronary sinus. In a series of five patients 
with chronic, ischemic mitral regurgitation, the device was successfully 
placed in four patients.437 At hospital discharge, three of four patients 
had a reduced mitral regurgitation grade (Figure 19-39). Follow-up 
continued for 180 days after implantation, but separation of the bridge 
portion of the device occurred in three patients at 22, 28, and 81 days. 
Although there were no adverse events associated with bridge separa-
tion, the feasibility trial was stopped. The authors acknowledge that 
results were inferior to surgical mitral repair and that technical success 
is limited by great variation in coronary venous anatomy.437

 Altering Ventricular Anatomy to Reduce 
Mitral Regurgitation
The third approach to “closed” mitral valve repair consists of altering 
the geometry of the lateral and septal left ventricular walls to bring 
the valve leaflets together. The commercial Coapsys has entered clini-
cal trials. This device consists of anterior and posterior epicardial pads 
connected by a cord. With an open chest, the cord is placed transventric-
ularly in a subvalvular position, and the tension on the cord is adjusted 
before the opposing epicardial pad is fixed in place.438 This effectively 
brings the ventricular walls together and in doing so improves leaflet 
coaptation. TEE is used to optimize cord length and pad positioning. 

In contrast with the leaflet-based and annular-based approaches, the 
Coapsys approach is surgical, requiring an open chest but not CPB. 
The position of the epicardial vessels and the relation of the submi-
tral apparatus could pose significant risk, but the device has been used 
 successfully in animal models.

 Percutaneous Valve Replacement
Although surgery, particularly for aortic valve disease, has expanded to 
include a much older population in recent years, there remains a  subset 
of patients for whom cardiac surgery may entail unacceptable risks. 
For this population, less invasive techniques such as percutaneous valve 
replacement are being developed.

The first clinical percutaneous placement of an aortic valve was 
reported in 2002.439 The second report440 included six inopera-
ble patients with severe AS and Class IV HF. This initial technique 
began with femoral vein catheterization, a trans-septal, transmitral 
approach, wherein a balloon-tipped catheter was placed antegrade 
across the stenotic aortic valve. After valvuloplasty, the aortic valve 
stent was seated at the native valve over a second balloon.440 However, 
the technical complexity of this approach, and the potential for 
severe mitral regurgitation and hemodynamic collapse as large deliv-
ery catheters were placed across the mitral valve, contributed to its 
abandonment.441

Experience and technical refinement have led to the two current 
strategies for transcatheter AVR: (1) retrograde via the femoral artery 
advanced into the aorta and across the aortic valve; and (2) antegrade 
via limited thoracotomy, wherein a valve-loaded catheter punctures the 
left ventricular apex and the new valve is seated antegrade.

Covello et al442 described management strategies and periproce-
dural outcomes in 18 patients in whom retrograde, percutaneous 
AVR was performed via the femoral artery, whereas the management 
of 100 patients who underwent successful transapical antegrade aor-
tic prosthesis placement was reported by Fassl.443 Although the techni-
cal aspects of prosthetic valve delivery differ, common themes emerge. 
These include the need for rigorous assessment of aortic leaflet, root 
and coronary ostial anatomy, a well-coordinated, multidisciplinary 
approach to patient evaluation and clinical management, the use of 

Figure 19-38 Effect of annuloplasty device on mitral annular 
geometry. The annuloplasty device decreases the distance between 
the anterior and posterior annulus, increasing leaflet coaptation. (From 
Liddicoat JR, Mac Niell BD, Gillinov AM, et al: Percutaneous mitral valve 
repair: A feasibility study in a bovine model of acute ischemic mitral 
regurgitation. Catheter Cardiovasc Interv 60:411, 2003.)
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Figure 19-39 Mitral regurgitation (MR) grade as estimated by transtho-
racic color Doppler echocardiography versus days after device implan-
tation. Note that no device was implanted in Patient 2, and that Patient 
5 died before the 180-day follow-up. (From Feldman T, Wasserman HS, 
Herrmann HC, et al: Percutaneous mitral valve repair using the edge-to-
edge technique: Six-month results of the EVEREST Phase I Clinical Trial. 
J Am Coll Cardiol 46:2134–2140, 2005.)
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rapid ventricular pacing to diminish cardiac output during  prosthesis 
deployment, and the potential for sudden hemodynamic collapse 
necessitating emergent intervention.

In Covello et al's442 report of retrograde transfemoral AVR, GA was 
used early (14 patients); however, with experience, MAC was selected. 
This contrasts with the practice of anesthesiologists at other centers 
where relatively large numbers of transfemoral, retrograde AVR proce-
dures are performed. The advantages of GA include patient immobility 
during rapid ventricular pacing, valvuloplasty, and prosthesis deploy-
ment. Furthermore, GA facilitates surgical repair of the femoral can-
nulation site, which may be required. In addition, the use of GA allows 
for prolonged TEE imaging and rapid intervention in the event that 
sternotomy or CPB should become an emergent necessity.

In that report of the transfemoral technique, prosthesis position-
ing, deployment, and the immediate postdeployment assessment of 
prosthetic function were guided fluoroscopically. This differs from 
the practice at many institutions, where TEE is performed frequently 
 during the procedure to assess annular size, device positioning, and 
immediate postdeployment prosthesis function.

Covello et al442 provide a brief overview of short-term outcome 
related to transfemoral AVR. Two of 18 patients required defibril-
lation during the procedure. The 30-day mortality rate was 0%. 
However, 3 of 18 patients died within 6 months because of con-
ditions that were not directly related to the aortic valve. In addition, 
half the patients had mild-to-moderate residual paravalvular AR after 
the procedure.442

Transapical catheter-based AVR typically is selected because of vas-
culopathy, small or tortuous femoral and iliac vessels, or severe aortic 
atheromatous disease. After GA, typically in a hybrid operating suite, 
a small left anterior thoracotomy is made and the ventricular apex 
exposed. Stay sutures are placed, a needle is passed into the ventricular 
apex, and a wire is threaded across the aortic valve. Balloon aortoplasty 
is performed, and under a combination of fluoroscopic and echocar-
diographic guidance, the aortic valve is seated with deployment of a 
balloon (see Chapter 26).

Fassl et al443 detailed the hemodynamic management of 100 patients 
undergoing transapical antegrade AVR. Rapid ventricular pacing facili-
tated valvuloplasty and subsequent prosthesis delivery by minimizing 
CO, thus diminishing the likelihood of device dislodgement at critical 
points in the procedure. In the first 10 patients, CPB was used electively 
to ensure the procedure feasibility. Thereafter, CPB was used in 10% of 
patients because of hemodynamic deterioration. Intra-aortic balloon 
pump augmentation was required in 5%, and one patient was placed 
on extracorporeal membrane oxygenation. Three patients required 
defibrillation during the procedure.

Although other outcome data such as mortality are omitted from 
that report,443 a study by Walther et al,444 from the same institution, 
offers insights. Of 50 patients described, 3 required emergent sterno-
tomy for reasons of a proximally dislodged prosthesis, aortic dissection, 
and coronary occlusion. The 30-day survival rate in Walther's group 
was 92% with a 6-month survival rate of 74%. No deaths occurred 
because of prosthesis-related causes.

The suitability of the patient for catheter-based AVR and the choice 
of transfemoral or transapical approaches necessitate careful screen-
ing. Native aortic valve size, leaflet anatomy, and length and coronary 
ostial position are critical to valve selection, to reduce perivalvular 
leak, and to avoid compromising the coronary ostia at valve deploy-
ment. Second, both approaches share features such as the induction 
and maintenance of anesthesia in patients with severe AS. Third, sev-
eral aspects of device deployment are similar regardless of the route 
of delivery. For instance, both transfemoral and transapical meth-
ods use rapid ventricular pacing during initial valvuloplasty and 
subsequent prosthesis deployment. Fourth, currently, applicability 
is limited because only three prosthesis sizes exist for transcatheter 
AVR. The prosthesis chosen is deliberately larger than predicted on 
the basis of annular size in an effort to achieve improved prosthesis 
seating and reduced paravalvular regurgitation. Finally, many of the 

same periprocedural complications are possible regardless of delivery 
 catheter insertion site. Ventricular fibrillation may ensue during rapid 
ventricular pacing, aortic dissection has been reported,  obstruction 
of a coronary orifice by the prosthesis or displaced native valve tissue, 
and device embolization or dislodgement have been reported with 
both approaches.444,445

Questions remain regarding transcatheter AVR. The currently 
available prostheses consist of tissue leaflets mounted in an expand-
able metal stent, so questions remain related to the optimal use and 
duration of antiplatelet therapy for these patients. More impor-
tantly, the durability of the catheter-implanted aortic prosthesis is 
unknown.

Although pulmonic valve disease is much less common than aortic, 
progress in percutaneous pulmonic valve replacement also is under-
going investigation.446 In a sheep model, Boudjemline et al446 have 
implanted a pulmonary artery stent and valve using a percutaneous 
approach from the internal jugular vein. This has been done in both 
single- and two-staged approaches. One subgroup of animals under-
went stent and valve insertion simultaneously, and in another group, 
the stent was placed in the first step and the valve was inserted into the 
stent 6 to 10 weeks later.

In 8 of 10 animals, the stent and graft were successfully implanted 
and there was no early or late stent migration. The two failures resulted 
from problems related to the anatomic relation between the tricuspid 
valve and the right ventricular outlet. The valves placed into the stent 
percutaneously were competent angiographically and hemodynami-
cally at follow-up.

It is likely that many of these technologies will lead to expanded clin-
ical trials and will demonstrate varying degrees of efficacy. That said, it 
is unclear what the long-term benefits of these less invasive interven-
tions will be, or how they will compare with each other or with tradi-
tional surgical approaches. Some may find use in high-risk patients, 
as temporizing procedures, in place of reoperations, or in conjunc-
tion with percutaneous approaches for CAD. These technologies will 
get better and there will be pressure for clinical application. The most 
important considerations will be case selection and long-term follow-
up of outcomes; otherwise, these innovations, and others like it, will 
add markedly to the burden of health care costs without clear social 
benefit.

CASE STUDY 1—Transapical Aortic  
Valve Implantation
Framing
89-year-old gentleman with medical history significant for CABG × 4  
eleven years previously. Recurrent CAD with recent bare metal stent 
(BMS) ×2 placement to the LIMA into the left anterior descending 
(LAD) artery at distal anastomosis 1 month prior. Dyspnea on exertion 
with mild chest tightness that goes away with rest.

Severe symptomatic AS, and he does not wish to be considered for 
redo sternotomy. The patient's femoral anatomy is not conducive to 
transfemoral transcutaneous aortic valve replacement; consider for 
transapical approach.

NYHA CLASS II HEART FAILURE.
His STS risk for mortality is 20.9%.

Medical/Surgical History Included
 1. Severe AS with a valve area of 0.73, mild-moderate AR with a mean 

transaortic gradient of 44 mm Hg
 2. CAD, status post-CABG ×4 eleven years ago
 3. Bare metal stents (two): placement 1 month prior
 4. Moderate mitral regurgitation
 5. Atherosclerotic cerebrovascular disease, status postbilateral carotid 

endarterectomy, both 2 years prior
 6. Mild pulmonary hypertension
 7. Diabetes mellitus, type 2
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 8. Hypercholesterolemia
 9. Hypertension
10. Chronic kidney disease
11. Peripheral vascular disease
12. Sleep apnea

His Current Medications Were
furosemide, 40 mg day,
glipizide, 10 mg BID,
hydralazine, 25 mg TID,
metoprolol, 25 mg BID,
nitroglycerin, [NITROQUICK], 0.4 mg PRN,
rosuvastatin, 20 mg, and
timolol, 0.5 % drops.
**NO KNOWN MEDICATION ALLERGIES**

Vital Signs Were
height 154.80 cm,
weight 61 kg,
BMI 25.5 kg/m2,
BSA 1.64 m2,
afebrile,
pulse 58/minute, and
BP 156/61 mm Hg.

CXR: Sternotomy. Prominent left nipple shadow. Fibrotic strands 
in the bases. Calcified granulomas. Surgical clips left side of the neck. 
Unchanged since previous x-ray.

ECG: VENTRICULAR RATE 56. Sinus bradycardia, left ventricu-
lar hypertrophy with secondary ST-T abnormalities. Cannot rule out 
anteroseptal infarct. No significant change was found.

Labs Included:
Hgb 12.8 g%,
platelets 164,000,
INR 1.0,
Na+ 136, K+ 4.0,
glucose 109 mg %, and
creatinine 2.2 mg/dL.

Data Collection and Interpretation
CT Chest, Abdomen, and Pelvis (without contrast)
The aortic annulus measures 33 mm. The left main-to-aortic 
valve annulus dimension was 18 mm. The diameter at the sinus 
of Valsalva was 35 mm. The sinotubular junction is 31 mm. The 
ascending aorta is 34 mm. The aortic arch was 24 mm. The aorta 
at the diaphragm was 24 mm. Extensive vascular disease includ-
ing coronary artery calcifications. Extensive aortic valve and mitral 
annular calcifications.

Bilateral renal atrophy. Vascular dimensions are external dimen-
sions as the lumens cannot be evaluated without contrast. The infra-
renal aorta was 10 × 12 mm. The right common iliac was 10 × 11 mm. 
The right external iliac was 8 × 8 mm. The right common femoral was  
5 × 6 mm. The left common iliac was 10 × 9 mm. The left external iliac 
was 9 × 9 mm, and the left common femoral was 5 × 5 mm.

Cardiac Catheterization/Percutaneous Transluminal Coronary 
Angioplasty Summary
The patient had a prior four-vessel bypass. Angiography showed patent 
vein grafts to both first and second OM and to the diagonal branch. The 
free left internal mammary artery graft to the LAD artery had severe dis-
ease. The patient's native right coronary artery had severe disease; however, 
this vessel could not be bypassed earlier when he had CABG surgery.

The patient also has chronic renal insufficiency limiting the possi-
bility of multivessel percutaneous coronary intervention because of 
 limitation in contrast load.

He had successful PTCA of the middle LAD artery and successful PTCA 
of the distal site of free internal mammary graft to the middle LAD artery.

Decision Making and Reassessment
Description of Operation
The patient underwent GA in the supine position. He was prepped and 
draped, and a left inframammary incision was made and the chest entered 
over the top of the fifth rib. Purse-string sutures were placed just lateral 
to the apex of the heart. Heparin was given and the ACT was maintained 
above 300 seconds. The apex of the heart was punctured with a needle 
and the wire advanced across the aortic valve under  fluoroscopic guid-
ance. A wire was advanced up into the proximal ascending aorta, and a 
23-cm, 7-French sheath advanced across the aortic valve. The 7-French 
sheath was removed. The Ascendra sheath was inserted without diffi-
culty. The balloon was advanced across the aortic valve. Rapid ventricu-
lar pacing was instituted and the balloon aortic valvuloplasty completed. 
The balloon was removed, but the patient remained hypotensive with 
increases in his PAPs refractory to escalating doses of epinephrine. The 
authors elected to proceed rapidly with placement of the valve.

Rapid ventricular pacing was instituted, and the valve was posi-
tioned perfectly. The balloon was deflated, rapid ventricular pacing was 
stopped, but the patient remained hypotensive. The Ascendra sheath 
and wire were removed, and TEE showed good valvular function with 
no significant AR. However, there was significant PAP elevation and 
right-heart function was poor by TEE, so the patient was prepared for 
femoral-femoral bypass.

A percutaneous arterial cannula was placed over a wire and the fem-
oral artery was dilated without apparent difficulty, and a 15-French 
percutaneous arterial inflow cannula was placed. A 22-French percuta-
neous venous cannula was then inserted and CPB was initiated. During 
this time, the patient was hypotensive and required initiation of exter-
nal cardiac massage. The patient had recurrent VF and was  successfully 
defibrillated to a stable cardiac rhythm. The PAPs began to decline, 
and the heart function appeared to improve. However, the CPB circuit 
volume could not be maintained and a retrograde arteriogram identi-
fied extravasation of contrast at the bifurcation of the right common 
iliac artery. We then attempted to place an endograft. A balloon was 
inflated in the infrarenal aorta to achieve proximal control to come 
off CPB. The arterial inflow line was transferred to the venous line to 
continue to give blood. Limited angiography confirmed the disruption 
of the proximal right external iliac artery. Blood pressure could not 
be  supported; the patient deteriorated and arrested. Despite cardiopul-
monary resuscitation, the patient expired. (See Video 1.)

Discussion
This case illustrates nearly every major clinical point regarding the 
assessment and care of patients undergoing transapical AVR. There 
were clinical indications for a catheter-based approach. These included: 
(1) the patients' desire not to undergo an open-chest approach, (2) the 
 history of prior multivessel CABG, and perioperative risk factors, 
including (3) advanced age, (4) diffuse vasculopathy, and (5) chronic 
renal insufficiency. Next, evaluation for a catheter-based approach 
demonstrated aortic valvular, sinus, and coronary anatomy suitable 
to catheter-based placement but severe iliac and femoral vasculopathy 
that excluded a transarterial approach.

A multidisciplinary approach to evaluation and preoperative opti-
mization included participation of cardiac surgery, echocardiogra-
phy, and interventional cardiology, anesthesiology, and radiology. 
The patient underwent cardiac catheterization and PTCA, as well as 
 noncontrast CT, and surgery was scheduled a month later to allow 
renal recovery.

Case preparation involved scheduling more than a week in advance, 
conduct in a hybrid operating room, presence of interventional 
 cardiology, cardiac and vascular surgery, CPB standby, and 1:1 coverage 
by a cardiovascular anesthesiologist. Surgically, the technical approach 
was exactly as planned; femoral vessels were “wired” in advance and, 
via a transapical approach, the valve was positioned without difficulty. 
However, the patient developed three complications relatively com-
mon with this technique in this population: (1) refractory hypotension 
after rapid ventricular pacing, (2) difficulty in establishing rapid CPB 
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support because of the small size and calcification of femoral and iliac 
vessels (in spite of vessels being “wired” before), and (3) iliac artery 
disruption.

Although catheter-based AVR is less invasive than the open-chest 
approach, it probably requires more planning and complex assessment 
and coordination than conventional cardiac surgery. In addition, most 
of these patients have comorbid conditions that make them poor open 
surgical candidates, so untoward events during these techniques are 
life-threatening.

CASE STUDY 2
Robotic-Assisted Mitral Valve Repair
Framing
A 46-year-old woman presented with a 4-month history of decreasing 
tolerance for strenuous exercise. An advertising executive and amateur 
triathlete, she reported that increased fatigue currently prevented her 
from jogging more than 4 miles in a day. Evaluation by her physician 
revealed a new systolic murmur and she was referred for echocardio-
graphy. A TTE revealed a flail posterior mitral valve leaflet with an eccen-
tric, anteromedially directed jet of severe mitral regurgitation. Reliable 
quantification of the regurgitant volume by PISA method was not pos-
sible. However, systolic flow reversals were noted during pulsed-wave 
Doppler examination of the right superior pulmonary vein. This study 
also demonstrated normal left ventricular dimensions in both systole 
and diastole with a calculated EF of 67%. The left atrium was mildly 
enlarged. In addition, the right-heart chambers were of normal size and 
the calculated right ventricular systolic pressure was 35 mm Hg. During 
an appointment with a cardiologist, surgical consultation for possible 
mitral valve repair was recommended. The patient was hesitant to pur-
sue surgery for several reasons: she worried about missing work and 
being unable to drive during a multiweek postoperative convalescence, 
she was concerned about the cosmetic implications of a median sterno-
tomy, and she was uncertain of her need for surgical intervention at this 
time because she experienced symptoms only with vigorous exercise.

Data Collection and Interpretation
Although visualization of the mitral valve is superior with TEE when 
compared with TTE, flail mitral leaflets often can be identified during 
transthoracic examinations. This patient had a flail leaflet that was likely 
secondary to chordal rupture. Although quantification of the mitral 
regurgitant volume or effective regurgitant orifice by PISA method was 
not possible during the TTE examination, the severity of the regurgita-
tion was supported by the finding of systolic flow reversals in the right 
superior pulmonary vein. The right superior pulmonary vein is often 
the easiest pulmonary vein to visualize during TTE studies when using 
an apical four-chamber view. PISA analysis may be difficult in some 
patients with eccentrically directed regurgitant jets because of the dif-
ficulty in aligning the Doppler cursor with a significant portion of the 
regurgitant jet, with the resultant inability to measure the peak regur-
gitant velocity and obtain a complete regurgitant velocity-time inte-
gral. In addition to detecting severe, organic mitral regurgitation, other 
important information was obtained during the TTE examination. For 
example, there was no evidence of left ventricular enlargement, and the 
calculated EF was 67%. Mild LA enlargement was consistent with the 
reported 4-month history of symptoms; severe mitral regurgitation of 
longer duration might be expected to produce a greater degree of LA 

 dilation. A calculated right ventricular systolic  pressure of 35 mm Hg 
likely corresponds to a mean PAP of less than 25 mm Hg, and thus does 
not indicate the presence of pulmonary hypertension.

If surgical intervention is anticipated, additional information would 
be sought. Confirmation of the mechanism of mitral regurgitation and 
thorough inspection for anterior leaflet pathology could be obtained 
by intraoperative TEE. The presence or absence of a patent foramen 
ovale could be determined by intraoperative TEE as well. The decision 
of whether to pursue preoperative coronary angiography in a 46-year-
old, athletic woman would depend on the presence of other risk factors 
for premature CAD in this patient, as well as physician preference. The 
preoperative electrocardiogram would be examined for evidence of 
atrial tachyarrhythmias such as AF that might lead to consideration of 
additional surgical interventions such as the Maze procedure or exclu-
sion of the LA appendage.

Decision Making and Reassessment
In deciding whether to proceed with surgery in this patient, a num-
ber of different factors must be considered. Her mitral regurgitation 
is organic in nature, and medical management is unlikely to prevent 
deleterious structural changes in the heart over time, such as left ven-
tricular dilation. In fact, progression of the severity of mitral regur-
gitation can be expected in the absence of surgical intervention.307 
Furthermore, the presence of a flail mitral leaflet is associated with a 
small but defined increase in the annual risk for sudden cardiac death; 
that risk can be reduced by surgical repair.306 Currently, the patient's 
LVEF is acceptable. Postponing surgery risks the development of left 
ventricular  systolic dysfunction. A decline in EF to less than 60% is 
associated with reduced survival after mitral surgery.310 All these factors 
combined with a procedural mortality rate of less than 1% in many 
centers argue for early elective mitral valve repair.

Concerns related to cosmetic outcome and delayed return to work 
may be addressed by offering the patient a minimally invasive surgical 
approach, with or without robotic assistance. A 4-cm incision in the 
right inframammary crease provides an excellent cosmetic result for 
many women. Also, minimally invasive techniques, including robotic-
assisted surgery, have been associated with decreased postoperative 
pain scores, earlier hospital discharge, and earlier return to work.

The patient was referred to a surgeon who was experienced in robotic-
assisted mitral valve repair. On the day of surgery, the anesthesiologist 
performed a series of right paravertebral injections before induction of 
anesthesia. One-lung ventilation was achieved by means of a double-
lumen endotracheal tube. The intraoperative TEE confirmed the pres-
ence of a flail middle scallop of the posterior mitral leaflet with multiple 
ruptured chords (see Videos 2 and 3). No additional valvular pathology 
was noted and the atrial septum was intact. Cannulation for CPB, which 
was guided by intraoperative TEE, included femoral arterial and venous 
lines, as well as a 16-French superior vena cava cannula placed percuta-
neously via the right internal jugular vein. Cardioplegia was given ante-
grade via a catheter placed into the aorta via a right parasternal stab 
incision. Aortic cross-clamping was accomplished with a long-shafted 
clamp introducer through a stab incision in the right lateral chest wall. 
Mitral repair was performed with robotic assistance and consisted of a 
triangular resection of the middle scallop of the posterior mitral leaf-
let and insertion of a flexible posterior annuloplasty band. The patient 
was weaned from CPB without difficulty and extubated in the operat-
ing room at the conclusion of surgery. Her postoperative course was 
uneventful and she was discharged on the third postoperative day.
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Advances in perioperative care for children with congenital heart 
disease (CHD) over the past several decades has resulted in an ever-
increasing number of these children reaching adulthood with their 
cardiac lesions palliated or repaired. The first article on adult CHD 
was published in 19731; the field has grown such that there are now 
several texts devoted to it, and even a specialty society dedicated to it, 
the International Society for Adult Congenital Cardiac Disease (http: 
//www.isaccd.org). There are estimated to be about 32,000 new cases of 
CHD each year in the United States and 1.5 million worldwide.2 More 
than 85% of infants born with CHD are expected to grow to adult-
hood. It is estimated that there are more than 1,000,000 adults in the 
United States with CHD,3 and this population is growing at approxi-
mately 5% per year; 55% of these adults remain at moderate-to-high 
risk, and more than 115,000 have complex disease.4 The increasing 
survival of children with complex disease has shifted the spectrum 
of adults with CHD. Where once it was thought that adults represent 
milder degrees of disease, this is now changing.3 Put another way, there 
are more adults than children with CHD and, in fact, as many adults 
as children have congenital cardiac defects considered severe.5 As an 

example to support the increased life expectancy of this patient group, 
the leading cause of mortality in adults with CHD in the United States 
is currently  coronary artery disease.6 These patients can be seen by 
anesthesiologists for  primary cardiac repair, repair after a prior pallia-
tion, revision of repair because of failure or lack of growth of prosthetic 
material, or conversion of a suboptimal repair to a more modern oper-
ation (Box 20-1). In addition, these adults with CHD will be seen for 
all the other ailments of aging and trauma that require surgical inter-
vention. Lastly, women of child-bearing age with CHD may become 
pregnant. They must cope with the added physiologic demands of preg-
nancy and will require analgesia for labor and anesthesia for Cesarean 
delivery. Although it has been suggested that teenagers and adults can 
have repair of congenital cardiac defects with morbidity and mortality 
approaching that of surgery done during childhood, these data are lim-
ited and may reflect only a relatively young and acyanotic sampling.7 
Other data suggest that, in general, adults older than 50 years represent 
an excessive proportion of the early postoperative mortality encoun-
tered, and the number of previous operations and cyanosis are both 
risk factors.8 Risk factors for noncardiac surgery include heart failure, 
pulmonary  hypertension, and cyanosis.9

Despite the fact that congenital cardiac disease carries implications for 
lifelong medical problems, a significant number of patients, even those 
with lesions deemed severe, will not have continuing cardiology follow-
up, despite ongoing general medical care.10 These patients bring with 
them anatomic and physiologic complexities of which physicians accus-
tomed to caring for adults may be unaware, as well as medical problems 
associated with aging or pregnancy that might not be familiar to physi-
cians used to caring for children. This problem has led to the establish-
ment of the growing subspecialty of adult CHD. There have been two 
Bethesda conferences devoted to the issue, most recently in 200111; and 
the American College of Cardiology reviewed the available evidence and 
published superb guidelines for the care of these patients in 2008.12 It is 
important to note that most of the current recommendations are based 
on Level C evidence (only consensus opinion or case studies) because 
prospective studies and large registries of patient outcomes are rare. An 
informed anesthesiologist is a critical member of the team required to 
care optimally for these patients. A specific  recommendation of that 
conference was that noncardiac surgery on adult patients with mod-
erate-to-complex CHD be done at an adult congenital heart center 
(regional centers) with the consultation of an anesthesiologist experi-
enced with adult CHD.11,13 In fact, one of the founding fathers of the 
subspecialty wrote: “A cardiac anesthesiologist with experience in CHD 
is pivotal.…The cardiac anesthesiologist and the attending cardiologist 
are more important than the  noncardiac surgeon."2 High-risk patients 

KEY POINTS

1. Because of surgical successes in treating 
congenital cardiac lesions, there are currently 
as many or more adults than children with 
congenital heart disease (CHD).

2. These patients may require cardiac surgical 
intervention for primary cardiac repair, repair 
after prior palliation, revision of repair because 
of failure or lack of growth of prosthetic material, 
or conversion of a suboptimal repair to a more 
modern operation.

3. These patients will be encountered by 
noncardiac anesthesiologists for a vast array of 
ailments and injuries requiring surgery.

4. If at all possible, noncardiac surgery on adult 
patients with moderate-to-complex CHD should 
be done at an adult congenital heart center 
with the consultation of an anesthesiologist 
experienced with adult CHD.

5. Delegation of one anesthesiologist as the liaison 
with the cardiology service for preoperative 
evaluation and triage of adult CHD patients will 
be helpful.

6. All relevant cardiac tests and evaluations should 
be reviewed in advance.

7. Sketching out the anatomy and path(s) of blood 
flow is often an easy and enlightening aid in 
simplifying apparently complex lesions.

BOX 20-1. INDICATIONS FOR CARDIAC SURGERY 
IN ADULTS WITH CONGENITAL HEART DISEASE

http://www.isaccd.org
http://www.isaccd.org


616 SECTION IV Anesthesia and Transesophageal Echocardiography for Cardiac Surgery

include, but are not limited to, those with Fontan physiology, cyanotic 
disease, severe pulmonary arterial hypertension, complex  disease with 
residua such as heart failure, valve  disease or the need for anticoagula-
tion, or the potential for malignant arrhythmias (Table 20-1). Centers 
may find it helpful to delegate one attending anesthesiologist to be the 
liaison with the cardiology service to  centralize preoperative evaluations 
and triage of patients to an anesthesiologist with specific expertise in 
managing patients with CHD, rather than random consultations with 
generalist anesthesiologists.

GENERAL NONCARDIAC ISSUES 
WITH LONGSTANDING CONGENITAL 
HEART DISEASE
A variety of organ systems can be affected by longstanding CHD; 
these are summarized in Table 20-2 and Box 20-2. Because congeni-
tal cardiac disease can be one manifestation of a multiorgan genetic or 
 dysmorphic syndrome, all patients require a full review of systems and 
examination.

Pulmonary
Any lesion that results in either increased pulmonary blood flow or 
pulmonary venous obstruction can cause increased pulmonary inter-
stitial fluid with decreased pulmonary compliance and increased work 
of breathing.14 Patients with cyanotic heart disease have increased 
 minute ventilation and maintain normocarbia.15 These patients have a 

normal ventilatory response to hypercapnia but a blunted response to 
hypoxemia that normalizes after corrective surgery and the establish-
ment of normoxia.16–18 End-tidal CO

2
 underestimates arterial PaCO

2
 in 

cyanotic patients with decreased, normal, or even increased pulmonary 
blood flow.19

Although enlarged hypertensive pulmonary arteries or an enlarged 
left atrium can impinge on bronchi in children, this is rare in adults. 
Late-stage Eisenmenger syndrome can result in hemoptysis, and 
patients with Eisenmenger physiology and erythrocytosis can develop 
thrombosis of upper lobe pulmonary arteries.20 Prior thoracic surgery 
could have injured the phrenic nerve with resultant diaphragmatic 
paresis or paralysis.

Scoliosis can occur in up to 19% of CHD patients, most commonly 
in cyanotic patients. It can also develop in adolescence, years after sur-
gical resolution of cyanosis.21 The relative contributions of cyanosis 
and congenital cardiovascular defects versus early lateral thoracotomy 
remain unclear: Scoliosis occurs more commonly with open surgical 
versus interventional techniques but is nevertheless increased over the 
general population in children with coarctation or patent ductus who 
had percutaneous rather than open interventions.22 Scoliosis is rarely 
severe enough to impact respiratory function.

ASD, atrial septal defect; AV, atrioventricular; VSD, ventricular.
(Reprinted from ACC/AHA 2008 guidelines for the management of adults with 

congenital heart disease: A report of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines (Writing Committee to 
Develop Guidelines on the Management of Adults With Congenital Heart Disease). 
Developed in Collaboration with the American Society of Echocardiography, Heart 
Rhythm Society, International Society for Adult Congenital Heart Disease, Society for 
Cardiovascular Angiography and Interventions, and Society of Thoracic Surgeons. 
J Am Coll Cardiol 52:e143–e263, 2008.)

Rhythm Disturbances in Adults with Congenital  
Heart Disease

Rhythm Disturbance Associated Lesions

Tachycardias
Wolff-Parkinson-White syndrome Ebstein's anomaly

Congenitally corrected transposition
Intra-atrial reentrant tachycardia 

(atrial flutter)
Postoperative Mustard

Postoperative Senning
Postoperative Fontan
Tetralogy of Fallot
Other

Atrial fibrillation Mitral valve disease
Aortic stenosis
Tetralogy of Fallot
Palliated single ventricle

Ventricular tachycardia Tetralogy of Fallot
Aortic stenosis
Other

Bradycardias
Sinus node dysfunction Postoperative Mustard

Postoperative Senning
Postoperative Fontan
Sinus venosus ASD
Heterotaxy syndrome

Spontaneous AV block AV septal defects
Congenitally corrected transposition

Surgically induced AV block VSD closure
Subaortic stenosis relief
AV valve replacement

TABLE 
20-1

Potential Noncardiac Organ Involvement in Patients 
with Congenital Heart Disease

Potential Respiratory Implications
Decreased compliance (with increased pulmonary blood flow or impediment to 

pulmonary venous drainage)
Compression of airways by large, hypertensive pulmonary arteries
Compression of bronchioles
Scoliosis
Hemoptysis (with end-stage Eisenmenger syndrome)
Phrenic nerve injury (prior thoracic surgery)
Recurrent laryngeal nerve injury (prior thoracic surgery; rarely from 

encroachment of cardiac structures)
Blunted ventilatory response to hypoxemia (with cyanosis)
Underestimation of PaCO

2
 by capnometry in cyanotic patients

Potential Hematologic Implications
Symptomatic hyperviscosity
Bleeding diathesis
Abnormal von Willebrand factor
Artifactually increased prothrombin/partial thromboplastin times with 

erythrocytic blood
Artifactual thrombocytopenia with erythrocytic blood
Gallstones
Potential Renal Implication
Hyperuricemia and arthralgias (with cyanosis)
Potential Neurologic Implications
Paradoxical emboli
Brain abscess (with right-to-left shunts)
Seizure (from old brain abscess focus)
Intrathoracic nerve injury (iatrogenic phrenic, recurrent laryngeal, 

or sympathetic trunk injury)

TABLE 
20-2

BOX 20-2. NONCARDIAC ORGAN SYSTEMS 
WITH POTENTIAL INVOLVEMENT BY 
LONGSTANDING CONGENITAL HEART DISEASE
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In an attempt to increase pulmonary blood flow, large collateral 
 vessels originating from the aorta may have developed. These are 
sometimes embolized in the catheterization laboratory before thoracic 
surgery to prevent excessive intraoperative blood loss.

Hematologic
Hematologic manifestations of chronic CHD are primarily a conse-
quence of longstanding cyanosis and incorporate abnormalities of 
both hemostasis and red cell regulation. Longstanding hypoxemia 
causes increased erythropoietin production in the kidney and resultant 
increased red cell mass. Because solely red cell production is affected, 
these patients are correctly referred to as erythrocytotic rather than 
polycythemic. There is, however, a fairly poor relation among oxygen 
saturation, red cell mass, and 2,3-diphosphoglycerate.23 The oxygen-
hemoglobin dissociation curve is normal or minimally shifted to the 
right. Most patients have established an equilibrium state at which they 
have a stable hematocrit and are iron replete. Some patients, however, 
develop excessive hematocrits and are iron deficient, causing a hyper-
viscous state. Iron-deficient red cells are less deformable and have been 
said to cause increased viscosity for the same hematocrit.24 However, 
recently there is some conflicting evidence.25 Symptoms of hyper-
viscosity are uncommon and typically develop only at hematocrits 
exceeding 65% provided the patient is iron replete. Iron deficiency also 
shifts the oxygen-hemoglobin dissociation curve to the right, decreas-
ing oxygen affinity in the lungs.26 Symptoms of hyperviscosity are listed 
in Box 20-3. Iron deficiency can be the result of misguided attempts to 
reduce the hematocrit by means of repeated phlebotomies.27 The red 
cells in these patients may be hypochromic and microcytic despite the 
high hematocrit. Assessment of iron status is best done by measures 
of serum ferritin and transferrin rather than inferences from red cell 
indices.27 Treatment with oral iron needs to be undertaken with care 
because rapid increases in hematocrit can result.

Symptomatic hyperviscosity is the indication for treatment to tempo-
rarily relieve symptoms. It is not indicated to treat otherwise asymptom-
atic increased hematocrits (generally hemoglobin > 20 and hematocrit 
> 65). Treatment is by means of a partial isovolumic exchange transfu-
sion, and it is assumed that the increased hematocrit is not related to 
dehydration. Partial isovolumic exchange transfusion usually results in 
regression of symptoms within 24 hours. It is rare to require exchange 
of more than 1 unit of blood. Before surgery, phlebotomized blood 
can be banked for autologous perioperative retransfusion if required. 
Elective preoperative isovolumic exchange transfusion has decreased 
the incidence of hemorrhagic complications of surgery.28,29

Hyperviscosity and erythrocytosis can cause cerebral venous throm-
bosis in younger children, but it is not a problem in adults, regardless 
of the hematocrit.20 Protracted preoperative fasts need to be avoided 
in erythrocytotic patients because they can be accompanied by rapid 
increases in the hematocrit.

Bleeding dyscrasias have been described in up to 20% of patients. 
A variety of clotting abnormalities have been described in association 
with cyanotic CHD, although none uniformly.30 Bleeding dyscrasias are 
uncommon until the hematocrit exceeds 65%, although excessive sur-
gical bleeding can occur at lower hematocrits. Generally, higher hema-
tocrits are associated with a greater bleeding diathesis. Abnormalities 
of a variety of factors in both the intrinsic and extrinsic coagulation 

pathways have been described inconsistently. Both cyanotic and acy-
anotic patients have been reported with deficiencies of the largest von 
Willebrand factor multimers, which have normalized after reparative 
surgery.31 Fibrinolytic pathways are normal.32

The decreased plasma volume in erythrocytic blood can result in 
spuriously increased measures of the prothrombin and partial throm-
boplastin times, and the fixed amount of anticoagulant will be exces-
sive because it presumes a normal plasma volume in the blood sample. 
Erythrocytic blood has more red cells and less plasma in the same 
volume. If informed in advance of a patient's hematocrit, the clinical 
laboratory can provide an appropriate sample tube. Normalizing to 
a hematocrit of 45%, the amount of citrate added to the tube can be 
calculated as follows:

mL citrate (0.1 blood volume collected)

[(100 patient 's hematocrit) / 55]

Platelet counts are typically normal or occasionally low, but bleed-
ing is not due to thrombocytopenia. Platelets are reported per milliliter 
of blood, not milliliter of plasma. When corrected for the decreased 
plasma fraction in erythrocytic blood, the total plasma platelet count is 
closer to normal. That said, abnormalities in platelet function and life 
span have on occasion been reported.33,34 Patients with low-pressure 
conduits (Fontan pathway) or synthetic vascular anastomoses are often 
maintained on antiplatelet drugs.

Cyanotic erythrocytotic patients have excessive hemoglobin turn-
over, and adults have an increased incidence of calcium bilirubinate 
gallstones. Biliary colic can develop years after cyanosis has been 
resolved by cardiac surgery.20

A variety of mechanical factors can also affect excessive surgical 
bleeding in cyanotic CHD patients. These factors include increased 
tissue capillary density, increased systemic venous pressure, aortopul-
monary and transpleural collaterals that have developed to increase 
pulmonary blood flow, and prior thoracic surgery. Aprotinin and 
-aminocaproic acid improve postoperative hemostasis in patients with 

cyanotic CHD.35 The results with tranexamic acid have been mixed.36

Renal
Some degree of renal insufficiency is not uncommon in adults with CHD, 
and the severity is a predictor of mortality. Moderate or severe renal dys-
function (estimated glomerular filtration rate < 60 mL/min/m2) carry a 
fivefold increased risk for death at 6-year follow-up compared with patients 
with normal glomerular filtration rate and a threefold increase over those 
with mild increases in glomerular filtration rate.37 Renal dysfunction is 
particularly prevalent in cyanotic patients and those with poor cardiac 
function. Adult patients with cyanotic CHD can develop abnormal renal 
histology with hypercellular glomeruli and basement membrane thicken-
ing, focal interstitial fibrosis, tubular atrophy, and hyalinized afferent and 
efferent arterioles.38 Cyanotic CHD is often accompanied by increases in 
plasma uric acid levels that are due to inappropriately low fractional uric 
acid excretion.39 Decreased urate reabsorption is thought to result from 
renal hypoperfusion with a high filtration fraction. Despite the increased 
uric acid levels, urate stones and urate nephropathy are rare.40 Although 
arthralgias are common, true gouty arthritis is less frequent than would 
be expected from the degree of hyperuricemia.39 There appears to be an 
increased incidence of postcardiopulmonary bypass renal dysfunction in 
adults with longstanding cyanosis.41

Neurologic
Adults with persistent or potential intracardiac shunts remain at risk for 
paradoxic embolism. Paradoxical emboli can occur even through shunts 
that are predominantly left to right because during the cardiac cycle there 
can be small transient reversals of the shunt direction. It has been said 
that, unlike in children, adults with cyanotic CHD are not at risk for the 
development of cerebral thrombosis despite the  hematocrit.20,42 However, 
this assertion has been challenged by Ammash and Warnes,43 who 

BOX 20-3. SYMPTOMS OF HYPERVISCOSITY
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 suggested an association of stroke not with red cell mass, but with iron 
deficiency and repeated venesection. Adults do, however, remain at risk 
for the development of brain abscess. A healed childhood brain abscess 
can provide the nidus for the development of seizures  throughout life.

Prior thoracic surgery can result in permanent peripheral nerve 
damage. Surgery at the apices of the lungs is particularly associated with 
the risk for nerve damage. These operations would include Blalock–
Taussig shunts, ligation of patent ductus arteriosus (PDA), banding of 
the pulmonary artery, and repair of aortic coarctation. Nerves that are 
susceptible to injury include the recurrent laryngeal nerve, the phrenic 
nerve, and the sympathetic chain. The incidence of migraine  headaches 
is greater in adults with CHD compared with a control group with 
acquired heart disease (45% vs. 11%) and is increased in left-to-right, 
right-to-left, and no-shunt groups.44

Vasculature
Vessel abnormalities can be congenital or iatrogenic. They can affect 
the suitability of vessels for cannulation by the anesthesiologist or 
measurement of correct pressures. These abnormalities are described 
in Table 20-3.

Pregnancy
The physiologic changes of pregnancy, labor, and delivery can signifi-
cantly alter the physiologic status of women with CHD. Several texts 
are available that specifically discuss issues of the pregnant woman with 
CHD in more detail than is possible here,45–47 and there has been a recent 
review of generic cardiac surgery in the parturient.48 Management and 
clinical outcomes during pregnancy and delivery for several cardiac 
lesions are included under the later discussions of those lesions.

Although cardiac complications, spontaneous abortions, premature 
delivery, thrombotic complications, peripartum endocarditis, and poor 
fetal outcomes can occur,49 successful pregnancy to term with vaginal 
delivery is possible for most patients with congenital defects.50 High-
risk factors for mother and fetus are shown in Box 20-4. Eisenmenger 

physiology is a particular risk factor. Up to 47% of cyanotic women 
have worsening of functional capacity during pregnancy.51 Hematocrits 
greater than 44% are associated with birth weights in less than the 50th 
percentile, and fetal death is about 90% or more with hemoglobin levels 
greater than 18 gm/dL or oxygen saturation less than 85%, with most 
losses in the first trimester. The increases in stroke volume and cardiac 
output during pregnancy can stress an already pressure-overloaded 
ventricle. The decrease in systemic vascular resistance that accompanies 
pregnancy is better tolerated by women with regurgitant lesions and 
typically offsets the added insult of pregnancy-related hypervolemia. 
The decrease in systemic vascular resistance can, however, increase 
right-to-left shunting. Hypervolemia can be problematic in patients 
with poor ventricular function. Maternal cyanosis is associated with 
increased incidences of prematurity and intrauterine growth retarda-
tion. Profound cyanosis is associated with a high rate of spontaneous 
abortion.52 Endocarditis prophylaxis is not currently recommended for 
vaginal deliveries.53 The recurrence risk rate of any congenital cardiac 
defect in a newborn is 2.3% with one affected older sibling (any defect), 
7.3% with two, 6.7% if the mother has a congenital cardiac defect, but 
only 2.1% if the father is affected.2 However, it has become  apparent that 
recurrence risk can be specific to the type of maternal defect and the 
underlying genetic basis. If possible, pregnancies in mothers with CHD 
should be managed in a high-risk obstetric center with cardiologists 
experienced with the care of adult CHD, and with early consultation 
with the obstetric anesthesia service. Women on long-term anticoagula-
tion will likely need peripartum modifications, and  postpartum throm-
boembolism is a potential significant problem.

Anesthesiologists will generally encounter pregnant patients well 
into the last trimester. Most of the major physiologic changes asso-
ciated with pregnancy occur before the third trimester, and if the 
patients have maintained good functional status to this point, they 
will have declared themselves to be in a relatively low-risk group. 
Pregnancy is a stress test, and if they have successfully arrived at the 
mid-to-late third trimester, it is more likely that they will successfully 
tolerate delivery. Also, many high-risk women will have been coun-
seled to avoid pregnancy. There is no a priori reason to favor an instru-
mented or Caesarean delivery over a vaginal one. This is an obstetric, 
not cardiologic decision. A functioning epidural makes uterine con-
tractions easy to tolerate. Bearing down, associated with the second 
stage, requires close observation. The third stage can be accompanied 
by an autotransfusion of placental blood, or potentially with hypo-
volemia with uterine atony and hemorrhage Oxytocin will decrease 
systemic vascular resistance and increase heart rate and pulmonary 
vascular resistance. Methylergonovine will increase systemic vascular 
resistance. These rapid changes in loading conditions can be poorly 
tolerated in mothers with fixed cardiac output and pulmonary edema, 
or heart failure can develop.

Some mothers will be taking medications for their cardiac condition, 
including antiarrhythmics. In general, these are safe for the infant.54 
Exceptions include -blockers that can interfere with fetal growth and 
the response of the fetus to the stress of labor, as well as amiodarone 
that can affect fetal thyroid function. Maternal cardioversion would 
appear to be safe for the fetus at all stages, because of the low intensity 
of the electrical field at the uterus. However, the fetus should be moni-
tored throughout the procedure. Women with implanted internal defi-
brillators have carried successfully to term.55 Should cardiopulmonary 
bypass (CPB) be required during pregnancy, it carries with it increased 
fetal risk, particularly if hypothermia is used.

Psychosocial
Teenagers with CHD are certainly no different from other teenagers in 
that issues of denial, a sense of immortality, and risk-taking behavior 
can affect optimal care for these youngsters. Bodies that carry scars 
from prior surgery and physical limitations can complicate the body-
conscious teenage years. Although most adolescents and adults with 
CHD function well, adults with CHD are less likely to be married 
or cohabitating and are more likely to be living with their parents.56 

BOX 20-4. RISK FACTORS FOR PREGNANCY

Potential Vascular Access Issues

Vessel Possible Problem

Femoral vein(s) May have been ligated if cardiac catheterization was 
done by cutdown; large therapeutic catheters in 
infants often thrombose femoral veins

Inferior vena cava Some lesions, particularly when associated with 
heterotaxy (polysplenia), have discontinuity of 
the inferior vena cava; will not be able to pass a 
catheter from the groin to the right atrium

Left subclavian and 
pedal arteries

Distal blood pressure will be low in the presence of 
coarctation of the aorta or after subclavian flap 
repair (subclavian artery only), and variably so if 
postoperative recoarctation; pulses can be absent 
or palpable with abnormal blood pressure

Subclavian artery Blood pressure low with classic Blalock-Taussig 
shunt on that side, and variably so with modified 
Blalock-Taussig shunt

Right subclavian artery Blood pressure artifactually high with supravalvular 
aortic stenosis (Coanda effect)

Superior vena cava Risk for catheter-related thrombosis with Glenn 
operation

TABLE 
20-3
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There are several series of adolescent and adult patients and psycho-
social outcome, but there are no well-done controlled  studies.57–64 It 
has been suggested that depression is common and can exacerbate 
the clinical consequences of the cardiac defect.

Adolescent CHD patients have higher medical care expenses than 
the general population, and they can have difficulty in obtaining life 
and health insurance after they can no longer be covered under their 
parents' policies.65–67 Life insurance is somewhat more available to adult 
CHD patients than in the past; however, policies vary widely among 
insurers.68

CARDIAC ISSUES
The basic hemodynamic effects of an anatomic cardiac lesion can be 
modified by time and by the superimposed effects of chronic cyanosis, 
pulmonary disease, or the effects of aging. Although surgical cure is the 
goal, true universal cure, without residua, sequelae, or complications, is 
uncommon on a population-wide basis. Exceptions include closure of a 
nonpulmonary hypertensive PDA or atrial septal defect (ASD), proba-
bly in childhood. Although there have been reports of series of surgeries 
on adults with CHD, the wide variety of defects and sequelae from prior 
surgery make generalizations difficult, if not impossible. Poor myocar-
dial function can be inherent in the CHD but can also be affected by 
longstanding cyanosis or superimposed surgical injury, including inad-
equate intraoperative myocardial protection.68,69 This is particularly 
true of adults who had their cardiac repair several decades ago when 
myocardial protection may not have been as good and when repair was 
undertaken at an older age. Postoperative arrhythmias are common, par-
ticularly when surgery entails long atrial suture lines, and the incidence 
of atrial arrhythmias increases with time, either as a primary sequela or 
as an indicator of diminished cardiac function.70 Thrombi can be found 
in these atria precluding immediate cardioversion.71 Bradyarrhythmias 
can be secondary to surgical injury to the sinus node or conducting 
 tissue or can be a component of the cardiac defect.

The number of cardiac lesions and subtypes, together with the large 
number of contemporary and obsolescent palliative and corrective sur-
gical procedures, make a complete discussion of all CHD impossible. 
The reader is referred to one of the current texts on pediatric cardiac 
anesthesia for more detailed descriptions of these lesions, the avail-
able surgical repairs, and the anesthetic implications during primary 
repair.72,73 Some general perioperative guidelines to caring for these 
patients are offered in Table 20-4. This chapter provides a discussion 
of the more common and physiologically important defects that will 
be encountered in an adult CHD population. Defining outcome after 
CHD surgery is like trying to hit a continuously moving target. Both 
short-term and long-term results from older series can differ signifi-
cantly from contemporary results.

Aortic Stenosis
Most aortic stenosis in adults is due to a congenitally bicuspid valve that 
does not become problematic until late middle age or later, although 
endocarditis risk is lifelong. Congenital aortic stenosis can, on some 
occasions, however, become severe enough to warrant surgical correc-
tion in adolescence or young adulthood, in addition to those severely 
affected valves that present in infancy. Once symptoms (angina, syn-
cope, near-syncope, heart failure) develop, survival is markedly short-
ened. Median survival is 5 years after the development of angina, 3 years 
after syncope, and 2 years after heart failure.74 Anesthetic management 
of aortic stenosis does not vary whether the stenosis is  congenital (most 
common) or acquired (see Chapter 19). 

Most mothers with aortic stenosis can successfully carry pregnan-
cies to term and have vaginal deliveries. Severe stenosis (valve area 
< 1.0 cm2) can result in clinical deterioration and maternal and fetal 
mortality. Hemodynamic monitoring during delivery with mainte-
nance of  adequate preload and avoidance of hypotension are critical. 
When  surgical intervention is required during pregnancy, percutaneous 
 balloon  valvuloplasty appears to carry lower risk than open valvotomy.

Aortopulmonary Shunts
Depending on their age, adult patients may have had one or more 
of  several aortopulmonary shunts to palliate cyanosis during child-
hood. These are shown in Figure 20-1. Although life saving, there 
were  considerable shortcomings of these shunts in the long term. All 
were inherently inefficient, as some of the oxygenated blood return-
ing through the pulmonary veins to the left atrium and ventricle would 
then return to the lungs through the shunt, thus volume loading the 
ventricle. It was difficult to quantify the size of the earlier shunts such as 
the Waterston (side-to-side ascending aorta to right  pulmonary artery) 
and Potts (side-to-side descending aorta to left pulmonary artery). 
If too small, the patient was left excessively cyanotic; if too large, there 
was pulmonary overcirculation with the risk for development of pul-
monary vascular disease. The Waterston, in fact, could, on occasion, 
stream blood flow unequally, resulting in a hyperperfused, hypertensive 
ipsilateral (right) pulmonary artery and a hypoperfused contralateral 
(left) pulmonary artery. There were also surgical issues when complete 
repair became possible. Takedown of Waterston shunts often required a 
pulmonary arterioplasty to correct deformity of the pulmonary artery 
at the site of the anastomosis, and the posteriorly located Potts anasto-
moses could not be taken down from a median sternotomy. Patients 
with a classic Blalock–Taussig shunt almost always lack palpable pulses 
on the side of the shunt. Even if there is a palpable pulse (from collateral 
flow around the shoulder), blood pressure obtained from that arm will 
be artifactually low. Even after a modified Blalock–Taussig shunt (using 
a piece of Gore-Tex tubing instead of an end-to-side anastomosis of 
the subclavian and pulmonary arteries), there can be a blood  pressure 
disparity between the arms. Preoperative blood pressure should be 
 measured in both arms to ensure a valid measurement (Box 20-5).

General Approach to Anesthesia for Patients 
with Congenital Heart Disease

General
The best care for both cardiac and noncardiac surgery in adult patients with 

CHD is afforded in a center with a multidisciplinary team experienced in the 
care of adults with CHD, and knowledgeable about both the anatomy and 
physiology of CHD and the manifestations and considerations specific to 
adults with CHD

Preoperative
Review most recent laboratory data, catheterization, and echocardiogram, and 

other imaging data; the most recent office letter from the cardiologist is often 
most helpful; obtain and review these in advance

Drawing a diagram of the heart with saturations, pressures, and direction of 
blood flow often clarifies complex and superficially unfamiliar anatomy and 
physiology

Avoid prolonged fast if patient is erythrocytotic to avoid hemoconcentration
No generalized contraindication to preoperative sedation
Intraoperative
Large-bore intravenous access for redo sternotomy and cyanotic patients (see 

Table 20-3 for vascular access considerations)
Avoid air bubbles in all intravenous catheters; there can be transient right-to-left 

shunting even in lesions with predominant left-to-right shunting (filters are 
available but will severely restrict ability to give volume and blood)

Apply external defibrillator pads for redo sternotomies and patients with poor 
cardiac function

Appropriate endocarditis prophylaxis (orally or intravenously before skin 
incision)40

Consider antifibrinolytic therapy, especially for patients with prior sternotomy
Transesophageal echocardiography for cardiac operations
Modulate pulmonary and systemic vascular resistances as appropriate 

pharmacologically and by modifications in ventilation
Postoperative
Appropriate pain control (cyanotic patients have normal ventilatory response to 

hypercarbia and narcotics)
Maintain hematocrit appropriate for arterial saturation
Maintain central venous and left atrial pressures appropriate for altered 

ventricular diastolic compliance or presence of beneficial atrial level shunting
PaO

2
 may not increase significantly with the application of supplemental oxygen 

in the face of right-to-left shunting; similarly, neither will it decrease much 
with the withdrawal of oxygen (in the absence of lung pathology)

TABLE 
20-4
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Atrial Septal Defect and Partial 
Anomalous Pulmonary Venous Return
There are several anatomic types of ASD. The most common type, and 
if otherwise undefined the presumptive type, is the secundum type 
located in the midseptum. The primum type at the lower end of the 
atrial septum is a component of endocardial cushion defects, the most 
primitive of which is the common atrioventricular canal (see later). 
The sinus venosus type, high in the septum near the entry of the supe-
rior vena cava (SVC), is almost always associated with partial anoma-
lous pulmonary venous return, most frequently drainage of the right 
upper pulmonary vein to the low SVC. An uncommon atrial septal–
type defect is when blood passes from the left atrium to the right via 
an unroofed coronary sinus. For purposes of this section, only secun-
dum defects are considered, although the natural histories of all of the 
defects are similar (Box 20-6).

Both the natural history and the postoperative outcome of ASDs 
and the physiologically related partial anomalous venous return are 
similar.75–77 Because the symptoms and clinical findings of an ASD can 
be quite subtle and patients often remain asymptomatic until adult-
hood, ASDs represent approximately one third of all CHD discovered 
in adults. Although asymptomatic survival to adulthood is common, 
significant shunts (Q

.
p/Q

.
s > 1.5:1) will probably cause symptoms over 

time, and paradoxical emboli can occur through defects with smaller 
shunts. Surgical repair of restrictive lesions 5 mm or smaller in size 
does not impact the natural history. Thus, surgical closure of small 
lesions is not indicated in the absence of paradoxical emboli. Effort 
 dyspnea occurs in 30% by the third decade, and atrial flutter or fibril-
lation in about 10% by age 40.75 The avoidance of complications 
developing in adulthood provides the rationale for surgical repair of 
asymptomatic  children. The mortality for a patient with an uncor-
rected ASD is 6% per year after 40 years of age, and essentially all 
patients older than 60 years are symptomatic.75–77 Large, unrepaired 
defects can cause death from atrial tachyarrhythmias or right ventric-
ular failure in 30- to 40-year-old patients.78 With the decreased left 
ventricular diastolic compliance accompanying the systemic hyper-
tension or coronary artery disease that is common with aging, left-
to-right shunting increases with age. Pulmonary vascular disease 
typically does not develop until after the age of 40, unlike ventricular 
or ductal level shunts, which can lead to it in early childhood. Mitral 
insufficiency can be found in adult patients and is significant in about 
15% of adult patients.79 Paradoxical emboli remain a lifelong risk.

Late closure of the defect, after 5 years of age, has been associated with 
incomplete resolution of right ventricular dilation.80 Left ventricular 
dysfunction has been reported in some patients having defect closure 
in adulthood, and closure, particularly in middle age, may not prevent 
the development of atrial tachyarrhythmias or stroke.81–84 Survival of 
patients without pulmonary vascular disease has been reported to be 
best if operated on before 24 years of age, intermediate if operated on 
between 25 and 41 years of age, and worst if operated on thereafter.84 
However, more recent series have shown that even at ages older than 
40, surgical repair provides an overall survival and complication-free 
benefit compared with medical management.85 Surgical morbidity in 
these patients is primarily atrial fibrillation, atrial flutter, or junctional 
rhythm.82 Current practice is to close these defects in adults in the cath-
eterization laboratory via transvascular devices if anatomically prac-
tical (Figure 20-2). For example, there needs to be an adequate rim  
of septum around the defect to which the device can attach. Device  
closure is inappropriate if the defect is associated with anomalous pul-
monary venous drainage. The indications for closure with a transvas-
cular device are the same as for surgical closure.86

An otherwise uncomplicated secundum ASD, unlike most congen-
ital cardiac defects, is not associated with an increased endocarditis 
risk.87 Presumably, this is because the shunt, although potentially large, 
is low pressure and unassociated with jet lesions of the endocardium.

Although some discussion is given to onset times with intravenous or 
inhalation induction agents, clinical differences are hard to notice with 
modern low-solubility volatile agents. Thermodilution cardiac output 
reflects pulmonary blood flow, which will be in excess of systemic blood 
flow. Pulmonary arterial catheters are not routinely indicated. Patients 

BOX 20-5. AORTOPULMONARY SHUNTS

Waterston Ascending aorta right 
pulmonary artery

No longer done

Potts Descending aorta left 
pulmonary artery

No longer done

Classic 
Blalock–Taussig

Subclavian artery ipsilateral 
pulmonary artery

No longer done

Modified 
Blalock–Taussig

Gore-Tex tube subclavian 
artery ipsilateral pulmonary 
artery

Current

Central shunt Gore-Tex tube ascending 
aorta main pulmonary artery

Current

BOX 20-6. COMPLICATIONS OF ATRIAL SEPTAL 
DEFECT IN ADULTHOOD

1 2

4
3

Figure 20-1 Various aortopulmonary anastomoses. The illustrated 
heart is one with tetralogy of Fallot. The anastomoses are: 1, modified 
Blalock-Taussig; 2, classic Blalock-Taussig; 3, Waterston (Waterston-
Cooley); and 4, Potts. (From Baum VC: The adult with congenital heart 
disease. J Cardiothorac Vasc Anesth 10:261, 1996.)
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generally do tolerate any appropriate anesthetic; however,  particular 
care should be taken in patients with pulmonary arterial hypertension 
or right-sided failure.

Most women with an ASD tolerate pregnancy well. However, the 
normal hypervolemia associated with pregnancy can result in heart 
failure in women with large defects. Hypovolemia accompanying deliv-
ery can result in right-to-left shunting through the defect, and there is a 
risk for pulmonary thromboembolism or paradoxical embolism.

Coarctation of the Aorta
Unrepaired coarctation of the aorta in the adult brings with it signifi-
cant morbidity and mortality. Mortality rate is 25% by age 20, 50% by 
age 30, 75% by age 50, and 90% by age 60.78,88–90 Left ventricular aneu-
rysm, rupture of cerebral aneurysms, and dissection of a postcoarcta-
tion aneurysm all contribute to the excessive mortality. Left ventricular 
failure can occur in patients older than 40 with unrepaired lesions. If 
repair is not undertaken early, there is incremental risk for the develop-
ment of premature coronary atherosclerosis. Even with surgery, coro-
nary artery disease remains the leading cause of death 11 to 25 years 
after surgery.91 Coarctation is accompanied by a bicuspid aortic valve 
in the majority of patients. Although endocarditis of this abnormal 
valve is a lifelong risk, these valves often do not become stenotic until 
middle age or later. Coarctation can also be associated with mitral valve 
abnormalities (Box 20-7).

Aneurysms at the site of coarctation repair can develop years later 
(Figure 20-3), and restenosis as well can develop in adolescence or 

 adulthood. Repair includes resection of the coarctation and end-
to-end anastomosis. Because this sometimes resulted in recoarcta-
tion when done in infancy, for many years a common repair was the 
Waldhausen or subclavian flap operation, in which the left subclavian 
artery is ligated and the proximal segment opened and rotated as a flap 
to open the area of the coarctation. Aneurysms in the area of repair 
are a particular concern in adolescents and adults after coarctectomy. 
Persistent systemic hypertension is common after coarctation repair.92 
The risk for hypertension parallels the duration of unrepaired coarc-
tation. Adult patients require continued periodic follow-up for hyper-
tension. A pressure gradient of 20 mm Hg or more (less in the presence 
of extensive collaterals) is an indication for treatment.93 Recoarctation 
can be treated surgically or by balloon angioplasty with stenting.94 
Surgical repair of recoarctation or aneurysm in adults is associated with 
increased mortality and can be associated with significant intraopera-
tive bleeding because of previous scar or extensive collateral vessels. It 
requires lung isolation for optimal surgical exposure and placement of 
an arterial catheter in the right arm. Endovascular repair by balloon-
ing/stenting has proved useful for these patients.95,96

Half of patients operated on after age 40 have persistent hyper-
tension, and many of the remainder have an abnormal hypertensive 
response to surgery. Long-term survival is worse for patients having 

LA

RA

A

B

Figure 20-2 Closure of an atrial septal defect in an adult with 
use of a transvascular device (the Amplatzer septal occluder). 
A, Radiograph. B, Transesophageal echocardiogram. The device is 
clearly visualized spanning and occluding the atrial septal defect. LA, 
left atrium; RA, right atrium. (Courtesy of Dr. Scott Lim.)

Figure 20-3 Magnetic resonance image of a 37-year-old man showing 
descending thoracic aortic pseudoaneurysm at the site of a coarctation 
that had been repaired years earlier. This patient also has a bicuspid aor-
tic valve and an aneurysm of the ascending aorta that was later repaired. 
(Courtesy of Dr. Christopher Kramer.)

BOX 20-7. COMPLICATIONS OF AORTIC 
COARCTATION IN ADULTHOOD
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repair later in life. Patients older than 40 undergoing repair have a 
15-year survival rate of only 50%.91

Blood pressure should be obtained in the right arm unless pres-
sures in the left arm or legs are known to be unaffected by residual 
or recurrent coarctation. Postoperative hypertension is common after 
repair of coarctation and often requires treatment for some months. 
Postoperative ileus is also common, and patients should be maintained 
NPO for about 2 days.

Pregnancy can exacerbate preexisting hypertension in women with 
unrepaired lesions, increasing the risk for aortic dissection or rup-
ture, heart failure, angina, and rupture of a circle of Willis aneurysm. 
Adequate blood pressure control during pregnancy is paramount in 
these women. Most aortic ruptures during pregnancy occur during 
labor and delivery. Presumably, epidural analgesia would moderate 
hypertension during delivery.

Congenitally Corrected Transposition 
of the Great Vessels (L-Transposition, 
Ventricular Inversion)
"Transposition” in this context refers solely to the fact that the aorta 
arises anterior to the pulmonary artery. It bears no reference to the ori-
gin of blood in the aorta or pulmonary artery, or to the  ventricle of origin 
of those vessels. In L-transposition, as a consequence of the embryonic 
heart tube rotating to the left rather than to the right, the flow of blood 
is through normal vena cavae to the right atrium, through a mitral 
valve to a right-sided anatomic left ventricle, to the pulmonary artery, 
through the pulmonary circulation, to the left atrium, through a tri-
cuspid valve to a left-sided anatomic right ventricle, and thence to the 
aorta (Figure 20-4) Although anatomically altered, the physiologic flow 
of blood is appropriate and there are no associated shunts. L-Transpo-
sition of the great arteries (L-TGA) is frequently associated with other 
cardiac lesions, most commonly a ventricular septal defect (VSD), sub-
pulmonic stenosis, heart block, or systemic atrioventricular (tricuspid) 
valve regurgitation. In the absence of any of these associated cardiac 
defects, L-TGA will usually be asymptomatic through infancy and 
childhood. When L-transposition is an isolated lesion, most patients 
maintain normal biventricular function through early adulthood, and 
can attain a  normal life span.

Systemic atrioventricular (tricuspid) valve insufficiency may not 
develop until later in life, resulting in approximately 60% of patients 
being diagnosed as adults.97 Dysfunction of the right or systemic ven-
tricle can develop with aging, and asymptomatic aging is relatively 
uncommon.98 By age 45, heart failure will be present in 67% of those 
patients with associated lesions and 25% of those without.99 These 

patients can be born with congenital heart block, which can progress 
in degree. Second- or third-degree heart block occurs at a rate of about 
2% per year. More than 75% of patients develop some degree of heart 
block, although the intrinsic pacemaker remains above the His bundle 
with a narrow QRS complex. L-Transposition can be associated with an 
Ebstein-like deformity of the systemic atrioventricular (tricuspid) valve, 
and there can be a bundle of Kent causing the Wolff-Parkinson-White 
syndrome associated with that abnormal valve. There is a significant 
incidence of tricuspid valve insufficiency in the systemic ventricle, and 
this is greater still in patients with an Ebstein's deformity of the valve.100 
Anesthetic management depends on the presence of any associated 
lesions and the adequacy of right (systemic) ventricular function.

Although women generally do well with pregnancy,101 the physi-
ologic stresses of pregnancy and delivery can result in ventricular or 
valvular dysfunction, particularly with baseline dysfunction and/or an 
insufficient systemic atrioventricular valve; but even if these develop, 
pregnancy can be successfully managed.101–104 The decrease in systemic 
vascular resistance associated with both pregnancy and neuraxial 
analgesia might be advantageous to women with tricuspid (systemic) 
valve insufficiency. The acute autotransfusion associated with delivery 
could potentially cause problems for women with existing diminished 
 systemic ventricle function.

Ebstein's Anomaly of the Tricuspid Valve
Ebstein's anomaly, one of arrested or incomplete delamination of the 
embryonic tricuspid valve from the right ventricular myocardium, 
resulting in apically displaced valve tissue, is the most common cause of 
congenital tricuspid insufficiency. The septal leaflet tends to be the most 
dysplastic. The anterior leaflet tends to be large and redundant. The 
defect is associated with a patent foramen ovale or a secundum ASD. 
There is “atrialization” of part of the right ventricle. The displacement 
of the tricuspid valve toward the right ventricular apex results in a por-
tion of the right ventricle being above the tricuspid valve and becoming 
functionally part of the right atrium. Apicalization of the tricuspid valve 
results in a portion of the heart above the valve having a ventricular 
intracardiac electrogram (it is ventricular myocardium) but atrial pres-
sures (it lies above the tricuspid valve). The right atrium can be mas-
sively enlarged (Figure 20-5), and the right ventricle, lacking the inflow 
portion that is now part of the right atrium, is smaller than usual with 
varying degrees of pulmonic stenosis. Patients with L-transposition (see 
earlier) can have Ebstein's anomaly of a left-sided tricuspid valve.
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Figure 20-4 Diagram of the anatomy of L-TGA. Note that the atrio-
ventricular valves are associated with the “usual” ventricle. Ao, aorta; LA, 
left atrium; LV, anatomic left ventricle; MV, mitral valve; PA, pulmonary 
artery; RA, right atrium; RV, anatomic right ventricle; TV, tricuspid valve.

LA
MVRA

LV

RVTV

Figure 20-5 Ebstein's anomaly of the tricuspid valve. This echocar-
diogram shows the apically displaced redundant tricuspid valve tissue 
and a massively enlarged right atrium with bowing of the atrial sep-
tum to the left. LA, left atrium; LV, left ventricle; MV, mitral valve; RA, 
right atrium; RV, right ventricle; TV, tricuspid valve. (From Baum VC: 
Abnormalities of the atrioventricular valves. In Lake CL, Booker P [eds]: 
Pediatric cardiac anesthesia, 4th ed. Philadelphia, 2004: Lippincott 
Williams & Wilkins.)
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Symptoms will vary based on the amount of displacement of the 
valve and the size of the smaller than normal right ventricle. Cyanosis 
from atrial-level right-to-left shunting can be a neonatal phenomenon, 
resolving with the normal postnatal decrease in pulmonary vascular 
resistance, only to recur in adolescence or adulthood. Very mild dis-
ease is quite compatible with asymptomatic survival into adulthood, 
although overall earlier reports suggested a mean age at death of about 
20 years, with about one third dying before 10 years of age and only 
15% survival rate by 60 years.105–107 About half of patients experience 
development of arrhythmias, typically supraventricular tachyarrhyth-
mias. Once symptoms develop, disability rapidly progresses.

Valve repair is currently the approach of choice, and only uncom-
monly will tricuspid valve replacement be required.108 Additional 
intervention may be required for progressive insufficiency, stenosis, 
prosthetic valve failure, or valve replacement with growth. After valve 
replacement, up to 25% of patients experience development of high-
grade atrioventricular block. Ebstein's valves are often associated with 
a right-sided bypass tract, causing Wolff-Parkinson-White syndrome. 
This is of concern because 25% to 30% of patients experience develop-
ment of supraventricular tachyarrhythmias. The dilated right atrium is 
ready substrate for the development of atrial fibrillation. In addition to 
a decrease in cardiac performance, atrial fibrillation is also potentially 
dangerous in patients with underlying Wolff-Parkinson-White syn-
drome because very high atrial rates can be conducted to the ventricle 
through the bypass tract.

The major concerns when anesthetizing patients who have Ebstein's 
anomaly include decreased cardiac output, right-to-left atrial-level 
shunting with cyanosis, and the propensity for atrial tachyarrhythmias. 
The right atria of these patients are very sensitive, and arrhythmias are 
easily induced by catheters or guidewires passed into the right atrium or 
during surgical manipulation; arrhythmias remain a concern into the 
postoperative period. Supraventricular arrhythmias should be treated 
aggressively. If associated with significant hypotension, the arrhythmia 
needs to be electrically cardioverted.

In the absence of marked cyanosis, pregnancy and delivery are gener-
ally well tolerated. There is, however, an increased incidence of prema-
turity and fetal loss, and birth weights are lower in infants of cyanotic 
mothers,109 as well as an increased incidence of CHD in the offspring.

Eisenmenger Syndrome
Eisenmenger described a particular type of large VSD with dextropo-
sition of the aorta.110 In a general way, the term Eisenmenger syndrome 
has come to describe the clinical setting in which a large left-to-right 
cardiac shunt results in the development of pulmonary vascular  disease 
and has been the subject of recent reviews.111 Although early on the pul-
monary vasculature remains reactive, with continued insult, pulmo-
nary hypertension becomes fixed and does not respond to pulmonary 
vasodilators. Ultimately, the level of pulmonary vascular resistance is 
so high that the shunt reverses and becomes right to left. Clinically, 
patients who are cyanotic from intracardiac right-to-left shunting are 
deemed to have Eisenmenger physiology even though their PVR may 
not yet truly be “fixed.” This is the intermediate phase of the disease 
before progression to a truly fixed PVR. That is, at baseline they shunt 
right to left but may still retain some pulmonary vascular reactivity in 
the presence of vasodilating agents such as oxygen or nitric oxide. The 
degree of reactivity can be determined in the catheterization labora-
tory by measuring the pulmonary blood flow on room air, pure oxy-
gen, and pure oxygen with nitric oxide added. The development of 
pulmonary vascular disease is dependent on shear rate. Lesions with 
high shear rates, such as a large VSD or a large PDA, can result in pul-
monary hypertension in early childhood. Lesions such as an ASD with 
high pulmonary blood flow but low pressure may not result in pulmo-
nary vascular disease until late middle age. Pulmonary vascular disease 
progression is also accelerated in patients living at high altitudes.

The most common presenting symptom is dyspnea on exertion. 
Additional symptoms include palpitations, edema, hemoptysis, syn-
cope, hyperpnea, and of course, increasing cyanosis. Hepatic synthetic 

function can be altered from the increased central venous pressure. 
There can be CNS symptoms from increased blood viscosity from the 
erythrocytosis associated with cyanosis. Right ventricular ischemia is 
a possibility. Patients may be on chronic therapy with drugs such as 
intravenous prostacyclin, an oral phosphodiesterase-5 inhibitor such 
as sildenafil (e.g., Revatio), or an oral endothelin receptor antagonist 
such as bosentan (e.g., Tracleer). Because of the risk for pulmonary 
thromboses,112 patients may be on chronic anticoagulants.

Eisenmenger physiology is compatible with survival into adult-
hood.113,114 However, reported rates of survival after diagnosis vary, 
probably based on the relatively long life expectancy and variability 
in the time of diagnosis. Cantor et al115 reported median survival to 
53 years but with wide variation. Saha et al116 reported a survival rate 
of 80% at 10 years after diagnosis and 42% at 25 years. Oya et al,117 
however, reported survival rate of 77% at 5 years and 58% at 10 years. 
Syncope, increased central venous pressure, and arterial desaturation 
to less than 85% are all associated with poor short-term outcome.113 
Other factors associated with mortality include syncope, age at presen-
tation, functional status, supraventricular arrhythmias, increased right 
atrial pressure, renal insufficiency, severe right ventricular dysfunction, 
and trisomy 21. Most deaths are sudden cardiac deaths. Other causes 
of death include heart failure, hemoptysis, brain abscess, thromboem-
bolism, and complications of pregnancy and noncardiac surgery.118 
These patients face potentially significant perioperative risks. Findings 
of Eisenmenger syndrome are summarized in Table 20-5.

Surgical closure of cardiac defects with fixed pulmonary vascular 
hypertension is associated with very high mortality. Lung or heart-lung 
transplantation is a surgical alternative.119 Although there are several 
surgical series reporting survival after heart-lung or single- or double-
lung transplantation performed for primary pulmonary hypertension, 
it is unclear whether this cohort of patients is similar to patients with 
Eisenmenger physiology.

When noncardiac surgery is deemed essential and time permits, a 
preoperative cardiac catheterization may be helpful to determine the 
presence of pulmonary reactivity to oxygen or nitric oxide. Fixed pul-
monary vascular resistance precludes rapid adaptation to periopera-
tive hemodynamic changes. Changes in systemic vascular resistance 
are mirrored by changes in intracardiac shunting. A decrease in sys-
temic vascular resistance is accompanied by increased right-to-left 
shunting and a decrease in systemic oxygen saturation. Systemic vaso-
dilators, including regional anesthesia, need to be used with caution, 
and close assessment of intravascular volume is important. Epidural 
analgesia has been used successfully in patients with Eisenmenger 
physiology, but the local anesthetic needs to be delivered slowly and 
incrementally with close observation of blood pressure and oxygen 
saturation.120 Postoperative postural hypotension can also increase 
the degree of right-to-left shunting, and these patients should change 
position slowly. All intravenous catheters need to be maintained free 
of air bubbles.

Placement of pulmonary artery catheters in these patients is prob-
lematic for a variety of reasons, and they are of less utility than might 

Findings in Eisenmenger Syndrome

single or narrowly split second heart sound, Graham-Steell murmur of 
pulmonary insufficiency, pulmonic ejection sound ("click")

prominent central pulmonary vessels ("pruning")

aortopulmonary collateral vessels

TABLE 
20-5



624 SECTION IV Anesthesia and Transesophageal Echocardiography for Cardiac Surgery

be expected. Pulmonary arterial hypertension is a risk factor for  
pulmonary artery rupture from a pulmonary artery catheter. Rupture 
is particularly worrisome in these cyanotic patients who can also have 
hemostatic deficits associated with erythrocytosis.121 Abnormal intrac-
ardiac anatomy and right-to-left shunting can make successful passage 
into the pulmonary artery difficult without fluoroscopy. Relative resis-
tances of the pulmonary and systemic beds are reflected in the systemic 
oxygen saturation, readily measured by pulse oximetry, so measures of 
pulmonary artery pressure are not required. In addition, in the pres-
ence of right-to-left shunting, thermodilution cardiac outputs do not 
accurately reflect systemic output. Thus, the value of pulmonary artery 
catheters in these patients is minimal at best, and they essentially are 
never indicated. The one potential exception is the patient with an ASD 
who is at risk for development of right ventricular failure if suprasys-
temic right ventricular pressure develops.122

Fixed pulmonary vascular resistance is, by definition, unresponsive 
to pharmacologic or physiologic manipulation, but as previously men-
tioned, only patients at the true end stage of disease have fixed PVR. 
Thus, the clinician must still avoid factors known to increase pulmo-
nary vascular resistance, including cold, hypercarbia, acidosis, hypoxia, 
and -adrenergic agonists. Although the last of these is commonly 
listed to be avoided, it seems that in the face of pulmonary vascular 
disease caused by intracardiac shunting, the systemic vasoconstrictive 
effects predominate and systemic oxygen saturation increases.

Nerve blocks offer an attractive alternative to general anesthesia 
if otherwise appropriate. If patients have general anesthesia, consid-
eration should be given to postoperative observation in an intensive 
or intermediate care unit. Because of the increased perioperative risk, 
patients should be observed overnight, particularly if they have not had 
recent surgery or anesthesia, because their responses will be unknown. 
Ambulatory surgery is possible for patients having uncomplicated 
minor surgery with sedation or nerve block.

Pregnancy carries a very high mortality risk and risk for premature 
delivery. From 20% to 30% of pregnancies result in spontaneous abor-
tions, and premature delivery occurs in about half.123 At least half of 
newborns have intrauterine growth retardation. From 30% to 45% 
of all pregnancies end in maternal death intrapartum or during the 
first postpartum week, and successful first pregnancy does not pre-
clude maternal death during a subsequent pregnancy.124 The hemody-
namic changes of both pregnancy and delivery increase maternal risk. 
Pulmonary microembolism and macroembolism have caused peripar-
tum maternal deaths, even days after delivery. Factors that influence 
mortality include thromboembolism (44%), hypovolemia (26%), and 
preeclampsia (18%).123,124 Mortality is similar with Cesarean section 
or vaginal delivery, and both are significantly greater than the mortal-
ity rate for spontaneous abortions. Pregnancy should be discouraged 
in these women. Women who do become pregnant should be closely 
monitored with arterial catheters during delivery. Epidural analgesia, 
delivered slowly and incrementally, can moderate many of the deleteri-
ous hemodynamic changes of active labor. Pulmonary arterial catheters 
are of little to no use during delivery. Prompt treatment of blood loss 
and hypotension during delivery is absolutely required. Postpartum 
observation should be in an intensive care setting. Pulmonary hyper-
tension in pregnancy was reviewed in detail.125,126

Endocardial Cushion Defects 
(Atrioventricular Canal Defects)
The endocardial cushions are embryonic cardiac tissue that form the 
crux of the heart—the primum (lower) atrial septum, the posterior 
basal part of the ventricular septum, the septal leaflet of the tricuspid 
valve, and the anterior leaflet of the mitral valve. The endocardial cush-
ion defects then consist of one or more of a primum ASD, inlet VSD, 
cleft septal leaflet of the tricuspid valve, and/or cleft anterior leaflet of 
the mitral valve. The most primitive form is the complete atrioven-
tricular canal. In this defect, there is a single large atrioventricular valve 
with mitral and tricuspid components with large ASDs and VSDs. This 

valve is usually “balanced.” In the more complex, unbalanced defects, 
one component of the valve can be predominant, and this large valve 
is not centered over the ventricular septum, leading to underfilling of 
one of the ventricles. These defects can occur alone or can be part of 
more complex cardiac defects such as tetralogy of Fallot or single ven-
tricle. Half of all children with Down syndrome have CHD; half of 
these children have an endocardial cushion defect. These lesions are 
marked by a typical electrocardiogram with first-degree block and a 
superior QRS axis with a counterclockwise QRS loop. Although adults 
with unrepaired complete atrioventricular canal will likely have devel-
oped inoperable pulmonary arterial hypertension, partial canal defects 
can sometimes be first diagnosed in adults and will be appropriate 
 candidates for surgical repair. The atrioventricular node and bundle 
of His are displaced inferiorly, putting them at risk for surgical injury 
and the induction of heart block.

There is much subtlety required to construct two separate functional 
atrioventricular valves without residual stenosis or insufficiency of 
either component. Postoperative or residual mitral insufficiency is not 
uncommon, and 10% to 30% require repeat surgery.127 The strongest 
predictor of postoperative mitral insufficiency is the degree of preop-
erative regurgitation of the common atrioventricular valve. Anesthesia 
for these patients depends on the degree of shunt, valve insufficiency, 
and pulmonary vascular disease.

Fontan Physiology
In 1968, performing the operation that now bears his name, Fontan 
and Baudet128 proved that it was possible to deliver the entire systemic 
venous return to the lungs without the benefit of a ventricular pump. 
The Fontan operation was a landmark development in CHD because it 
established a “normal” series circulation in patients with a single ven-
tricle. The price to be paid for a series circulation is the unique physi-
ologic demand of passive pulmonary blood flow. Complications never 
envisioned at the time of the original operation have occurred, neces-
sitating significant changes in operative technique. Fontan's original 
operation (Figure 20-6) was soon modified to an atriopulmonary con-
nection129 (Figure 20-7). The original strict eligibility criteria130 have 
been liberalized, but patients meeting as many of the criteria as pos-
sible still have the best prognosis for good long-term survival. By the 
mid-1980s, it became clear that the success of Fontan circulation was 
based on an unobstructed pathway from systemic veins to pulmonary 
artery, a pulmonary vasculature that was free from anatomic distor-
tion (from previous Blalock-Taussig shunt, for example), low PVR, and 
good ventricular function without significant atrioventricular valve 
regurgitation. The incorporation of the atrium in the Fontan pathway  
proved disappointing. The atrium lost its contractile function, pro-
viding no assistance to pulmonary blood flow and causing serious  

Figure 20-6 The original Fontan operation. Note the classic Glenn 
shunt connecting the superior vena cava to the right pulmonary artery 
and the homografts at the inferior vena cava-right atrial junction and 
connecting the right atrium to the left pulmonary artery. (From Fontan F, 
Baudet E: Surgical repair of tricuspid atresia. Thorax 26:240, 1971.)
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complications. Understanding these complications and how the Fontan 
operation has evolved is the key to managing these challenging patients 
whose complex CHD has been palliated, not cured.

Complications
The dilated, noncontractile atrium serves as a reservoir of blood and a 
ready source of thrombus.131–133 Pulmonary embolization will impair 
the passive blood flow necessary for successful Fontan circulation. Atrial 
thrombus could embolize paradoxically through residual right-to-left 
shunts. Patients are also at risk for arterial thrombosis, secondary to a 
mild hypercoagulable state.134,135 Given the morbidity associated with 
thromboembolism, it seems reasonable to prescribe aspirin therapy to all 
Fontan patients.136 Those who display further potential for  thrombosis 
such as low cardiac output state, atrial arrhythmia with significant atrial 
dilation, or marked venous hypertension may benefit from warfarin 
(Coumadin). Box 20-8 lists complications of the Fontan procedure.

Fontan patients show a steady increase in atrial tachyarrhythmias 
with an incidence of more than 50% at 20 years.137 Changes in  surgical 
technique evolved, in part, to decrease the rate of atrial  arrhythmias. 
Although initial results were promising,138 unfortunately, much of this 
benefit is lost with longer term follow-up.139 Fontan  surgical patients 
tolerate tachycardia poorly, and acute episodes usually require urgent 
treatment using medical therapy to control ventricular rate or cardio-
version. Late-onset atrial tachyarrhythmias usually occur between 6 and 
10 years after Fontan completion.140 The most common  tachyarrhythmia 
is right intra-atrial reentrant tachycardia. Over time, episodic attacks 
of tachycardia become more frequent. Frequently, atrial fibrillation 
occurs and the loss of  atrioventricular synchrony results in decreased 
effort tolerance. The onset of atrial  tachyarrhythmias mandates an 
evaluation of the Fontan pathway with attention turned to relieving 

any  significant obstructions. In the setting of passive pulmonary blood 
flow, even small gradients can be hemodynamically significant.141 
Therapies for chronic atrial arrhythmias consist of medication, cath-
eter ablation, and surgery. Given the complex anatomy, dilated atrium 
and atrial scar with suture lines from prior surgeries, it is not surprising 
that atrial arrhythmias can become refractory to standard treatment in 
many patients. Catheter ablation  typically has high initial success rates 
that are not maintained.141

Bradyarrhythmias, caused by sinus node ischemia, are common. In 
a large cohort of patients with atriopulmonary connections, the inci-
dence rate of bradyarrhythmias requiring pacemakers was 13%.142 
Progressive fibrosis and scar around the sinus node, caused by prior 
surgical dissection, eventually leads to ischemia and clinical sinus 
node dysfunction. If accompanied by premature atrial contractions, 
sinus or junctional bradycardia can precipitate an intra-atrial reentry 
tachycardia. Thus, sinus node dysfunction also serves as a risk factor 
for the development of atrial tachyarrhythmias. Clinically significant 
bradyarrhythmias require pacing. Pacemakers pose special problems 
in the Fontan patient because the altered anatomy precludes trans-
venous placement. Thus, Fontan patients who require pacing end up 
with epicardial leads placed via repeat sternotomy with all the risks 
that entails. Even though atrioventricular synchrony can be achieved 
with pacing, it is still not as good as intrinsic sinus rhythm. The inci-
dence of sinus node dysfunction is less with a cavopulmonary versus 
an  atriopulmonary connection.143 However, a clear benefit from an 
 extracardiac  connection (see later) when compared with the lateral 
tunnel approach has been difficult to prove.144,145

The last major complication of Fontan physiology is protein-losing 
enteropathy (PLE), a condition as confounding as it is serious. The 
incidence rate is quoted as high as 15%, but a large international mul-
ticenter study found a rate of 3.7%.146 Clinically, there is an edematous 
state with ascites and pleural-pericardial effusions. Serum albumin is 
low and the diagnosis is confirmed by finding enteric protein loss with 
increased levels of stool 1 antitrypsin. Most ominously, PLE is accom-
panied by a 50% mortality rate 5 years from diagnosis despite treat-
ment. It was believed that PLE constituted a straightforward situation 
of increased portal pressures secondary to central venous hyperten-
sion. Increased portal pressures lead to vascular congestion, lymphatic 
obstruction, and enteric protein loss from the gut. Unfortunately, there 
is not a good correlation between central venous pressures and PLE.147 
This has led to a broader understanding of PLE as a multifactorial phe-
nomenon caused by reduced mesenteric perfusion,147 chronic inflam-
mation,148 and enterocyte dysfunction.149 Patients who present with 
PLE should have a complete hemodynamic evaluation. This is vital 
because interventions that improve cardiac output have proved suc-
cessful in PLE. Any Fontan pathway obstruction should be treated and 
cardiac output optimized with medical therapy, fenestration, or pac-
ing. In the absence of correctable obstructions, PLE portends a poor 
prognosis, despite surgery or cardiac transplantation.

The Modern Fontan Operation
The atriopulmonary connection proved an inefficient method of 
 pulmonary blood flow. Colliding streams of blood from the SVC 
and inferior vena cava (IVC) resulted in energy loss and turbulence 
within the atrium.150 The energy required to propel blood forward 
into the  pulmonary vasculature was lost as blood swirled sluggishly 
in the dilated atrium (Figure 20-8). The modern Fontan operation is 
a total cavopulmonary connection (Figure 20-9). The “lateral tunnel 
Fontan” improved pulmonary blood flow, and only the lateral wall of 
the atrium was exposed to central venous hypertension. There was no 
dilated atrium to serve as a source of thrombus. The extensive atrial 
suture lines, however, remained a risk for arrhythmia. The  “extracardiac 
Fontan” is a further modification of the total cavopulmonary connec-
tion. The  “extracardiac Fontan” greatly reduces the number of atrial 
incisions and hopefully the long-term development of atrial arrhyth-
mias. Has the modern Fontan improved outcomes? Reductions in 
arrhythmia and improvements in overall survival have been noted.151 

Figure 20-7 The atriopulmonary modification of the Fontan opera-
tion. (From Kreutzer G, Galindez E, Bono H, et al: An operation for the 
correction of tricuspid atresia. J Thorac Cardiovasc Surg 66:613, 1973.)

BOX 20-8. COMPLICATIONS OF FONTAN 
OPERATION
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Results for the extracardiac Fontan are even better than the lateral tun-
nel Fontan but are limited by the shorter duration of follow-up. It is 
not yet certain whether the development of long-term complications 
has been truly reduced or only delayed.

Preoperative Assessment
Patients with Fontan physiology are presenting in larger  numbers for 
the entire array of noncardiac surgery including obstetric  procedures. 
Preoperative assessment begins with a directed history, concentrating on 
functional status and the presence of major complications. Heightened 
suspicion is clearly needed for patients with  atriopulmonary connec-
tions, as well as those with a systemic right ventricle. Patients with 
Fontan circulation have a low cardiac output state. This low output 
state exists despite the presence of good ventricular function, minimal 
atrioventricular valve regurgitation, and low PVR. A cohort of patients 
with an atriopulmonary Fontan performed at an older age showed 
striking reductions in anaerobic threshold (< 50% of control subjects),  
VO

2
 max ( 33% of control subjects), and systemic ejection fraction 

both at rest and exercise.152 Further compounding the issue is that 
patients' self-assessment grossly overestimates their objective exercise 

capacity.153 This places the anesthesiologist in a considerable dilemma 
when faced with a Fontan patient who rates his or her functional sta-
tus as “good.” The authors believe that transthoracic echocardiography 
should be the initial preoperative investigation and is mandatory except 
in cases of very minor surgery. Further testing is guided by the results 
of the echocardiogram and in consultation with a cardiologist experi-
enced in caring for adults with CHD. Normal  ventricular  function on 
an echocardiogram would stratify the patient as “low risk” only in the 
context of patients with Fontan circulation.

A term that should immediately get the attention of the anesthesiolo-
gist is “failing Fontan.” The specific reason for failing may be different, 
but the common denominator in these patients is a marked limitation 
of functional status. They will manifest some combination of refractory 
arrhythmias, PLE, liver dysfunction, hypoxemia, or congestive heart 
failure. Although PLE always signifies a failing Fontan, the converse 
is not always true. That is, patients can have severely limited function 
with increased central venous pressures and even evidence of cirrhosis 
on liver biopsy without demonstrating PLE.154 Patients with a “failing 
Fontan” require a search for correctable lesions.155 First, any obstructions 
within the Fontan pathway should be treated, preferably with percuta-
neous techniques of dilation and stenting. Second, loss of sinus rhythm 
should be treated with pacing. If loss of sinus rhythm is accompanied by 
severe tachyarrhythmias, Fontan conversion surgery is indicated. Third, 
some patients develop collateral vessels. Aortopulmonary collaterals 
result in a progressive volume load on the single  ventricle. Collaterals 
from the venous system to the systemic atrium or  ventricle cause hypox-
emia. In both cases, large collaterals should be coil occluded in the cath-
eterization laboratory. Another option is the creation of a fenestration, 
which can improve cardiac output and lower central venous pressures 
but at the expense of a right-to-left shunt. Unfortunately, not all of these 
therapeutic options are indicated or successful in every patient. At this 
point, if no realistic hope of further improvement exists, the only option 
is cardiac transplantation.

The functional state of Fontan patients exists across a spectrum 
but generally falls into two groups. The first and largest group is those 
who report New York Heart Association Class I-II level of function but 
have been shown to possess much less cardiorespiratory reserve than 
age-matched two-ventricle control subjects. These patients will toler-
ate most surgical procedures with an acceptably low risk. The second 
group is smaller but consists of those patients who have manifested one 
of more of the “failing Fontan” criteria. Surgery in these patients carries 
much greater risk and should only be undertaken after careful consul-
tation with physicians experienced in adult CHD. When it comes to a 
discussion of anesthetic technique, the same lessons learned in caring 
for patients with acquired coronary artery disease apply. That is, there 
is no right drug for these patients, nor is there a single “best” anesthetic 
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Figure 20-9 Two variations of the 
modern Fontan operation, the lateral 
tunnel and extracardiac operations. 
IVC, inferior vena cava; RA, right atrium; 
RPA, right pulmonary artery; SVC, supe-
rior vena cava. (From D'Udekem Y, 
Iyengar AJ, Cochrane AD, et al: The 
Fontan procedure: Contemporary tech-
niques have improved long-term out-
comes. Circulation 116:I157, 2007.)

Figure 20-8 Injection of contrast into the inferior vena cava reveals 
a markedly dilated right atrium after an atriopulmonary Fontan 
operation.
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technique. Rather, the critical issue is to gain a clear and comprehen-
sive understanding of the patient's pathophysiology. It is not the drugs 
used, but rather how they are used. Certain principles for patients with 
Fontan physiology are important and need to be stressed (Box 20-9).

Ventilatory Management
In an effort to minimize pulmonary vascular resistance, functional 
residual capacity should be maintained by the application of small 
amounts of positive end-expiratory pressure or continuous  positive 
airway pressure, and excessive lung volumes should be avoided. 
Positive end-expiratory pressure or continuous positive airway pres-
sure will not significantly impede cardiac output if less than 6 cm H

2
O. 

Spontaneous ventilation has been assumed to be optimal for these 
patients to  minimize intrathoracic pressure and encourage forward 
flow into the pulmonary circulation; but as discussed by Steven and 
McGowan,156 hard evidence for this approach is mostly lacking.

Pregnancy
It was inevitable that as some of the female Fontan patients reached 
childbearing age they would become pregnant. Case reports first 
began appearing in 1989.157,158 Unfortunately, the body of knowledge 
on this important subject consists primarily of more case reports with 
no large registry documenting outcomes. The physiologic changes 
of pregnancy are well-known and described in standard texts. Can a 
Fontan patient cope with the increased cardiovascular demands of 
pregnancy? The dilemma facing physicians caring for these patients 
is that Fontan patients are known to have decreased cardiac reserve, 
even those who report good functional status. Because pregnancy is  
a “stress test,” who will pass this test and who will fail? The literature 
provides conflicting data. One series of 33 pregnancies found women 
tolerated pregnancy, labor, and delivery well, but there was an increased 
risk for spontaneous abortion.50 More recently, a smaller series found 

live birth  pregnancies complicated by high rates of New York Heart 
Association class deterioration, atrial arrhythmia, prematurity, and 
intrauterine growth  retardation.49 What can be made of these reports? 
They suffer from the usual problems of retrospective review and self-
reporting. However, they do provide clinicians with some reassur-
ing information. First, pregnancy is usually undertaken only in those 
patients with relatively good functional status, thereby removing the 
highest-risk patients. Undoubtedly, most adult congenital cardiolo-
gists would counsel against pregnancy in any patient with evidence of 
a  failing Fontan circulation. In patients with good functional status, 
pregnancy can be successfully carried to term, albeit with increased risk 
for miscarriage and premature delivery. A review of the case reports in 
the anesthetic literature shows that epidural analgesia is well tolerated 
and indeed recommended for the first stage of labor. The Caesarian 
section rate approaches 50%.50 Neuraxial anesthesia for Caesarian 
 section, in addition to its usual benefits, preserves spontaneous ventila-
tion, which is desirable in Fontan patients. However, no increased risk 
from  general anesthesia was identified. Perioperative complications are 
low, and peripartum cardiac  decompensation is rare.

Fontan Conversion Surgery
There is now a large cohort of patients with atriopulmonary connec-
tions suffering from some degree of thrombosis, arrhythmia, PLE, or 
ventricular dysfunction. These patients are candidates for Fontan con-
version surgery, which is the most commonly performed high-risk 
operation in the adult CHD population. Case reports and small case 
series began to appear in the literature in the mid-1990s. At that time, 
interest focused on the best indications for this major surgery, outcome 
predictors, and optimizing the surgical technique. There are now some 
answers to these important questions. It was believed that  conversion 
of an atriopulmonary Fontan to the improved hemodynamics of the 
modern Fontan would relieve severe atrial arrhythmias. The pro-
file of the early patient undergoing Fontan conversion surgery was 
one of refractory atrial arrhythmias and poor functional state.159 Two  
general trends have been identified. First, in this very high risk group  
of patients, perioperative mortality was low. Second, arrhythmia con-
trol was much better in the group that underwent extracardiac con-
nection with arrhythmia surgery. Conversion to extracardiac Fontan 
without an ablative procedure resulted in a high rate of arrhythmia 
recurrence. The largest experience came from Mavroudis,160 whose 
preferred technique was conversion to an extracardiac Fontan with 
intraoperative electrophysiologic mapping, arrhythmia ablation, and 
pacemaker placement. The risk factors for death or transplantation 
were right or ambiguous ventricular morphology, PLE, atrioventricu-
lar valve  regurgitation graded moderate or worse, and long CPB time.

These encouraging results give hope to the many patients with atri-
opulmonary connections and poor functional status. Patients should 
not have multiple failed attempts at arrhythmia ablation in the cath-
eterization laboratory because of a fear that surgery is associated with 
an unacceptably high mortality. The ideal patient is one with refrac-
tory arrhythmia and poor functional status despite adequate ven-
tricular function. The higher-risk groups of patients are those with 
significant ventricular dysfunction, atrioventricular valve regurgita-
tion, or PLE. Fontan conversion surgery provides myriad challenges 
to the anesthesiologist. Before surgery, the important factors are the 
degree of arrhythmia control and the ventricular function. Most of 
the patients will be taking at least one antiarrhythmic drug. They may 
be in sinus rhythm, but it is more likely they have an atrial arrhyth-
mia with some degree of ventricular rate control. They retain the abil-
ity to become tachycardic very easily. This is almost always associated 
with prompt hemodynamic deterioration. The underlying ventricu-
lar function may be poor because of longstanding arrhythmia, made 
worse by the negative inotropic effect of antiarrhythmic medications. 
Transcutaneous patches for cardioversion should be placed before 
induction. Intravenous induction can be prolonged because blood 
moves sluggishly through the greatly dilated atrium. Airway manage-
ment needs to be prompt and skilled, as it does for all Fontan patients. 

BOX 20-9. MANAGEMENT PRINCIPLES FOR 
PATIENTS WITH FONTAN PHYSIOLOGY
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Once safely through induction and intubation, large-bore intravenous 
access must be established. This is usually not a problem because the 
central venous hypertension of Fontan patients creates dilated periph-
eral veins. Small central venous catheters are appropriate for deliver-
ing inotropic drugs and monitoring, but some centers will prefer to 
place transthoracic atrial lines and completely avoid central access for 
fear of thrombosis. Transesophageal echocardiography (TEE) is rou-
tinely used to assess volume status and ventricular function, as well as 
to exclude intracardiac thrombus. The repeat sternotomy, usually at 
least the third, can be especially bloody because of the increased cen-
tral venous pressure. Maintenance of preload and the ability for large 
volume transfusion is required. Also, a plan should be worked out with 
the surgeon and perfusionist for emergency establishment of femoral 
bypass if necessary. Patients with pacemakers are vulnerable to electro-
magnetic interference because the repeat sternotomy requires extensive 
use of electrocautery in close proximity to the heart and pacemaker 
generator. If pacemaker dependent, consideration should be given to 
reprogram the device to an asynchronous mode. The ability to pace 
using transcutaneous patches is necessary. The prebypass period can 
obviously be one of high stress.

In preparation to separate from CPB, full recruitment of the lungs 
and modest hyperventilation with 100% oxygen are necessary to keep 
PVR as low as possible. Other factors that increase PVR such as acido-
sis and hypothermia must be corrected before separation from CPB. 
Fontan conversion is a lengthy surgery, and the long duration of CPB 
can precipitate a potent inflammatory response with release of numer-
ous mediators that increase PVR. Milrinone's pulmonary vasodilating 
properties make it an attractive choice. Despite long CPB times for this 
type of surgery, aortic cross-clamp time usually is short. Thus, ven-
tricular function after CPB is generally good but must be supported as 
necessary with inotropes to ensure that atrial and pulmonary venous 
pressures remain low. Last, aggressive management of coagulation 
is required, and in this regard there is no substitute for point-of-care 
testing to guide transfusion products.

Patent Ductus Arteriosus
Beyond the neonatal period, spontaneous closure of a PDA is uncom-
mon. The risk for a longstanding moderate-to-large PDA is volume 
overloading of the left atrium and left ventricle with the risk for devel-
opment of pulmonary vascular disease. The progression of pulmonary 
vascular disease is relatively accelerated when compared with patients 
with other types of right-to-left shunts. The development of pulmo-
nary vascular disease is dependent on the volume and pressure of the 
right-to-left shunt. A PDA delivers blood at high shear stress (i.e., arte-
rial pressure) to the pulmonary vasculature, and flow occurs continu-
ously throughout the cardiac cycle. With time, the ductus can become 
calcified or aneurysmally dilated with a risk for rupture. Ductal calcifi-
cation or aneurysm increases the risk for surgery, which rarely requires 
CPB.161 Unrepaired, the natural history is for one third of patients to 
die of heart failure, pulmonary hypertension, or endocarditis by 40 
years of age and two thirds by age 60.162 Although small PDAs are of 
no hemodynamic consequence, even small PDAs carry relatively high 
endocarditis risk. Surgical closure should be considered for all adults 
with PDA, and transvascular closure by means of one of several devices 
is possible.161 With calcification and friability of the ductus, if device 
closure is not practicable, it is possible to do a patch closure from inside 
the aorta or pulmonary artery.

Small PDAs do not carry a hemodynamic risk for pregnancy. The 
decrease in systemic vascular resistance accompanying pregnancy 
could lead to right-to-left shunting in a woman with a large PDA.

Pulmonary Valve Stenosis
Long-term asymptomatic survival is typical of patients, with the excep-
tion of neonates with critical stenosis.163 There is a 94% survival rate 
20 years after diagnosis, and adults generally do not require surgical 
intervention.164 With aging, however, right ventricular fibrosis and 

 failure can develop, and this is the most common cause of death, usu-
ally in the fourth decade of life. Almost all patients who have relief 
of stenosis either surgically or by balloon valvuloplasty have normal 
right ventricular function after surgery. However, abnormal ventricu-
lar function may not resolve after late surgical correction. The develop-
ment of isolated pulmonary valvular stenosis, even of a severe degree, is 
usually well tolerated during pregnancy, even in the face of the volume 
overload that accompanies it.165

In patients with significant right ventricular hypertension, right 
ventricular ischemia can occur if systemic hypotension and decreased 
coronary perfusion occur. This is manifest on the electrocardiogram. 
Coronary ischemia resolves if coronary perfusion pressure is increased, 
as with use of phenylephrine.

Single Ventricle
See the Fontan Physiology section earlier in this chapter for a detailed 
discussion.

Tetralogy of Fallot
As with many things in medicine, tetralogy of Fallot was first described 
by someone else—probably in 1673 by Stenson. The classic descrip-
tion of tetralogy of Fallot includes: (1) a large, nonrestrictive mala-
ligned VSD, with (2) an overriding aorta, (3) infundibular pulmonic 
stenosis, and (4) consequent right ventricular hypertrophy, all derived 
from an embryonic anterocephalad deviation of the outlet septum. 
However, there is a spectrum of disease with more severe defects 
including stenosis of the pulmonary valve, stenosis of the pulmonary 
valve annulus, or stenosis and hypoplasia of the pulmonary arteries in 
the most severe cases. Pentalogy of Fallot refers to the addition of an 
ASD. With advances in genetics, up to one third or more of cases of 
tetralogy have been ascribed to one of several genetic abnormalities, 
including trisomy 21, the 22q11 microdeletion, the genes NKX 2.5 and 
FOG 2.4, and others. Tetralogy of Fallot is the most common cyan-
otic lesion encountered in the adult population. Unrepaired or non-
palliated, approximately 25% of patients survive to adolescence, after 
which the mortality rate is 6.6% per year. Only 3% survive to age 40.166 
Unlike children, teenagers and adults with tetralogy do not develop “tet 
spells.” Long-term survival with a good quality of life is expected after 
repair. The 32- to 36-year survival rate has been reported to be 85% 
to 86%, although symptoms, primarily arrhythmias and decreased 
exercise tolerance, occur in 10% to 15% at 20 years after the primary 
repair167–170 (Box 20-10). In the past, most children with tetralogy were 
managed with a preliminary palliation with an aortopulmonary shunt 
such as a Blalock-Taussig, followed by complete correction. Essentially 
all patients would eventually have come for complete repair. Currently, 
most children are managed with a complete repair in infancy, without 
preceding palliation.

It is uncommon to encounter an adolescent or adult with unrepaired 
tetralogy. However, it can be encountered in immigrants or in patients 
whose anatomic variation was considered to be inoperable when 
they were children. In tetralogy, the right ventricle “sees” the obstruc-
tion from the pulmonic stenosis. Pulmonary vascular resistance is 

BOX 20-10. RISK FACTORS FOR SUDDEN DEATH 
AFTER REPAIR OF TETRALOGY OF FALLOT
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 typically normal to low. Right-to-left shunting is caused by obstruc-
tion at the level of the right ventricular outflow tract and is unaffected 
by attempts at modulating pulmonary vascular resistance. Shunting is 
minimized, however, by pharmacologically increasing systemic vascu-
lar resistance. Increases in the inotropic state of the heart increase the 
dynamic obstruction at the right ventricular infundibulum and worsen 
right-to-left shunting. -Blockers are often used to decrease inotropy. 
Although halothane was the historic anesthetic of choice in children 
with tetralogy because of its myocardial depressant effects and ability 
to  maintain systemic vascular resistance, current practice is to use sevo-
flurane, without undue consequence from a reduction in systemic vas-
cular resistance.171 Anesthetic induction in adults can easily be achieved 
with any of the available agents, keeping in mind the principles of 
maintenance of systemic blood pressure, avoidance of  hypovolemia, 
and  preventing increases in inotropy.

Patients require closure of the VSD and resolution of the pulmonic 
stenosis. Although current practice is to repair the VSD through the right 
atrium in an effort to maintain competence of the pulmonary valve and 
limit any ventriculotomy, older patients will likely have had repair via 
a right ventriculotomy. A large right ventriculotomy increases the risks 
for arrhythmias and sudden death.172 Patients who have had a right ven-
triculotomy will have an obligate right bundle branch block pattern on 
the electrocardiogram. However, unlike the more usual bundle branch 
block in adults, this represents disruption of the  His-Purkinje system 
only in the right ventricular outflow, in the area of the right ventricular 
incision. Because most His-Purkinje conduction is intact, it does not 
carry increased risk for the development of complete heart block. These 
patients can have an abnormal response to exercise.

Some patients require repair of pulmonic stenosis by placement of 
a transannular patch, with obligate residual pulmonary insufficiency. 
Isolated mild-to-moderate pulmonary insufficiency is generally well 
tolerated, but in the long term, it can contribute to right ventricular 
dysfunction with a risk for ventricular tachycardia and sudden death. 
Patients requiring pulmonary valve replacement in their late teens or 
early 20s after a transannular patch in early childhood are a growing 
proportion of the adult CHD population. Atrial tachyarrhythmias 
occur in about one third of adults late after repair and can contrib-
ute to late morbidity.173,174 The development of atrial flutter or atrial 
reentrant tachycardia is often a harbinger of hemodynamic compro-
mise. The substrate is usually an atrial surgical scar and the trigger is 
atrial dilation, such as from tricuspid insufficiency with right ventric-
ular dysfunction. The mechanism for the development of ventricular 
arrhythmias is presumably the same, namely, dilation superimposed 
on surgical scar.

In some cases, the right ventricular outflow tract patch needs to be 
extended onto the branch pulmonary arteries to relieve obstruction. 
Patients with abnormal coronary arteries may have required repair 
using a right ventricle-to-pulmonary artery conduit to avoid doing 
a right ventriculotomy in the area of the coronary artery. Repair at 
a younger age (< 12 years) results in better postoperative right ven-
tricular function.175 Because there is an unrestrictive VSD, in the unre-
paired adult, systemic hypertension developing in adult life imposes 
an additional load on both ventricles, not just the left. The increase 
in systemic vascular resistance decreases right-to-left shunting and 
diminishes cyanosis but at the expense of right ventricular or biven-
tricular failure.

Sudden death or ventricular tachycardia requiring treatment can 
occur in up to 5.5% of postoperative patients older than 30 years, 
often years after surgery.168,169,176 The foci for these arrhythmias are 
 typically in the right ventricular outflow tract in the area that has had 
 surgery, and they can be ablated in the catheterization laboratory. 
Older age at repair, severe left ventricular dysfunction, postoperative 
right  ventricular hypertension from residual or recurrent outflow tract 
obstruction, wide-open pulmonary insufficiency, and prolongation of 
the QRS (to > 180 milliseconds) are all predictors of sudden death.172,177 
Premature ventricular contractions and even nonsustained ventricular 
tachycardia are not rare but do not seem to be associated with sud-
den death, making appropriate treatment options difficult.178 QRS 

 prolongation to longer than 180 milliseconds, although highly sensi-
tive, has a low positive predictive value.179 The impact of this risk factor 
in the current group of younger patients who have not had ventriculo-
tomies is unclear because their initial postoperative QRS durations are 
shorter than in patients who had a right ventriculotomy.

Although for many years it was thought that moderate-to-severe 
pulmonary insufficiency in these patients was well tolerated, it has 
become apparent from a number of series that right ventricular dys-
function and both atrial and ventricular arrhythmias can be common 
long-term sequelae. For this reason, patients with symptomatic pulmo-
nary insufficiency from a transannular patch or aneurysm formation at 
the site of a right ventricular outflow tract patch can require reopera-
tion to replace a widely incompetent pulmonary valve with a biopros-
thetic valve with or without a tricuspid annuloplasty.180 Interestingly, 
the incidence of atrial arrhythmias may not be diminished when adult 
patients have a pulmonary valve placed, although the incidence of 
ventricular arrhythmias is decreased. Right ventricular dysfunction 
improves in a variable number of adults, suggesting that pulmonary 
valve placement be done sooner rather than later. The development of 
a pulmonary valve that can be delivered via a vascular catheter holds 
much promise.181

Additional possible late-term complications include residual VSD, 
patch dehiscence, progressive aortic insufficiency, left ventricular 
 dysfunction from surgical injury to an anomalous coronary artery or 
longstanding preoperative cyanosis, and heart block from VSD closure 
(uncommon today). Because patients who have had repairs using a 
conduit require multiple sternotomies and the valved conduit tends 
to lie immediately behind and in close proximity to the sternum, 
 sternotomy carries with it significant potential risk for laceration of 
the  conduit. On occasion, the femoral vessels are cannulated for bypass 
before sternotomy.

Most adult patients require reoperation to repair the right ventricu-
lar outflow tract or to insert or replace a valve in the pulmonic posi-
tion. Other reasons for reoperation include repair of an outflow tract 
aneurysm at the site of a patch, repair of a residual VSD, or repair of an 
incompetent tricuspid valve.170 These patients often have diminished 
right ventricular diastolic compliance and require higher than normal 
central venous pressure. Postoperative management includes mini-
mizing pulmonary vascular resistance and maintaining central venous 
pressure. Patients often require treatment postbypass with an inotrope 
and afterload reduction.182

Women with good surgical results without residual defects should 
tolerate pregnancy and delivery well with outcomes approximating 
those of the general population.183 Women with uncorrected tetral-
ogy, particularly those with significant cyanosis, have a high incidence 
of fetal loss (80% with hematocrit > 65%). The decline in systemic 
vascular resistance that accompanies pregnancy and delivery can 
worsen cyanosis, and the physiologic volume loading of pregnancy can 
 exaggerate failure of both ventricles.

Transposition of the Great Arteries 
(D-Transposition)
In D-transposition of the great arteries, there is a discordant connec-
tion of the ventricles and the great arteries. The aorta (with the coro-
nary arteries) arises from the right ventricle, and the pulmonary artery 
arises from the left ventricle. Thus, the two circulations are separate. 
Postnatal survival requires interchange of blood between the two circu-
lations, typically via a patent foramen ovale and/or a PDA or VSD. With 
a 1-year mortality rate approximating 100%, all adults with D-transposi-
tion have had some type of surgical intervention. Older adults will have 
had atrial-type repairs (Mustard or Senning), whereas children born 
after the mid-1980s will have had repair by arterial switch (the Jatene 
operation). Some will also have had repair of D-transposition with a 
 moderate-to-large VSD by means of a Rastelli operation (see later).

Atrial repairs function by redirecting systemic venous blood to 
the left ventricle (and thence to the transposed pulmonary artery) 
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and pulmonary venous blood to the right ventricle (and thence to 
the aorta). The Mustard operation uses an intra-atrial conduit of 
native pericardium (Figure 20-10), whereas the Senning operation 
uses native atrial tissue to fashion the conduit. The arterial switch 
operation transposes transected aorta and pulmonary artery such 
that they now arise above the appropriate ventricle. This operation 
also requires transposing the coronary arteries from the aorta to the 
pulmonary root, which, after the procedure, becomes the aortic root. 
The Rastelli procedure closes the VSD on a bias such that the left ven-
tricle empties into the aorta and connects the right ventricle to the 
pulmonary artery by means of a valved conduit.

Atrial repairs result in a systemic right ventricle, and these patients 
consistently have abnormal right ventricular function that can be pro-
gressive with a right ventricular ejection fraction of about 40%.184 
Mild tricuspid insufficiency is common, but severe tricuspid insuffi-
ciency suggests the development of severe right ventricular dysfunc-
tion. There is an 85% to 90% 10-year survival with these operations, 
but by 20 years, survival is less than 80%.185–187 Over 25 years, about 
half experience development of moderate right ventricular dysfunc-
tion and one third experience development of severe tricuspid insuf-
ficiency.185,186,188–190 Although it always remains abnormal, it has been 
suggested that earlier surgery minimizes right ventricular dysfunc-
tion.191 Because of the incidence of right ventricular dysfunction, some 
patients with atrial repairs have been converted to an arterial switch, 
after preparation of the left ventricle by a pulmonary artery band to 
prepare it to tolerate systemic arterial pressure.192

Atrial repairs bring an incidence of late electrophysiologic seque-
lae including sinus node dysfunction (bradycardia), junctional escape 
rhythms, atrioventricular block, and supraventricular arrhythmias. 
Atrial flutter occurs in 20% of patients by age 20, with half having pro-
gressive sinus node dysfunction by that time.185,189 On occasion, these 
tachyarrhythmias can result in sudden death, presumably from 1:1 
conduction producing ventricular fibrillation.185,193 The loss of sinus 

rhythm in the face of right ventricular (the systemic ventricle) dysfunc-
tion can also contribute to late sudden death. The risk for late death 
after an atrial repair is almost three times greater if there is an associ-
ated VSD. The incidence of tachyarrhythmias does decrease, however, 
after the tenth postoperative year.

An arterial switch operation can be done after a failed atrial repair in 
adults, but the outcome is generally poor. It is suggested that younger 
patients do better.194 Survival after an arterial switch operation, even 
early in the experience with this operation, is approximately 90% at 
10 years.195 Very-long-term outcome after the arterial switch procedure 
is still not known. It does appear that there is essentially no mortal-
ity after 5 years after surgery, and late surgical reintervention is mostly 
because of supravalvular pulmonic stenosis.196 Although many of these 
children have abnormal resting myocardial perfusion, up to 9% can 
have evidence of exercise-induced myocardial ischemia.197 The impli-
cation for the development of premature coronary artery disease in 
adulthood is not known, and there is also some concern about the ulti-
mate function of the neoaortic valve. Patients who have had a Rastelli 
repair will require episodic reoperation for replacement of the pros-
thetic conduit valve.

After an atrial or a Rastelli repair, pregnancy and delivery are gener-
ally well tolerated, although right ventricular failure and deterioration 
in functional capacity can occur. There is an increased incidence of 
prematurity and small-for-date infants in these women.

Truncus Arteriosus
Truncus arteriosus derives from lack of septation of the embryonic 
truncus arteriosus into aortic and pulmonary artery components, 
resulting in a single great vessel, the aorta, arising from the heart with a 
truncal (semilunar) valve. The truncal valve is an amalgamation of the 
aortic and pulmonary valves, and therefore contains between three and 
six cusps. In addition, truncal valve insufficiency is a common finding 
with this morphologically abnormal valve. A large malalignment-type 
VSD allows filling from both ventricles. The pulmonary arteries arise 
from the ascending aorta. Although various types have been described 
depending on the exact anatomy of the pulmonary artery origin, there 
is really a spectrum of types I through III. Type IV, or pseudotrun-
cus, describes the situation of pulmonary atresia with VSD and supply 
of the pulmonary arteries from large collaterals originating from the 
descending aorta. Repair is by closure of the VSD and connection of 
the right ventricle to the pulmonary artery (or pulmonary arteries) by 
a conduit containing a homograft valve.

Because of the very high risk for congestive heart failure followed by 
pulmonary vascular disease in childhood from high pulmonary blood 
flow from the aorta, essentially all patients who survive to adolescence 
have had surgical repair or will have inoperable pulmonary vascular 
disease. The rare exception is the patient with stenosis near the origin 
of the pulmonary arteries from the aorta. Patients with valved con-
duits placed in infancy and early childhood have requisite reoperations 
to replace the conduit with patient growth, even in the face of ade-
quate valve function. Conduits placed in later childhood can suffice 
until adulthood. There can be ongoing problems with incompetence 
and stenosis of the truncal valve (postoperatively functioning as the 
aortic valve), and eventual dysfunction from stenosis and/or incom-
petence of the homograft conduit is routinely encountered, requiring 
replacement.198,199 Because these patients require multiple sternotomies 
and the valved conduit tends to lie immediately behind and in close 
proximity to the sternum, sternotomy carries with it significant poten-
tial risk for laceration of the conduit. On occasion, the femoral vessels 
are cannulated for bypass before sternotomy.

Ventricular Septal Defects
The natural history of VSDs has been reviewed in detail.163 More than 
75% of small and moderate VSDs close spontaneously during child-
hood by a gradual ingrowth of surrounding septum. Of those that 
close spontaneously, almost all have closed by 10 years of age. Other 

Figure 20-10 The Mustard operation. An intra-atrial baffle has 
directed vena caval blood across the excised atrial septum to the mitral 
valve and pulmonary venous blood to the tricuspid valve. The right 
ventricle remains as the systemic ventricle and the left ventricle as the 
subpulmonary ventricle. (From Mullins C, Mayer D: Congenital heart  
disease. A diagrammatic atlas. New York: Wiley-Liss, 1988, by permission  
of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.)
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mechanisms for natural closure include closure by tricuspid valve  
tissue, closure by prolapsed aortic leaflet, and closure by endocarditis. 
Some VSDs result in the development of aortic insufficiency in adults 
from prolapse of the aortic valve into the defect.200 Although the risk for 
endocarditis is ongoing, there is no hemodynamic risk for a small VSD 
in the adult. If pulmonary vascular disease is present, it can  progress if 
closure of a large VSD is delayed.

Although some studies have reported possible ventricular dysfunc-
tion years after surgical repair, these are older reports and patients 
were operated on later than by current standards.201–203 It does appear, 
though, that the ventricle successfully remodels from chronic volume 
overload if surgical correction is done by 5 years of age and perhaps 
up to 10 to 12 years of age. Iatrogenic heart block is a possible surgical 
complication, but was much more common in the earlier days of car-
diac surgery. Percutaneous closure devices for use with certain VSDs 
are available, but not currently for widespread commercial use.

Although some discussion is given to onset times with intrave-
nous or inhalation induction agents, clinical differences are hard to 
notice with modern low-solubility volatile agents. Thermodilution 
cardiac output reflects pulmonary blood flow, which will be in excess 
of  systemic blood flow. Pulmonary arterial catheters are not routinely 
indicated. In the patient with a moderate or large left-to-right shunt, 
low inspired oxygen and moderate hypercarbia avoid intraoperative 
decreases in pulmonary vascular resistance with pulmonary overcircu-
lation and left ventricular dilation. However, unlike children, it would 
be rare to encounter adults with large left-to-right shunts. Adults with 
unrepaired lesions would have either small shunts or would have had 
large shunts that caused Eisenmenger physiology.

Pregnancy is well tolerated in the absence of preexisting heart fail-
ure or pulmonary hypertension. Pregnancy with a naturally or surgi-
cally closed defect carries with it no additional risk, in the absence of 
 additional  cardiac problems.

ECHO CASES

Case Study 1
Atrial Septal Defect
Framing
The different types of ASDs arise from problems that occur in the vari-
ous embryologic structures that combine to form the atrial septum  
(Figure 20-11). The echocardiographer is required to know the different 
types of ASD and any associated cardiac defects that accompany each 
lesion. Secundum ASDs are by far the most common type and are rarely 
associated with other cardiac defects. Those lesions requiring intervention 
are usually treated with percutaneous device closure providing there is an 
adequate rim of surrounding atrial septum for the device to “grab on to.” 
The echocardiographer is vital in helping the interventional cardiologist to 
“see” the atrium in three dimensions and guide placement of the device.

The primum ASD arises from an endocardial cushion defect. When 
combined with an inlet VSD, it becomes the atrial component of com-
plete atrioventricular canal. As an isolated septal defect, a primum ASD 
is frequently associated with mitral regurgitation because of a cleft in 
the anterior leaflet of the mitral valve. Sinus venosus ASD occurs at the 
cavo-atrial junction, either superiorly or inferiorly. The superior sinus 
venosus ASD is usually accompanied by anomalous drainage of the right 
superior pulmonary vein to the SVC. The inferior sinus venosus ASD is 
strongly associated with anomalous drainage of the right inferior pul-
monary vein to the IVC. These associated defects are  crucial information 
for the echocardiographer to incorporate into the TEE examination.

Data Collection and Interpretation
The intraoperative TEE examination is focused on confirming the 
 presumptive diagnosis of ASD and determining the presence of any other 
associated defects. The Society of Cardiovascular Anesthesiologists 
has published guidelines with 20 views that  constitute a comprehensive 

intraoperative TEE examination.204 When a more detailed  examination 
of a specific cardiac structure is sought, we recommend focusing on the 
structure by using the zoom feature. The specific structure can then be 
carefully assessed by using the multiplane function to advance 15 to 
30 degrees at a time until the structure has been visualized in multiple 
views from 0 to 180 degrees. In this example, the echocardiographer 
would focus on the atrial septum in the midesophageal four-chamber 
view at 0 degree and then slowly multiplane forward to 180 degrees, 
providing a comprehensive examination of the structure. The pulmo-
nary veins can be difficult to identify, even for experienced echocardio-
graphers. In the midesophageal four-chamber view with the multiplane 
angle at 0 degree, the ultrasound image is focused on the left atrium. 
The probe is then gently turned to the patient's left to identify the left-
sided pulmonary veins and then to the right to identify the right-sided 
pulmonary veins. Visualizing two separate pulmonary veins from each 
side is challenging because they arrive at a confluence as they enter the 
left atrium. The use of color Doppler is often helpful to identify blood 
flowing within the pulmonary veins.

Decision Making and Interpretation
A patient was scheduled for surgical resection of an ASD. Preoperative 
transthoracic echocardiography confirmed a large secundum ASD with 
inferior extension toward the IVC (Figure 20-12). The size and inferior 
extension of the ASD precluded percutaneous device closure. The TEE 
examination confirmed the preoperative findings and demonstrated 
four pulmonary veins returning to the left atrium. The volume of left-
to-right shunting was large (Figure 20-13). Right ventricular volume 
overload was present with significant right ventricular dilation (Figure 
20-14). After closure of the ASD and separation from CPB, a residual 
ASD was seen at the inferior aspect of the ASD patch (Figure 20-15). 
Comparing Figures 20-13 and 20-15 demonstrates the echocardio-
graphic difference in appearance between a high-volume, low-velocity 
shunt and a more restrictive, higher velocity shunt. The configuration 
of the TEE machine in the color Doppler mode identifies blood flow 
toward the transducer in red and blood flow away from the transducer 
in blue. There is also a threshold of velocity set, such that when blood 
flow exceeds the velocity threshold, speckling occurs. In Figure 20-13, 
there is a uniform blue color demonstrating a significant volume shunt. 
The absence of color speckling confirms low-velocity blood flow. Figure 
20-15, taken after attempted repair of the ASD, shows a smaller blue area 
with orange speckling. The speckling confirms higher velocity blood 

Sinus
venosus

Ostium
secundum

Ostium primum

Tricuspid
valve

Coronary
sinus

Figure 20-11 Types of atrial septal defects. (From Nichols DG, 
Cameron DE, Greeley WG, et al [eds]: Critical heart disease in infants 
and children. St. Louis: Mosby, 1995.)
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flow, which is to be expected because the residual defect is much smaller 
than the unrepaired ASD. Velocity increases as blood flows through a 
narrower orifice.

How is a residual septal defect assessed? The defect can be assessed 
qualitatively by examining the degree of shunt using color-flow Doppler. 
After attempted surgical repair it would be unusual to have a large 
residual septal defect. What other information can guide the surgeon 

in determining whether to return to CPB and attempt to close what 
appears to be a small residual defect? The residual defect results in a 
left-to-right shunt that allows the measurement of the “oxygen step up” 
between the SVC and pulmonary artery. To do this, the patient should 
be ventilated with room air. High levels of inspired oxygen result in left 
atrial blood having a high PaO

2
, which causes an overestimation of the 

residual shunt. After a period of 5 minutes to allow equilibration, blood 
gas samples from the SVC and pulmonary artery were sent. The oxygen-
ation saturation was 58% in the SVC and 72% in the pulmonary artery. 
Using a simple equation allows for an estimation of the ratio of pulmo-
nary to systemic blood flow (Q

p
:Q

s
). The saturation at four anatomic 

locations is entered into the following equation. The oxygen saturations 
from the SVC and pulmonary artery are measured, the oxygen satura-
tion for the aorta is taken from the peripheral pulse oximeter, and the 
oxygen saturation for the pulmonary vein is assumed to be 100%.

p s
Q : Q

Pulmonary vein Pulmonaryartery

100

Aorta SVC

58
1.5

100 72

The Q
p
:Q

s
 ratio of 1.5 was high enough that, if unrepaired, would 

likely leave the patient symptomatic from excessive pulmonary blood 
flow. Integrating the echocardiographic images with quantitative data 
estimating the degree of the shunt provided the surgeon with a sound 
justification to return to CPB and attempt to close the residual ASD. The 
echocardiographic images suggested it was unlikely the residual defect 
would close spontaneously. The decision to return to CPB and subject 
the heart to another period of aortic cross-clamping and ischemia can 
never be made lightly. It was the surgeon's opinion that the residual 
defect was not amenable to closure with a percutaneous device at some 
later date, and the patient's underlying heart function was good enough 
to withstand another period of ischemia and aortic cross-clamping.

After the second attempt at repair, the patient separated easily from 
CPB. The ASD patch appeared intact on TEE examination, but there 
was an unusual color-flow Doppler jet seen originating from the junc-
tion of the IVC and right atrium. What are the possible explanations? 
Could this simply be turbulence in the area of the ASD repair? The 
echocardiographer must now rely on knowledge of the lesion and the 
potential surgical complications associated with its repair. Figure 20-11 
clearly demonstrates the close proximity of an inferior sinus venosus 
ASD to the IVC. A known, albeit rare, complication of inferior sinus 

RA

RV

Figure 20-15 Side-by-side images in 2D (left image) and with color-
flow Doppler (right image). In the 2D image, there is a possible infe-
rior residual atrial septal defect (ASD; arrow). With color-flow Doppler, 
the residual ASD is clearly appreciated. The orange speckling superim-
posed on the blue color confirms high-velocity flow. RA, right atrium; 
RV, right ventricle.

RA

LA

RV

Figure 20-12 Midesophageal four-chamber TEE view at 0 degree 
focusing on the atrial septum. There is a large secundum atrial septal 
defect (ASD) with only a small rim of inferior atrial septum (arrow). LA, 
left atrium; RA, right atrium; RV, right ventricle.

RA

RV

Figure 20-13 Midesophageal four-chamber view at 0 degree with 
color-flow Doppler. There is a large-volume left-to-right shunt (blue 
color) across the atrial septal defect (ASD). Dashed line represents 
the approximate location of the ASD. The uniform blue color confirms 
low-velocity flow through a large defect. RA, right atrium; RV, right 
ventricle.

LA

LVOT

RV

Figure 20-14 Midesophageal aortic valve long-axis view at 123 
degrees. The aortic valve (arrow) is closed, signifying diastole. The atrial 
septal defect (ASD) has caused marked volume overload of the right 
ventricle (RV). During diastolic filling of the RV, the septum bulges into 
the left ventricle. LA, left atrium; LVOT, left ventricular outflow tract.
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Figure 20-16 Anomalous left main 
coronary artery. Compression of 
the left main coronary artery occurs 
during exercise. (From Basilico FC: 
Cardiovascular disease in athletes. Am 
J Sports Med 27:108–121, 1999.)

venosus ASD repair is to suture the ASD patch from the IVC to the 
ASD, thus creating a path from the IVC to left atrium. This suspicion 
was bolstered by the fact the peripheral pulse oximeter reading var-
ied between 85% and 88%. This was confirmed with an arterial blood 
gas. The presence of a right-to-left shunt demanded correction. The 
patient returned to CPB for a third time for takedown of the patch and 
closure of the ASD. Based on the two previous attempted repairs, the 
surgeon realized the secundum ASD might extend even farther into 
the sinus venosus region of the septum than previously imagined. The 
IVC venous cannula was repositioned more inferiorly, allowing greater 
exposure of the defect. After repair, the patient once again separated 
easily from CPB. The TEE examination confirmed the success of the 
repair with no residual shunting. This case well demonstrates the need 
for the intraoperative echocardiographer to be more than a “techni-
cian” and integrate supporting physiologic information with the TEE 
images.

Case Study 2
Anomalous Left Main Coronary Artery
Framing
Anomalous coronary arterial lesions comprise a spectrum of defects. 
In one variant, the left main coronary artery (LMCA) originates from 
the pulmonary artery. The clinical presentation is heart failure sec-
ondary to left ventricular ischemia and generally occurs in the first 
few months of life. A more insidious but also potentially lethal form 
of anomalous coronary arterial lesion is both coronary arteries aris-
ing from the aorta but from abnormal locations. Most well described 
is an anomalous LMCA that originates from the right coronary sinus. 
The LMCA may originate from a separate ostium or may share the 
same ostium as the right coronary artery (RCA) (Figure 20-16). As 
Figure 20-16 demonstrates, the path of the LMCA is abnormal. First, 
the LMCA travels within the wall of the aorta for a short distance 
before exiting onto the epicardial surface of the heart. This is known 
as an intramural coronary artery. The path of LMCA then follows a 
path between the aorta and pulmonary artery. The abnormal path 
of the anomalous LMCA explains why the clinical presentation is 
sudden death, most often during exercise. The increased blood flow 
caused by exercise results in dilation of both the aorta and pulmo-
nary artery. This dilation can compress the LMCA between the aorta 
and pulmonary artery. Alternatively, if the LMCA is intramural, it 
may be compressed within the wall of the aorta. Either case leads to 
ischemia in the entire territory of the LMCA with sudden cardiac 
death. Tragically, an anomalous LMCA is often a postmortem find-
ing after an unexplained sudden death in an otherwise healthy young 
person. For reasons that are unclear, patients rarely, if ever, develop 
exertional chest pain. Also, the amount of exertion that precipitates 
a cardiac event is not predictable. That is, the patient may have vig-
orously exercised in the past without a problem but suffers a cardiac 
event during more modest exertion. For these reasons, if a diagnosis 
of anomalous LMCA is made, surgery is indicated for the prevention 
of sudden cardiac death.

Data Collection and Interpretation
The diagnosis of LMCA is most often an incidental finding when 

echocardiography is done for other indications. Proving the absence of 
a structure is difficult because it may be present but not well visualized 
by the particular test being used. Echocardiography, either transtho-
racic or transesophageal, is not the recommended test for demonstrat-
ing the origins of the coronary arteries. Therefore, if the ostium of 
the LMCA is not seen with echocardiography, confirmatory testing is 
needed. Magnetic resonance imaging or computed tomography is both 
highly specific and sensitive in accurately diagnosing coronary artery 
anomalies.

The preferred surgical approach is to divide the LMCA from the 
right coronary sinus and reimplant it in its proper location. This 
requires mobilization of the LMCA to allow safe reimplantation on the 
left coronary sinus. An anomalous LMCA does not cause chronic isch-
emia. The TEE examination should demonstrate normal left ventricu-
lar function. The absence of the LMCA ostium may be noted, but even 
in patients with normal coronary anatomy, the ostia are frequently not 
well visualized.

Decision Making and Interpretation
During investigations for nonspecific chest pains, an otherwise 

healthy patient was discovered to have an anomalous LMCA and was 
scheduled for coronary reimplantation. After induction of anesthesia, 
the TEE probe was inserted that demonstrated normal left ventricu-
lar function and the LMCA originating from the right coronary cusp, 
sharing a common ostium with the RCA (Figure 20-17). After the aor-
tic cross-clamping was applied and cardioplegia delivered, the heart 
was slow to arrest. The cardioplegia circuit was checked and found to 
be working properly. However, throughout the period of aortic cross-
clamping, the heart frequently recovered electrical and mechanical 
activity before the next scheduled dose of cardioplegia. At the conclu-
sion of the coronary reimplantation, the surgeon believed the myo-
cardial preservation had been poor and the patient would likely need 
inotropic support. On attempted separation from CPB, the patient was 
hypotensive with poor myocardial function. What is the differential 
diagnosis of ventricular dysfunction after CPB? The electrocardiogram 
showed sinus tachycardia with nonspecific ST- changes in lead II and 
V

5
. This was confirmed in other electrocardiogram leads. The ques-

tion to be answered was whether ventricular dysfunction was caused 
by possible poor myocardial preservation or whether the LMCA reim-
plantation was unsuccessful. By visual inspection, the right ventricle 
was contracting well. There was no ST- elevation in lead II to suggest 
air embolus to the RCA. What is the preferred TEE view to assess ven-
tricular function? The transgastric short-axis view at the midpapillary 
level is used routinely to assess preload, contractility, and regional wall 
motion abnormalities. Knowing the coronary artery that corresponds 
to the various left ventricular segments allows the echocardiographer 
to identify regional wall motions abnormalities caused by ischemia 
(Figure 20-18). The transgastric image showed marked left ventricular 
dilation with akinesis of the septal, anterior, lateral, and posterior walls. 
There was minimal decrease in left ventricular cavity size during systole  
(see Video 20-1, available online). The reimplanted LMCA could not 
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be seen originating from the left coronary sinus. Global ventricular 
dysfunction secondary to poor myocardial preservation was unlikely 
because right ventricular function was good. The inferior region of 
left ventricle, which is supplied by the RCA, had normal function. The 
findings of severe regional wall motion abnormalities in the distri-
bution of the LMCA confirmed the suspicion of unsuccessful LMCA 
reimplantation. The extensive wall motion abnormalities suggested 
the patient had a left dominant coronary circulation. By inspection, 
the reimplanted LMCA appeared to be free of tension or kinking. 
After consultation with the surgeon and a description of the TEE find-
ings, it was decided that a second attempt at LMCA reimplantation 
was unlikely to be successful.

A decision was made to perform a left internal mammary artery to 
proximal left anterior descending artery graft. It was hoped that a very 
proximal anastomosis to the left anterior descending would ensure 
flow into the circumflex artery as well. The patient separated easily 
from CPB. The TEE revealed normal left ventricular function with dra-
matic resolution of the previous regional wall motion abnormalities 
(see Video 20-2, available online). Specifically, the lateral and posterior 

regions of the left ventricle had good function, which provided strong 
evidence that the left internal mammary artery to proximal left anterior 
descending graft was also perfusing the circumflex artery. Contrasting 
the two video images illustrates that the echocardiographic assess-
ment of contractility is based on the degree of ventricular wall thick-
ening during systole. In the first image, the ischemic regions (septal, 
anterior, lateral, posterior) of the left ventricle do not thicken during 
systole, but they do move because they are contiguous with the other 
regions that retain normal function. Although unlikely in this exam-
ple because the findings are so dramatic, the novice echocardiographer 
can often confuse ventricular motion with contractility. After the left 
internal mammary artery to left anterior descending graft, the previ-
ously  akinetic segments increase their wall thickness by more than 50% 
during  systole. The significant reduction in left ventricular cavity size 
 during  systole denotes a normal ejection fraction.
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Figure 20-17 Midesophageal aortic valve short-axis view at 41 
degrees. The left main coronary artery (thick arrow) and right coronary 
artery (thin arrow) both arise from a single ostium in the right coronary 
sinus. L, left coronary sinus; LA, left atrium; N, noncoronary sinus; R, right 
coronary sinus; RA, right atrium; RV, right ventricle.
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Figure 20-18 Regional left ventricular anatomy with the correspond-
ing coronary artery distribution. Cx, circumflex artery; LAD, left ante-
rior descending artery; RCA, right coronary artery. (From Shanewise 
JS, Cheung AT, Aronson S, et al: ASE/SCA guidelines for performing 
a comprehensive intraoperative multiplane transesophageal echocar-
diography examination: Recommendations of the American Society of 
Echocardiography Council for Intraoperative Echocardiography and the 
Society of Cardiovascular Anesthesiologists Task Force for Certification 
in Perioperative Transesophageal Echocardiography. Anesth Analg 
89:870–884, 1999.)
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Thoracic aortic diseases typically require surgical intervention 
(Table 21-1). Acute aortic dissections, rupturing aortic aneurysms, 
and traumatic aortic injuries are surgical emergencies. Subacute aor-
tic dissection and expanding aortic aneurysms require urgent surgical 
intervention. Stable thoracic or thoracoabdominal aortic aneurysms 
(TAAAs), aortic coarctation, or atheromatous disease causing embo-
lization may be addressed surgically on an elective basis. The volume of 
thoracic aortic procedures has grown steadily because of factors such 
as increased public awareness, an aging population, earlier diagnosis, 
multiple advances in imaging, and advances in surgical techniques 
including endovascular stenting. Medical centers have emerged that 
specialize in thoracic aortic diseases, resulting in improved manage-
ment and survival. This progress has created a set of patients who later 
require reoperation for long-term complications such as valve or graft 
failure, pseudoaneurysm at anastomotic sites, endocarditis, and/or 
progression of the original disease process into residual native aorta.

The anesthetic management of thoracic aortic diseases has unique 
considerations including the temporary interruption of blood flow, 
often resulting in ischemia of major organ systems. Critical components 
of anesthetic management include the maintenance of organ perfusion, 
the protection of vital organs during ischemia, and the monitoring and 
management of end-organ ischemia. As a result, the vigilant and skillful 
anesthesiologist contributes importantly to the overall success of these 
operations. The procedures performed by the thoracic aortic team for 
organ protection, such as partial left-heart bypass (PLHB) for distal aor-
tic perfusion, cardiopulmonary bypass (CPB) with deep hypothermic 
 circulatory arrest (DHCA), selective cerebral perfusion, and lumbar cere-
brospinal fluid (CSF) drainage, are practiced routinely in no other area 
of medicine. The recently published multisociety guidelines represent a 
contemporary evidence-based, consensus-driven approach to thoracic 
aortic diseases. Their recommendations are referred to throughout this 
chapter, based on the well-known classification of recommendations 
and levels of evidence (Tables 21-2 and 21-3) by the American College 
of Cardiology (ACC) and American Heart Association (AHA).1

ANATOMY OF THE AORTA
The aorta is the large artery running from the aortic valve to the iliac 
bifurcation. It serves both as a conducting vessel and as a secondary 
passive pump because of its elastic recoil. During ventricular systole, 
the aortic lumen distends as it receives the entire stroke volume. In 
diastole, after aortic valve closure, the blood is propelled forward as a 
result of the aorta's elastic recoil. This pulse wave is transmitted dis-
tally at approximately 5 m/sec, exceeding the aortic blood flow velocity 
of 40 to 50 cm/sec. The aortic systolic blood pressure results from the 
summated effects of stroke volume, aortic compliance, and peripheral 
vascular resistance. Isolated systolic hypertension develops with aging 
as the aorta loses elasticity and cannot dampen the stroke volume.

During fetal development, the ductus arteriosus diverts blood 
from the pulmonary artery into the distal aortic arch. After birth, 
lung expansion and constriction of the ductus arteriosus because 
of increased blood oxygen content drives the blood from the pul-
monary artery into the pulmonary circulation. Typically, the duc-
tus arteriosus is functionally closed by 48 hours and is permanently 

KEY POINTS

 1. Deliberate hypothermia is the most important 
therapeutic intervention to prevent cerebral 
ischemia during temporary interruption 
of cerebral perfusion during aortic arch 
reconstruction.

 2. Selective antegrade cerebral perfusion should 
be considered if the anticipated duration of 
deep hypothermic circulatory arrest is longer 
than 30 to 45 minutes.

 3. Early detection and interventions to increase 
spinal cord perfusion pressure are effective 
for the treatment of delayed-onset spinal cord 
ischemia after thoracic or thoracoabdominal 
aortic aneurysm repair.

 4. Stanford type A aortic dissection involving the 
ascending aorta and aortic arch is a surgical 
emergency.

 5. Stanford type B aortic dissection confined 
to the descending thoracic or abdominal 
aorta should be managed medically when 
possible.

 6. Thoracic aortic aneurysms can cause 
compression of the trachea, left mainstem 
bronchus, right ventricular outflow tract, 
right pulmonary artery, or esophagus.

 7. Intraoperative transesophageal 
echocardiography can be used to diagnose 
type A aortic dissection or traumatic aortic 
injuries that require emergency surgery.

 8. Intraoperative transesophageal 
echocardiography and ultrasound imaging 
of the carotid arteries are useful for the 
diagnosis of aortic regurgitation, cardiac 
tamponade, myocardial ischemia, or cerebral 
malperfusion, complicating type A aortic 
dissection.

 9. Severe atheromatous disease or thrombus in 
the thoracic or descending aorta is a risk factor 
for stroke.

 10. Distal aortic perfusion pressure should be 
maintained to prevent spinal cord ischemia 
in patients with aortic coarctation.

11. Multidisciplinary guidelines for the diagnosis 
and management of thoracic aortic disease 
summarize the evidence and expert consensus 
for this challenging group of important 
diseases.
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closed by 3 weeks after birth.2 It subsequently fibroses to become 
the “ ligamentum arteriosum.” Occasionally, this process fails and the 
ductus arteriosus remains patent. Furthermore, occasionally a ductal 
diverticulum may persist and be confused in later life with an aortic 
injury during aortic imaging. The pathogenesis of aortic coarctation 
may be related to residual ductal tissue that narrows the aorta as it 
constricts.

The aortic wall has three layers: a thin intima or inner layer lined 
by endothelium, a thick media or middle layer, and a thin adventitia 
or outermost layer. The endothelium is in direct contact with blood, is 
easily traumatized, and is the site for atherosclerosis. The media com-
prises 80% of the aortic wall thickness and consists of spirally arranged 
intertwining layers of elastic tissue that provide the aorta's tensile 
strength and elasticity. The adventitia consists mainly of  collagen and 

contains the vasa vasorum that nourishes the outer half of the aor-
tic wall. The fact that the vasa vasorum are absent in the infrarenal 
aorta may explain the frequency of infrarenal aortic aneurysms. These 
three aortic layers typically are indistinguishable by current clinical 
imaging techniques. Pathologic aortic processes can separate the aor-
tic wall layers to make them evident on computed tomography (CT), 
magnetic resonance imaging (MRI), or transesophageal echocardio-
graphy (TEE).

The thoracic aorta comprises the ascending aorta, the aortic arch, 
and the descending aorta. The ascending aorta is about 9 cm long 
and comprises the aortic root and ascending aorta. The aorta begins 
at the aortic valve just to the right of midline at the left ventricular 
base. The aortic root and proximal ascending aorta lie within the 
pericardial sac. The aorta then travels superiorly and anteriorly to the 
left. It then turns posteriorly and continues to the left to the fourth 
thoracic vertebra. Thereafter, it travels inferiorly, initially anterior 
and to the left of the spine to cross the diaphragm, ending in front 
of the fourth lumbar vertebra. The aortic root includes the aortic 
valve annulus and the sinuses of Valsalva that terminate at the 
sinotubular junction. The origin of the innominate artery marks 
the end of the ascending aorta and the beginning of the aortic arch. 
The aortic arch lies within the superior mediastinum between the 
ascending and descending thoracic aorta. The aortic arch ends after 
the origin of the left subclavian artery. The aortic isthmus is the seg-
ment of aorta where the distal aortic arch becomes the descending 
thoracic aorta. At the aortic isthmus, the relatively mobile ascending 
aorta and arch join the descending thoracic aorta that is fixed to the 
posterior thoracic cage by pleural reflections, the intercostal arter-
ies, the ligamentum arteriosum, and the left subclavian artery. As 
a result, the aortic isthmus is vulnerable to traumatic injury as it is 
subjected to high shear forces after blunt trauma or rapid decelera-
tion. Furthermore, the aortic isthmus also is the most common site 
for aortic coarctation.

The coronary arteries are the first branches of the aorta. The aortic 
arch subsequently gives origin to the innominate, left carotid, and left 
subclavian arteries that supply the head, neck, and arms. The innom-
inate artery (brachiocephalic trunk) is the first branch of the aortic 
arch, followed by the left common carotid artery, and, finally, the left 
subclavian artery. There are multiple aortic arch anatomic variations, 
including vascular rings, right-sided aortic arch, and branching anom-
alies. A right-sided aortic arch is found in about 0.1% of the popu-
lation. A relatively common aortic arch branch anomaly with a 4% 
prevalence rate is an isolated left vertebral artery, so named because it 
arises directly from the aortic arch.3

The aortic arch also modulates blood pressure via baroreceptors 
within its outer wall. The aortic bodies are located inferior to the aor-
tic arch. The aortic baroreceptors respond to a greater threshold pres-
sure and thus are less sensitive when compared with the carotid sinus 

Data from Kouchoukos NT, Dougenis D: Surgery of the aorta. N Engl J Med 336:1876, 
1997.

Thoracic Aortic Diseases Amenable to Surgical 
Treatment

Aneurysm
Congenital or developmental
  Marfan syndrome, Ehlers–Danlos syndrome
Degenerative
  Cystic medial degeneration
  Annuloaortic ectasia
  Atherosclerotic
Traumatic
  Blunt and penetrating trauma
Inflammatory
  Takayasu's arteritis, Behçet syndrome, Kawasaki disease
Microvascular diseases (polyarteritis)
Infectious (mycotic)
  Bacterial, fungal, spirochetal, viral
Mechanical
  Poststenotic, associated with an arteriovenous fistula
  Anastomotic (postarteriotomy)
Pseudoaneurysm
Aortic dissection
  Stanford type A
  Stanford type B
Intramural hematoma
Penetrating atherosclerotic ulcer
Atherosclerotic disease
Traumatic aortic injury
Aortic coarctation

TABLE  
21-1

Data from Hiratzka LF, Bakris GL, Beckman JA, et al: 2010 ACCF/AHA/AATS/ACR/
ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of 
patients with thoracic aortic disease: Executive summary. A report of the American 
College of Cardiology Foundation, American Heart Association Task Force on 
Practice Guidelines, American Association for Thoracic Surgery, American College of 
Radiology, American Stroke Association, Society of Cardiovascular Anesthesiologists, 
Society for Cardiovascular Angiography and Interventions, and Society for Vascular 
Medicine. Circulation 121:e266–e369, 2010.

Classification Scheme for Clinical Recommendations

Clinical 
Recommendations

 
Definition of Recommendation Class

Class I The procedure/treatment should be performed (benefit 
far outweighs the risk).

Class IIa It is reasonable to perform the procedure/treatment 
(benefit still clearly outweighs risk).

Class IIb It is not unreasonable to perform the procedure/
treatment (benefit probably outweighs the risk).

Class III The procedure/treatment should not be performed as it 
is not helpful and may be harmful (risk may outweigh 
benefit).

TABLE  
21-2

Data from Hiratzka LF, Bakris GL, Beckman JA, et al: 2010 ACCF/AHA/AATS/ACR/
ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of 
patients with thoracic aortic disease: Executive summary. A report of the American 
College of Cardiology Foundation, American Heart Association Task Force on 
Practice Guidelines, American Association for Thoracic Surgery, American College of 
Radiology, American Stroke Association, Society of Cardiovascular Anesthesiologists, 
Society for Cardiovascular Angiography and Interventions, and Society for Vascular 
Medicine. Circulation 121:e266–e369, 2010.

Classification Scheme for Supporting Evidence 
for Clinical Recommendations

Supporting Evidence Estimate of Certainty

Level A Data derived from multiple randomized clinical trials 
(RCT) or meta-analysis.

Level B Data derived from a single RCT or nonrandomized 
studies.

Level C Only consensus opinions of experts, case studies, or 
standard of care.

TABLE  
21-3
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 receptors. These receptors send impulses to the brainstem that interact 
with the medullary cardiovascular center for modulation of autonomic 
nervous system activity.4

GENERAL CONSIDERATIONS FOR 
THE PERIOPERATIVE CARE OF AORTIC 
SURGICAL PATIENTS
Patients undergoing thoracic aortic surgery share common consider-
ations for the safe conduct of anesthesia and perioperative care that 
are addressed in this section (Table 21-4). The unique considerations 
and care that apply to specific diseases and procedures are addressed in 
subsequent sections devoted to their management.

Preanesthetic Assessment
The preanesthetic assessment of the thoracic aorta surgical patient 
ideally begins before admission to the operating room (OR). The first 
consideration is whether the planned procedure is emergent, urgent, or 
elective. For urgent or emergent operations, it is most efficient to assign 
team members specific tasks for rapid and comprehensive patient and 
OR preparation. For example, one team member can review the patient 
chart and diagnostic studies to formulate an anesthetic plan. A  second 
team member can interview the patient and obtain informed con-
sent. The remaining team members simultaneously can prepare the 
OR, apply physiologic monitors, secure intravascular access, and send 
 laboratory specimens including blood for cross-matching.

The second consideration is to determine the aortic diagnosis 
because its extent and physiologic consequences dictate both anesthetic 
management and surgical approach. Aortic diseases proximal to the 
left carotid artery typically are approached via a median sternotomy, 
whereas aortic diseases distal to this point usually are approached via 
a left thoracotomy or thoracoabdominal incision. Although an aortic 
diagnosis often is established in advance, at times a definitive diagno-
sis must be verified after OR admission by direct review of diagnostic 
studies or by subsequent TEE. In every case, a review of the operative 
plan with the surgical team facilitates thorough anesthetic prepara-
tion. Direct review of adequate aortic diagnostic imaging studies not 
only verifies the operative diagnosis but also determines the surgical 
possibilities (ACC/AHA Class I recommendation; level of evidence 
C).1 The anatomic details of an aortic disease permit the anesthesiolo-
gist to anticipate potential perioperative difficulties, including likely 
postoperative complications.

The systematic assessment of each organ system in the aortic surgi-
cal patient should focus on how it will affect the conduct of anesthe-
sia and surgery. The baseline functional reserve of each organ system 
determines the likely perioperative complications and allows ranking 
of organ-protective strategies. It is reasonable to obtain further tests to 
quantitate the functional reserve of affected organ systems, for exam-
ple, neurocognitive testing, brain imaging, noninvasive carotid artery 
imaging, pulmonary function testing, echocardiography, and cardiac 
catheterization (ACC/AHA Class IIa recommendation; level of evi-
dence C).1 For example, significant cerebrovascular disease affects 
blood pressure management to ensure adequate cerebral perfusion. 
Significant cardiac compromise typically increases the risks for heart 
failure, myocardial ischemia, and arrhythmias. Significant lung disease 
often is predictive for postoperative respiratory failure, pneumonia, 
or both. Significant renal insufficiency affects fluid management, trig-
gers the avoidance of nephrotoxic drugs, and customizes the dosing of 
renally cleared drugs. Hepatic disease and hematologic dysfunction are 
risk factors for perioperative bleeding and transfusion. Severe aortic 
atheroma is a major risk factor for atheroembolism and consequent 
stroke and limb ischemia.

Because myocardial ischemia is an important predictor of peri-
operative outcome, it has featured prominently in the guidelines for 
thoracic aortic diseases. Patients with evidence of myocardial isch-
emia should undergo further evaluation to determine the extent and 

 severity of coronary artery disease (CAD; ACC/AHA Class I recom-
mendation; level of evidence C).1 If significant CAD is responsible for 
an acute coronary syndrome, then coronary revascularization is indi-
cated before or concomitant with the thoracic aortic procedure (ACC/
AHA Class I recommendation; level of evidence C).1 Concomitant 
coronary artery bypass grafting (CABG) is reasonable in patients who 
have not only stable but significant CAD, but who are also scheduled 

Anesthetic Considerations for the Care of Thoracic 
Aortic Surgical Patients

Preanesthetic Assessment
Urgency of the operation (emergent, urgent, or elective)
Pathology and anatomic extent of the disease
Median sternotomy vs. thoracotomy vs. endovascular approach
Mediastinal mass effect
Airway compression or deviation
Preexisting or Associated Medical Conditions
Aortic valve disease
Cardiac tamponade
Coronary artery stenosis
Cardiomyopathy
Cerebrovascular disease
Pulmonary disease
Renal insufficiency
Esophageal disease (contraindications to TEE)
Coagulopathy
Prior aortic operations
Preoperative Medications
Warfarin (Coumadin)
Antiplatelet therapy
Antihypertensive therapy
Anesthetic Management
Hemodynamic monitoring
  Proximal aortic pressure
  Distal aortic pressure
  Central venous pressure
  Pulmonary artery pressure and cardiac output
  TEE
Neurophysiologic monitoring
  Electroencephalography
  Somatosensory-evoked potentials
  Motor-evoked potentials
  Jugular venous oxygen saturation
  Lumbar cerebrospinal fluid pressure
  Body temperature
Single-lung ventilation for thoracotomy
  Double-lumen endobronchial tube
  Endobronchial blocker
Potential for bleeding
  Large-bore intravenous access
  Blood product availability
  Antifibrinolytic therapy
Antibiotic prophylaxis
Postoperative Care Considerations and Complications
Hypothermia
Hypotension
Hypertension
Bleeding
Spinal cord ischemia
Stroke
Renal insufficiency
Respiratory insufficiency
Phrenic nerve injury
Diaphragmatic dysfunction
Recurrent laryngeal nerve injury
Pain management

TABLE  
21-4
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to undergo surgery for diseases of the ascending aorta or aortic arch, 
or both (ACC/AHA Class IIa recommendation; level of evidence C).1 
In contrast, the benefit of coronary revascularization is less clear in 
patients who have stable but significant CAD and who are scheduled 
to undergo surgical intervention for descending thoracic aortic dis-
ease (ACC/AHA Class IIb recommendation; level of evidence C).1

Preoperative Medications
Preoperative medications typically provide detailed information about 
concomitant medical conditions. As a general rule, all cardiac, pulmonary, 
and antiseizure medications should be continued up until the morning 
of surgery. Angiotensin-converting enzyme inhibitors and angiotensin-
receptor blockers should be discontinued the day before  surgery to mini-
mize the risk for perioperative vasoplegia and adverse outcomes.5,6 All 
oral hypoglycemic agents should be discontinued the night before sur-
gery to avoid hypoglycemia. If possible, metformin should be discontin-
ued the day before surgery to minimize the risks for severe lactic acidosis 
associated with exposure to iodinated contrast agents or perioperative 
hypovolemia. If a patient is receiving insulin, up to 50% of the typi-
cal morning dose should be given the day of surgery with subsequent 
close glucose monitoring. Warfarin (Coumadin) should be discontin-
ued for approximately 5 days before surgery for full recovery of coag-
ulation function as verified by a normalized international normalized 
ratio.7 If this is not possible, then the patient should be admitted for hep-
arinization until shortly before surgery. Patients chronically exposed to 
low-molecular-weight heparin, aspirin, adenosine diphosphate platelet-
receptor inhibitors (clopidogrel and prasugrel), and platelet glycopro-
tein IIb/IIIa inhibitors (abciximab, eptifibatide, tirofiban) are typically 
at increased risk for perioperative bleeding. Optimally, aspirin and clopi-
dogrel should be discontinued at least 5 to 7 days before surgery to allow 
adequate recovery of platelet function for perioperative hemostasis.7

Finally, the consequences for anesthetic procedures must be carefully 
considered. For example, coagulopathy caused by organ dysfunction or 
concomitant medication, or both, increases the risks for hemorrhagic 
complications associated with neuraxial techniques such as lumbar 
CSF drainage and epidural analgesia. Cervical spine or esophageal dis-
ease may prohibit the use of intraoperative TEE. Aortic pathologies 
may produce an intrathoracic mass effect to complicate tracheal intu-
bation, selective lung ventilation, and/or hemodynamic stability after 
anesthetic induction.

Anesthetic Management
Overall, the anesthetic plan including techniques, drugs, and monitoring 
should be individualized to enhance the conduct of the procedure includ-
ing perfusion technique, hemodynamic monitoring, and preservation of 
organ function (ACC/AHA Class I recommendation; level of evidence C).1 
Because thoracic aortic procedures may result in massive bleeding and car-
diovascular collapse, it is essential to have immediate availability of packed 
red blood cells, large-bore vascular access, invasive blood pressure moni-
toring, and central venous access. Pulmonary artery catheterization assists 
in the management of cardiac dysfunction associated with CPB, DHCA, 
and PLHB. Intraoperative TEE is indicated in thoracic aortic procedures, 
including endovascular interventions, in which it assists in hemodynamic 
monitoring, procedural guidance, and endoleak detection (ACC/AHA 
Class IIa recommendation; level of evidence B).1

A rationale exists for choosing to cannulate the left or right radial 
artery for intra-arterial blood pressure monitoring. Right radial arte-
rial pressure monitoring will often detect compromised flow into the 
innominate artery because of aortic cross-clamping too near its origin. 
Right radial arterial pressure monitoring makes sense in procedures 
that require clamping of the left subclavian artery. Left radial arterial 
pressure monitoring is indicated when selective antegrade cerebral per-
fusion (ACP) is planned via the right axillary artery. At times, bilateral 
radial arterial pressure monitoring may be required. Femoral arterial 
pressure monitoring allows the assessment of distal aortic perfusion in 
procedures with PLHB.

Large-bore peripheral intravenous cannulation (e.g., two 16-gauge 
catheters) secures vascular access for rapid intravascular volume 
expansion. Rapid transfusion is desirable via an intravenous set with a 
fluid warming device. Alternatively, large-bore central venous cannula-
tion can be utilized for volume expansion. If a pulmonary artery cath-
eter (PAC) is required, a second introducer sheath dedicated to volume 
expansion also can be placed in the same central vein. Central venous 
cannulation with ultrasound guidance often increases speed and safety, 
especially in emergencies.8 Both a urinary and a nasopharyngeal tem-
perature probe are required for monitoring the absolute temperature 
of the peripheral and core, as well as the rates of change during delib-
erate hypothermia and subsequent rewarming. The rectum is an alter-
native site for monitoring peripheral temperature, and the PAC can 
provide core temperature monitoring.

The induction of general anesthesia requires careful hemodynamic 
monitoring with anticipation of changes because of anesthetic drugs 
and tracheal intubation. Appropriate vasoactive drugs should be 
immediately available as required. Concomitant vasodilator infusions 
often are discontinued before anesthetic induction. Because etomi-
date does not attenuate sympathetic responses with no direct effects 
on myocardial contractility, it may be preferred in the setting of hemo-
dynamic instability. Thereafter, titration of a narcotic such as fentanyl 
and a benzodiazepine such as midazolam will provide maintenance of 
general anesthesia. In elective cases, anesthetic induction can proceed 
with routine intravenous hypnotics, followed by narcotic titration for 
attenuation of the hypertensive responses to tracheal intubation and 
skin incision. Antibiotic therapy optimally should be completed in 
most cases at least 30 minutes before skin incision to achieve adequate 
bactericidal tissue levels.

General anesthetic maintenance is typically with a balanced tech-
nique, and neuromuscular blockade is achieved by titration of a non-
depolarizing muscle relaxant. Anesthetics can be reduced during 
moderate hypothermia and then discontinued during deep hypo-
thermia. With concomitant electroencephalographic (EEG) and/or 
somatosensory-evoked potential (SSEP) monitoring, anesthetic sig-
nal interference is minimized with the avoidance of barbiturates, bolus 
propofol, and doses of inhaled anesthetic greater than 0.5 minimum 
alveolar concentration. Propofol infusion, narcotics, and neuromuscu-
lar blocking drugs do not interfere with SSEP monitoring. With intra-
operative motor-evoked potential (MEP) monitoring, high-quality 
signals are obtained when the anesthetic technique comprises total 
intravenous anesthesia with propofol and a narcotic such as remifen-
tanil without neuromuscular blockade. Neuromonitoring (EEG, SSEP, 
MEP) in thoracic aortic procedures is not only compatible with con-
temporary anesthetic techniques but is also reasonable when the 
resulting data will guide perioperative management (ACC/AHA Class 
IIa recommendation; level of evidence B).1 The decision to utilize this 
monitoring modality should be based on procedural urgency, institu-
tional resources, patient needs, and planned operative technique (ACC/
AHA Class IIa recommendation; level of evidence B).1

In most cases, the duration of general anesthesia continues for  several 
hours after admission to the intensive care unit (ICU) to permit a con-
trolled anesthetic emergence. If epidural analgesia is used intraoperatively, 
a dilute solution of local anesthetic and narcotic is preferred to minimize 
postoperative hypotension from a concomitant sympathectomy and 
to minimize motor blockade to permit serial neurologic assessment of 
lower extremity function. Neuraxial anesthetic techniques are not rec-
ommended in patients at risk for neuraxial hematoma in the setting of 
concomitant thienopyridine antiplatelet therapy, low- molecular-weight 
heparins, and clinically significant anticoagulation (ACC/AHA Class III 
recommendation; level of evidence C).1,7

The potential for significant bleeding and rapid transfusion is 
always relevant in thoracic aortic procedures. Consequently, it is pru-
dent to have fresh frozen plasma and platelets available for ongoing 
replacement during massive red blood cell transfusion. The time delay 
associated with standard laboratory testing severely limits the intra-
operative relevance of these data to guide transfusion. Strategies to 
decrease bleeding and transfusion in these procedures include timely 
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 preoperative cessation of anticoagulants and platelet blockers, antifi-
brinolytic therapy, intraoperative cell salvage, biologic glue, activated 
factor VII, and avoidance of perioperative hypertension. It is reasonable 
to have an institutional algorithmic approach to the management of 
bleeding and transfusion for thoracic aortic surgery (ACC/AHA Class 
IIa recommendation; level of evidence C).1 This algorithm will depend 
significantly on institutional variations in point-of-care coagulation 
testing, blood component availability, and access to recombinant fac-
tor VII (ACC/AHA Class IIa recommendation; level of evidence C).1

The antifibrinolytic lysine analogs, -aminocaproic acid or 
tranexamic acid, are commonly utilized in thoracic aortic surgery with 
and without DHCA. The concerns with aprotinin are now historical 
because it was widely withdrawn from clinical practice after a large 
randomized trial demonstrated its significant mortality risk in the set-
ting of high-risk cardiac surgery, including thoracic aortic surgery with 
DHCA.9,10 Even more recently, high-dose tranexamic acid has been 
correlated with a significantly increased risk for seizures after cardiac 
surgery.11,12 Based on the lessons from aprotinin, further adequately 
powered trials should examine the safety of lysine analogs in thoracic 
aortic surgery.9–12 Recombinant activated factor VII is a synthetic agent 
that accelerates hemostasis by binding with tissue factor at the site of 
tissue injury. Although this agent has demonstrated efficacy for hemo-
static rescue in massive bleeding during thoracic aortic surgery, recent 
meta-analysis suggest further study for adequate delineation of its peri-
operative safety.13,14

Postoperative Care
After completion of the operation, the patient should be transported 
directly from the OR to the ICU. The continuation of care from the OR 
to the ICU should be seamless and protocol based.15 In the absence of 
complications, early anesthetic emergence is preferable for early assess-
ment of neurologic function. If delayed anesthetic emergence is indi-
cated, then sedation and analgesia can be provided. Common early 
complications include hypothermia, coagulopathy, delirium, stroke, 
hemodynamic lability, respiratory failure, metabolic disturbances, and 
renal failure. Frequent clinical and laboratory assessment are essential 
to manage this dynamic postoperative recovery, including the safe con-
duct of tracheal extubation. The management of blood glucose lev-
els has been standardized with a recent guideline from the Society of 
Thoracic Surgeons (STS).16 The chest roentgenogram allows confirma-
tion of endotracheal tube and intravascular catheter position, as well as 
the diagnosis of acute intrathoracic pathologies. Antibiotic prophylaxis 
is continued for 48 hours after surgery to minimize surgical  infection 
risk.

THORACIC AORTIC ANEURYSM
A thoracic aortic aneurysm is a permanent localized thoracic aortic 
 dilatation that has at least a 50% diameter increase and three aortic 
wall layers.1 Localized dilatation of the thoracic aorta less than 150% 
of normal is termed ectasis. Annuloaortic ectasia is defined as isolated 
dilatation of the ascending aorta, aortic root, and aortic valve annulus. 
Pseudoaneurysm or a false aneurysm is a localized dilation of the aorta 
that does not contain all three layers of the vessel wall and instead con-
sists of connective tissue and clot. Pseudoaneurysms are caused by a 
contained rupture of the aorta or arise from intimal disruptions, pen-
etrating atheromas, or partial dehiscence of the suture line at the site of 
a previous aortic prosthetic vascular graft.

Thoracic aortic aneurysms are common and are the 15th most com-
mon cause of death in people older than 65.16 This disease process is 
virulent (Box 21-1) but indolent because it typically grows slowly at an 
approximate rate of 0.1 cm/yr.16 The most common reason for more 
rapid degeneration is acute aortic dissection. Besides acquired risk fac-
tors such as hypertension, hypercholesterolemia, and smoking, cur-
rent evidence points to the strong influence of genetic inheritance.17,18 
Genetic analysis suggests that thoracic aortic aneurysms divide into 

two groups at the level of the ligamentum arteriosum. Above the liga-
mentum arteriosum, the disease is not related to typical arterial risk 
factors and has a smooth, noncalcified wall accompanied by no debris 
or clot. Below the ligamentum arteriosum, the disease process primar-
ily is atherosclerotic, with an irregular calcified wall accompanied by 
copious debris and clot. This freedom from atheromatous disease in 
patients with thoracic aortic aneurysms of the ascending aorta has 
been called a “silver lining.”17 Inflammatory causes for thoracic aor-
tic aneurysm include syphilis, mycotic aneurysm from endocarditis, 
giant-cell  arteritis, and Takayasu arteritis.1

The aneurysm's location and extent determine the operative strategy 
and related perioperative complications. Aneurysms of the aortic root 
and/or ascending aorta commonly are associated with a bicuspid aortic 
valve.19 Dilation of the aortic valve annulus, aortic root, and ascending 
aorta pulls the aortic leaflets apart and causes central aortic regurgita-
tion (AR).18 Aneurysms involving the aortic arch require temporary 
interruption of cerebral blood flow to accomplish the operative repair. 
Endovascular stent repair is an established therapy for aneurysms iso-
lated to the descending thoracic aorta.1,20 Repair of descending thoracic 
aortic aneurysms requires the sacrifice of multiple segmental intercos-
tal artery branches that compromise spinal cord perfusion and results 
in a significant risk for postoperative paraplegia from spinal cord 
ischemia.21

The shape of thoracic aortic aneurysms can be described as either 
fusiform or saccular. Fusiform aneurysms are more common, associ-
ated with atherosclerotic or collagen vascular disease, and usually affect 
a longer segment of the aorta, producing a dilation of the entire cir-
cumference of the vessel wall. Saccular aneurysms are more localized, 
confined to an isolated segment of the aorta, and produce a localized 
outpouching of the vessel wall.

Thoracic aortic aneurysms mostly are asymptomatic and frequently 
are discovered incidentally.1,17 Common symptoms of thoracic aortic 
aneurysm include chest and back pain caused by aneurysmal dissec-
tion, rupture, or bony erosion. The intrathoracic “mass effect” from a 
large thoracic aortic aneurysm can compress local structures to cause 
hoarseness (recurrent laryngeal nerve), dyspnea (trachea, mainstem 
bronchus, pulmonary artery), central venous hypertension (superior 
vena cava syndrome), and/or dysphagia (esophagus). Rupture of tho-
racic aortic aneurysms is a surgical emergency and is often accompa-
nied with acute pain with or without hypotension. Although rupture of 
an ascending aortic aneurysm may cause cardiac tamponade,  rupture 
in the descending thoracic aorta may cause hemothorax, aortobron-
chial fistula, or aortoesophageal fistula.

Diagnostic Imaging for Thoracic 
Aortic Aneurysms
The chest radiograph may suggest a thoracic aortic aneurysm with 
features such as a widened mediastinum, enlarged aortic knob, dilated 
descending thoracic aorta, aortic calcifications, leftward tracheal devi-
ation, upward deviation of the left mainstem bronchus, and/or new 
left pleural effusion. Typically, transthoracic echocardiography can 
provide a reasonable examination of the thoracic aorta, although the 
acoustic windows are limited by the lungs. The contemporary imaging 

BOX 21-1. COMPLICATIONS OF THORACIC 
AORTIC ANEURYSMS



642 SECTION IV Anesthesia and Transesophageal Echocardiography for Cardiac Surgery

modalities of choice are CT, MRI, and TEE. Computed tomographic 
angiography (CTA) images the thoracic aorta during the arterial phase 
of an intravenous radiocontrast agent injection. It defines vascular 
anatomy and surrounding nonvascular structures. Aneurysm leak is 
detected as extravascular contrast extravasation. This imaging modal-
ity has multiple advantages such as high resolution, wide  availability, 
rapid acquisition, imaging in patients with metallic implants, and 
generation of volumetric aortic images for stent design. Because CTA 
requires iodinated contrast agents, it carries a risk for contrast neph-
ropathy that can be attenuated by administration of acetylcysteine and 
sodium bicarbonate.22 (See Chapters 2 and 3.)

Contrast-enhanced magnetic resonance angiography with gadolin-
ium also images the entire thoracic aorta in fine detail. Although the 
spatial resolution of magnetic resonance angiography is slightly infe-
rior to CTA, it does allow for degrees of tissue and fluid characteriza-
tion. The disadvantages of magnetic resonance angiography include its 
limited availability, lack of imaging in patients with metallic implants, 
imaging difficulty in the setting of continuous hemodynamic monitor-
ing, and the time required for image acquisition. Its advantages are the 
avoidance of ionizing radiation and the lack of renal toxicity.1,17

TEE can image the thoracic aorta from the aortic valve to the distal 
ascending aorta and from the distal aortic arch to the proximal abdom-
inal aorta. The distal ascending aorta and proximal aortic arch can-
not be reliably imaged by TEE because the intervening trachea and left 
mainstem bronchus obstruct the acoustic window; this is known as the 
“blind spot” of TEE.23 It is possible to overcome this blind spot with 
modalities such as imaging across the trachea temporarily filled with 
a saline-filled balloon (the A-view) and utilizing an expanded aortic 
view.23,24 The advantages of TEE include its portability, its real-time 
interpretation, its compatibility at the bedside and in the OR, and its 
multiple imaging modalities for complete aortic and cardiac assess-
ment. Its disadvantages include the requirement for sedation or  general 
anesthesia and the risks for upper gastrointestinal injury.25

Surgical Considerations for Thoracic 
Aortic Aneurysms
Surgical repair aims to replace the aortic aneurysm with a tube graft 
to prevent further aneurysmal complications (Table 21-5). The first 
indication for thoracic aortic aneurysm resection is whenever the 
aneurysm is symptomatic regardless of size (ACC/AHA Class I recom-
mendation; level of evidence C).1,17 Symptoms often herald the onset 
of rupture or dissection and should be interpreted as an urgent indi-
cation for surgery. A symptomatic presentation occurs in about 5% 
of patients. Unfortunately, the first symptom in the remaining 95% of 
patients often is death.

The second indication for resection is aortic diameter. In the ascend-
ing aorta, a diameter of 6.0 cm is the critical hinge point after which 
the risk for aneurysm rupture increases exponentially. Consequently, 
surgical resection is recommended in the ascending aorta when the 
diameter reaches 5.5 cm (ACC/AHA Class I recommendation; level 
of evidence C).1,17 In patients with genetically mediated aortopathies 

(Marfan syndrome, bicuspid aortic valve, familial thoracic aortic aneu-
rysm or dissection; vascular Ehlers-Danlos syndrome; and Turner 
syndrome), surgical resection is recommended at a lower ascending 
aortic diameter of 5.0 cm (ACC/AHA Class I recommendation; level 
of evidence C).1,17 Ascending aortic aneurysms with diameters less 
than 5.5 cm but with an annual growth rate in diameter greater than 
0.5 cm/yr qualify for surgical resection (ACC/AHA Class I recommen-
dation; level of evidence C).1 It is reasonable to consider prophylactic 
replacement of the aortic root and ascending aorta in a woman with 
Marfan syndrome who is planning a pregnancy and who has an aortic 
root or ascending aortic diameter larger than 4.0 cm (ACC/AHA Class 
IIa recommendation; level of evidence C).1 In adults with the aggres-
sive aortopathy of the Loeys-Dietz syndrome, it is reasonable to con-
sider proximal thoracic aortic repair when the internal aortic diameter 
exceeds 4.2 cm (ACC/AHA Class IIa recommendation; level of evidence 
C).1,26 The ascending aortic aneurysm diameter also must be indexed 
to body size.27 For example, if the maximal cross-sectional area of the 
aortic root or ascending aorta (in square centimeters) divided by the 
patient's height (in meters) exceeds a ratio of 10, then surgical repair 
is a reasonable option (ACC/AHA Class IIa recommendation; level of 
evidence C).1 The rationale behind indexing the aortic dimensions 
to body size is that shorter adults dissect and rupture their aortas at 
smaller diameters.1,27 Furthermore, those patients who are undergoing 
open aortic valve procedures and who have an aortic root or ascending 
aortic diameter larger than 4.5 cm should be considered for concomi-
tant aortic replacement resection (ACC/AHA Class I recommendation; 
level of evidence C).1

The hinge point for rupture in the descending thoracic aorta is a 
diameter of 7.0 cm.17 Consequently, surgical resection is recommended 
in thoracoabdominal aneurysms when the aortic diameter exceeds 
6.0 cm or less when it is associated with a connective tissue disorder 
such as Marfan syndrome (ACC/AHA Class I recommendation; level 
of evidence C).1 In patients who have aneurysmal degeneration of the 
descending thoracic aorta associated with prior dissection and/or a 
connective tissue disorder, surgical resection is recommended when the 
aortic diameter is more than 5.5 cm (ACC/AHA Class I recommenda-
tion; level of evidence B).1 Patients with aneurysms of the descending 
thoracic aorta should be considered for thoracic endovascular aortic 
repair (TEVAR) when technically feasible (ACC/AHA Class I recom-
mendation; Level of Evidence B).1,20

Aneurysms of the ascending aorta and aortic arch are approached 
from a median sternotomy incision. Standard CPB can be used for the 
repair of aneurysms limited to the aortic root and ascending aorta that 
do not extend into the aortic arch by cannulating the distal ascend-
ing aorta or proximal aortic arch and applying an aortic cross-clamp 
between the aortic cannula and the aneurysm. Aneurysms that involve 
the aortic arch require CPB with temporary interruption of cerebral 
perfusion (DHCA). Neuroprotection strategies in this setting include 
deep hypothermia, selective ACP, and retrograde cerebral perfusion 
(RCP). Aortic aneurysms of the descending thoracic aorta require lat-
eral thoracotomy for surgical access. Aneurysmal resection requires 
cross-clamping with or without distal aortic perfusion.

Surgical Repair of Ascending Aortic 
and Arch Aneurysms
The type of surgical repair depends on aortic valve function and the 
aneurysm extent. Perioperative TEE can evaluate the aortic valve struc-
ture and function to guide and assess the surgical intervention (reim-
plantation, repair, replacement). Furthermore, TEE can assess the 
diameters of the aortic root, ascending aorta, and aortic arch to guide 
intervention. The most common aortic valve diseases associated with 
ascending aortic aneurysm are bicuspid aortic valve or AR caused by 
dilation of the aortic root (Figure 21-1). If the aortic valve and aortic 
root are normal, a simple tube graft can be used to replace the ascend-
ing aorta. If the aortic valve is diseased but the sinuses of Valsalva are 
 normal, an aortic valve replacement combined with a tube graft for the 

Indications for Surgical Repair of Thoracic 
Aortic Aneurysms

Atherosclerotic aneurysm diameter
  Ascending aorta 5.5 cm
  Descending aorta 6.5 cm
Marfan's or familial thoracic aneurysm diameter
  Ascending aorta 5.0 cm
  Descending aorta 6.0 cm
Severe aortic regurgitation
Aortoannular ectasia with aortic root aneurysm
Rupture
Refractory pain

TABLE  
21-5
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ascending aorta without need for reimplantation of the coronary arter-
ies can be performed (Wheat procedure; Figure 21-2; ACC/AHA class I 
recommendation; level of evidence C).1

If disease also involves the aortic valve and the aortic root, the patient 
requires aortic root replacement and aortic valve intervention. If techni-
cally feasible, the aortic valve can be reimplanted with a modified David 
technique, which includes graft reconstruction of the aortic root with 
reimplantation of the coronary arteries (ACC/AHA Class I recommen-
dation; level of evidence C).1,28 If not feasible, aortic root replacement 
with a composite valve-graft conduit is indicated (Bentall procedure; 
Figure 21-3; ACC/AHA Class I recommendation; level of evidence C).1 
Aortic root replacement requires coronary reimplantation or aortocor-
onary bypass grafting (Cabrol technique; Figure 21-4).

Repairing aortic aneurysms that extend into or involve the aortic 
arch requires CPB with DHCA with or without perfusion adjuncts. For 
ascending aortic aneurysms that involve only the proximal aortic arch, 
partial arch replacement (hemiarch technique) is reasonable in which 
a tubular graft is interposed between the ascending aorta or aortic root 
and the underside of the aortic arch (ACC/AHA Class IIa recommen-
dation; level of evidence B).1 Ascending aorta with hemiarch recon-
struction often is performed using DHCA with or without ACP/RCP 
to make the distal anastomosis feasible without cross-clamping (“open 
technique”). In patients who have isolated aortic arch aneurysms and 
who have a low operative risk, arch replacement is reasonable when the 
arch diameter exceeds 5.5 cm (ACC/AHA Class IIa recommendation; 
level of evidence B).1 Total aortic arch replacement is reasonable in 
aneurysms that involve the entire arch (ACC/AHA Class IIa recommen-
dation; level of evidence B).1 Ascending aortic aneurysms that extend 
through the aortic arch into the descending aorta can be repaired with 
the “elephant trunk” technique (Figure 21-5; ACC/AHA Class IIa recom-
mendation; level of evidence B).1,29 Aortic arch aneurysms that extend 

into the aortic branch vessels may require repair with branched or tri-
furcated tube grafts to permit separate anastomosis to the innominate, 
left carotid, and left subclavian arteries.30 In patients with aortic arch 
aneurysms and concomitant severe comorbidity, recent guidelines 
support an endovascular repair technique (Class IIb recommenda-
tion; level of evidence C).1,20 However, in patients who have aortic arch 
aneurysms and who have reasonable surgical risk, the recent guidelines 
advise against an endovascular repair technique (Class III recommen-
dation; level of evidence A).1,20

Anesthetic Management for Ascending 
Aorta and Arch Aneurysms
The conduct of general anesthesia in this setting has specific con-
cerns. The imaging studies should be reviewed for aneurysm com-
pression of mediastinal structures such as the right pulmonary artery 
and left mainstem bronchus (Figure 21-6). Prevention of hypertension 
increases forward flow in AR and minimizes the risk for aneurysm rup-
ture. A right radial arterial catheter is preferred for most cases. If arte-
rial cannulation of the right axillary, subclavian, or innominate artery 
is planned for CPB and ACP, bilateral radial arterial catheters often 
are required to measure cerebral and systemic perfusion pressures. 
Nasopharyngeal, tympanic, and bladder temperatures are important 
for estimating brain and core temperatures for monitoring the conduct 
of DHCA. Monitoring of jugular bulb venous oxygen saturation and 
the EEG may reflect cerebral metabolic activity to guide the conduct 
of DHCA. Intraoperative TEE is essential to guide and assess the sur-
gical interventions. In patients with AR, TEE can assist in the conduct 
of CPB by guiding placement of cannulae such as the retrograde car-
dioplegia cannula (coronary sinus) and by monitoring left ventricular 
(LV) volume to ensure that the LV drainage cannula keeps the ven-
tricle collapsed. Intraoperative TEE is reasonable in thoracic aortic 
 procedures, including endovascular interventions, in which it assists in 
hemodynamic monitoring, procedural guidance, and endoleak detec-
tion (ACC/AHA Class IIa recommendation; level of evidence B).1

Neuroprotection Strategies for 
Temporary Interruption of Cerebral 
Blood Flow
The risk for stroke is substantial during the cerebral ischemia that 
accompanies aortic arch reconstruction.31 The first mechanism is cere-
bral ischemia due to hypoperfusion or temporary circulatory arrest 
during aortic arch repair. The second mechanism is cerebral isch-
emia due to embolization secondary to CPB and atheroma. Arterial 
emboli causes include air introduced into the circulation from open 
cardiac chambers, vascular cannulation sites, or arterial anastomo-
sis. Atherosclerotic particulate debris may be released during clamp-
ing and unclamping of the aorta, the creation of anastomoses in the 
ascending aorta and aortic arch, or the excision of severely calcified 
and diseased cardiac valves. CPB may result in the microparticulate 
aggregates of platelets and fat. The turbulent high-velocity blood flow 
out of the aortic cannula used for CPB also may dislodge atheroscle-
rotic debris within the aorta. Retrograde blood flow through a diseased 
descending thoracic aorta as a consequence of CPB conducted with 
femoral artery cannulation may cause retrograde cerebral emboliza-
tion. For all these reasons, strategies to provide neurologic protection 
are essential in thoracic aortic operations (Box 21-2).

Deep Hypothermic Circulatory Arrest
The brain is exquisitely susceptible to ischemic injury within minutes 
after the onset of circulatory arrest because it has a high metabolic rate, 
continuous requirement for metabolic substrate, and limited reserves 
of high-energy phosphates. The physiologic basis for deep hypothermia 
as a neuroprotection strategy is to decrease cerebral metabolic rate 
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LV

Ao

Ao

LV

B

Figure 21-1 Transesophageal echocardiographic (TEE) midesophageal 
long-axis images of the aortic valve demonstrating aneurysmal dilation 
of the aortic root and ascending aorta (A). Doppler color-flow imaging 
(B) demonstrating severe aortic regurgitation caused by outward teth-
ering of the aortic valve cusps by the aortic aneurysm. Ao, aorta; LV, left 
ventricle.
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D E F
Figure 21-2 Replacement of the ascending aorta with a prosthetic tube graft for ascending aortic aneurysm or type A aortic dissection (A, 
B, F). In the presence of aortic valvular disease, the aortic valve can be replaced (C–E) or repaired (not shown). Extension of the aneurysm or dissec-
tion into the aortic arch may require replacement of part or all of the aortic arch with a prosthetic tube graft (not shown). A small rim of the native 
aortic root containing the right and left coronary ostia was left behind in this repair. (Adapted from Downing SW, Kouchoukos NT: Ascending aortic 
aneurysm. In Edmunds LH [ed]: Cardiac Surgery in the Adult. New York, McGraw-Hill, 1997, p 1176, by permission.)

A B C

Figure 21-3 Replacement of the 
entire aortic root with a composite 
valved conduit for ascending aor-
tic aneurysm. The underside of the 
aortic arch was also incorporated into 
the prosthetic graft. The right and left 
coronary arteries were reimplanted 
into the graft (A–C). Alternatively, the 
aortic root can be replaced with a 
cryopreserved homograft or porcine 
bioprosthesis (not shown). (Adapted 
from Griepp RB, Ergin A: Aneurysms 
of the aortic arch. In Edmunds LH 
[ed]: Cardiac Surgery in the Adult. 
New York, McGraw-Hill, 1997, p 1209, 
by permission.)
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and oxygen demands to increase the period that the brain can toler-
ate circulatory arrest.32 Existing evidence indicates that autoregulation 
of cerebral blood flow is maintained during deliberate hypothermia 
with alpha-stat blood gas management without compromise of clini-
cal outcome.33 Direct measurement of cerebral metabolites and brain-
stem electrical activity in adults undergoing DHCA with RCP at 14°C 
 indicated the onset of cerebral ischemia after only 18 to 20 minutes 
(Figure 21-7).34 Despite this observation, the large body of experimen-
tal evidence and clinical experience with the deliberate hypothermia 
suggest that it is the single most important intervention for preventing 
neurologic injury in response to circulatory arrest.

Despite the proven efficacy of hypothermia for operations that 
require circulatory arrest, no consensus exists on an optimal proto-
col for the conduct of deliberate hypothermia for circulatory arrest. 
A strategy to protect the brain during aortic arch surgery must be 
a high priority in the perioperative management of these proce-
dures to prevent stroke and optimize cognitive function (ACC/AHA 
Class I recommendation; level of evidence C).1 Although the aver-
age nasopharyngeal temperature for DHCA may be about 18° C, 
the optimal temperature for DHCA has not been established.31,32 A 
challenge in the selection of the ideal temperature for DHCA is the 
inability to directly measure the brain temperature. In an EEG-based 
approach to this question, the median nasopharyngeal temperature 
for  electrocortical silence was 18° C, although a nasopharyngeal tem-
perature of 12.5° C or cooling on CPB for at least 50 minutes achieved 
 electrocortical silence in 99.5% of cases (Figure 21-8).35 Although the 
EEG functions well as a physiologic end point for cerebral metabolic 
suppression during cooling for DHCA as part of an institutional pro-
tocol, its outcome benefit remains to be demonstrated in a random-
ized trial.15,31,36 A jugular bulb venous oxygen saturation greater than 
95% measured using an oximetric catheter represents an alternative 
physiologic end point to detect maximum cerebral metabolic suppres-
sion for DHCA.37 It is important to note that deep hypothermia to a 
set temperature (mean = 19°C) as an end point for DHCA without 
EEG or jugular bulb venous oxygen saturation has been associated 
with excellent neurologic outcomes in recent series.38,39 In addition to 
systemic hypothermia produced by extracorporeal circulation, topical 
hypothermia by packing the head in ice also has been incorporated in 

leading institutional DHCA protocols to minimize passive warming 
of the head.38,39 When providing topical hypothermia, care should be 
exercised to protect the eyes, nose, and ears from frostbite by protect-
ing these vulnerable areas. Recent clinical studies support the practice 
of limiting the duration of straight DHCA to shorter than 45 minutes 
to avoid the associated significant increases in stroke and mortality 
risks.31 The technique of DHCA alone is a reasonable approach for 
neuroprotection during aortic arch surgery in the setting of adequate 
institutional experience (ACC/AHA Class IIa recommendation; level 
of evidence B).1

The conduct of DHCA extends CPB duration with consequent 
risks for coagulopathy and embolization. Rewarming increases cere-
bral metabolic rate and can aggravate neuronal injury during isch-
emia/reperfusion. Consequently, it is important to rewarm gradually 
by maintaining a temperature gradient of no more than 10° C in the 
heat exchanger and avoiding cerebral hyperthermia (nasopharyngeal 
temperature > 37.5°C). The current guidelines advise against cerebral 
hyperthermia in aortic arch procedures (ACC/AHA Class III recom-
mendation; level of evidence B).1

Retrograde Cerebral Perfusion
RCP is performed by infusing cold oxygenated blood into the superior 
vena cava cannula at a temperature of 8° C to 14° C via CPB (Figure 
21-9). The internal jugular venous pressure is maintained at less than 
25 mm Hg to prevent cerebral edema. Internal jugular venous pressure 
is measured from the introducer port of the internal jugular venous 
cannula at a site proximal to the superior vena cava perfusion can-
nula and zeroed at the level of the ear. The patient is positioned in 10 
degrees of Trendelenburg to decrease the risk for cerebral air embo-
lism and prevent trapping of air within the cerebral circulation in the 
presence of an open aortic arch. RCP flow rates of 200 to 600 mL/min 
usually can be achieved. The potential benefits of RCP include par-
tial supply of cerebral metabolic substrate, cerebral embolic washout, 
and maintenance of cerebral hypothermia.40 Although RCP has been 
associated with excellent clinical results in aortic arch repair, it has not 
become the standard technique for neuroprotection in DHCA.15,41 A 
recent large, single-center study (1991–2007; N = 1107; RCP in 82%) 

BA

Figure 21-4 Replacement of the entire aortic root with a composite valved conduit for ascending aortic aneurysm combined with end-to-
end anastomosis of the right and left coronary arteries to an 8-mm or 10-mm prosthetic tube graft that was then anastomosed to the aortic 
root (A, B). (Adapted from Downing SW, Kouchoukos NT: Ascending aortic aneurysm. In Edmunds LH [ed]: Cardiac Surgery in the Adult. New York, 
McGraw-Hill, 1997, p 1181, by permission).
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evaluated the role of RCP in proximal thoracic aortic repair. The peri-
operative rates for mortality and stroke in this series were 10.4% and 
2.8%, respectively. The application of RCP was significantly protective 
against mortality (odds ratio, 0.42; 95% confidence interval, 0.25-0.70; 
P = 0.0009) and stroke (odds ratio, 0.35; 95% confidence interval, 0.15-0.81; 
P = 0.02).42 Despite the lack of randomized trials, RCP is safe and easily 

 implemented in aortic arch repair as an adjunct to maintain cerebral 
hypothermia, provide partial metabolic substrate delivery, and decrease 
the risk for cerebral embolization.36–42 The technique of DHCA with 
RCP is a reasonable approach for neuroprotection during aortic arch 
surgery in the setting of adequate institutional experience (ACC/AHA 
Class IIa recommendation; level of evidence B).1
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Figure 21-5 Elephant trunk procedure for prosthetic graft replacement of the ascending aorta, aortic arch, and descending thoracic aorta. 
The aortic aneurysm or dissection is opened its entire length and extended through the aortic arch (A, B). The prosthetic tube graft is implanted with 
its distal end extending into the descending thoracic aorta, “elephant trunk” (C, D). The graft is pulled back into the arch for implantation of the arch 
branch vessels and construction of the proximal anastomosis (D, E). In the second stage of the procedure, the descending thoracic aorta is replaced 
by constructing a proximal graft-to-graft anastomosis (not shown). (From Doty DB: Aortic aneurysm. In Brown M, Baxter S [eds]: Cardiac Surgery: 
Operative technique. St. Louis, Mosby-Year Book, 1997, p 324.)
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Selective Antegrade Cerebral Perfusion
Selective ACP should be considered for aortic arch repairs longer than 
45 minutes.31 ACP typically is initiated during DHCA by selective can-
nulation of the right axillary artery, right subclavian artery, innominate 
artery, or left common carotid artery (Figure 21-10).43 In transverse 
aortic arch reconstruction procedures, ACP can be accomplished by 
inserting individual perfusion cannulae into the open end of the aortic 
branch vessels after opening the aortic arch. After reattachment of the 
aortic arch branch vessels to the vascular graft, ACP can be provided 
through a separate arm of the vascular graft or by direct cannulation of 
the graft. A functional circle of Willis may provide contralateral brain 
perfusion during interruption of antegrade perfusion in the innomi-
nate, left carotid, or left subclavian arteries during construction of the 
 vascular anastomoses. ACP with oxygenated blood at 10° C to 14° C at 
flow rates in the range of 250 to 1000 mL/min typically achieves a cere-
bral perfusion pressure in the range of 50 to 80 mm Hg.

Unilateral ACP via right axillary arterial cannulation is a popular 
technique for adult aortic repair.43 This technique assumes an  adequate 
circle of Willis; however, the anatomic completeness of the circle of 
Willis does not guarantee adequate cerebral cross-perfusion  during 
aortic arch repair.44,45 Consequently, it remains essential to moni-
tor the contralateral hemisphere in unilateral ACP with modalities 
such as cerebral oximetry, carotid artery scanning, and transcranial 
Doppler.46–48

Ao
PA

RPA LMB

Figure 21-6 Computed tomographic angiogram of the chest demon-
strating a large ascending aortic aneurysm (Ao) causing compression 
of the right pulmonary artery (RPA), distal trachea, and left main stem 
bronchus (LMB).
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Figure 21-7 Changes in brainstem (N18) somatosensory-evoked 
potential amplitudes (dots) after initiation of deep hypothermic 
 circulatory arrest with retrograde cerebral perfusion superimposed on 
the change in brain oxygen extraction ratio (OER) in patients without 
strokes (circles; n = 19), preoperative strokes (triangles; n = 4), intraop-
erative strokes (squares; n = 3), and both preoperative and intraopera-
tive strokes (asterisks; n = 1). The N18 somatosensory-evoked potential 
decayed to half its original amplitude at 16 minutes after interruption of 
antegrade cerebral perfusion. The OER decreased to half its maximal 
value of 0.66 also at 16 minutes after interruption of antegrade cere-
bral perfusion. (Adapted from Cheung AT, Bavaria JE, Pochettino A, 
et al: Oxygen delivery during retrograde cerebral perfusion in humans. 
Anesth Analg 88:14, 1999.)

BOX 21-2. BRAIN PROTECTION FOR AORTIC 
ARCH RECONSTRUCTION
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Figure 21-8 The relation between electroencephalographic activity 
to minutes of cooling (top) and nasopharyngeal temperature (bottom) 
before deep hypothermic circulatory arrest in 109 patients undergoing 
thoracic aortic operations requiring circulatory arrest. Electrocortical 
silence (ECS) was achieved by electroencephalogram (EEG) in all 
patients after 50 minutes of cooling or at a nasopharyngeal temper-
ature of 12.5° C. At a nasopharyngeal temperature of 18° C, only 50% 
of patients had ECS by EEG. (Adapted from Stecker MM, Cheung AT, 
Pochettino A, et al: Deep hypothermic circulatory arrest: I. Effects of 
cooling on electroencephalogram and evoked potentials. Ann Thorac 
Surg 71:19, 2001, by permission of the Society of Thoracic Surgeons.)
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Given that ACP may be unilateral or bilateral, there remains con-
troversy about which ACP technique is superior.49 A recent literature 
review combined 17 studies for a total sample size of 3548 patients; 
83.1% with bilateral ACP and 16.9% with unilateral ACP.50 Although 
the stroke rates were less than 5% regardless of technique, the period of 
safe ACP was significantly prolonged with bilateral ACP (86–164 min-
utes) compared with unilateral ACP (30–50 minutes). The evidence 
favors bilateral ACP in the setting of aortic arch repair times longer 
than 60 minutes.50

Pilot clinical series in adult aortic arch repair also have been under-
taken in the setting of ACP with moderate hypothermic circulatory 
arrest (MHCA; systemic temperature = 25° C).51,52 A large, single- center 
study (1999–2006; N = 501 [36.1% emergency cases]; median age, 
64 years; 63.9% male sex) evaluated perioperative outcomes with this 
technique.53 With a perioperative mortality rate of 11.6%, multivariate 
predictors for mortality included age and CPB time. The stroke rate 
was 9.6% with operative time and renal dysfunction as its multivari-
ate predictors for stroke. The rate of temporary neurologic dysfunc-
tion was 13.4%, its multivariate predictors including MHCA duration 
(odds ratio, 1.015; p = 0.01). Although MHCA with cold ACP appears 
to be an adequate technique for adult aortic arch repair, its safety is lim-
ited in the settings of the elderly, multiple comorbidities, and extended 
operative time. The safety of aortic arch repair recently was further 
demonstrated with bilateral ACP and a greater mean MHCA tempera-
ture of 28° C (2002–2008; N = 229; mean age, 70.8 ± 9.7 years; 68.1% 
male sex).54 Although MHCA with ACP appears to be a reasonable 
technique for adult aortic arch repair, its safety for ischemic protection 
of the spinal cord and kidney are still questioned.55,56 The technique of 
DHCA with ACP is a reasonable approach for neuroprotection during 
aortic arch surgery in the setting of adequate institutional experience 
(ACC/AHA Class IIa recommendation; level of evidence B).1

Pharmacologic Neuroprotection Strategies for 
Deep Hypothermic Circulatory Arrest
There are no proven pharmacologic regimens that have demonstrated 
effectiveness for decreasing the risk or severity of neurologic injury in 
the setting of thoracic aortic operations.36 The agents that have been 
reported in aortic arch series include thiopental, propofol, steroids, 
magnesium sulfate, and lidocaine.15,32,57 Furthermore, there is consid-
erable variation in practice with these agents in aortic arch repair.57 In 
general, the existing evidence suggests that pharmacologic neuropro-
tection should be considered as a neuroprotective adjunct and not a 
substitute for hypothermia to protect against cerebral ischemia in the 
setting of hypoperfusion. The technique of DHCA with pharmacologic 
adjuncts is a reasonable approach for neuroprotection during aortic 
arch surgery in the setting of an institutional protocol and adequate 
institutional experience (ACC/AHA Class IIa recommendation; level 
of evidence B).1

Descending Thoracic and 
Thoracoabdominal Aortic Aneurysms
Surgical therapy for thoracic and TAAAs is to replace aneurysmal aorta 
with a prosthetic tube graft. Surgical access is via lateral thoracotomy 
or thoracoabdominal incision. Despite recent advances, major surgical 
challenges remain because the typical patient is elderly with multiple 
significant comorbidities (Table 21-6). The risks for spinal, mesenteric, 
renal, and lower extremity ischemia are significant due to thromboem-
bolism, loss of collateral vascular networks, temporary interruption 
of blood flow, and reperfusion injury. The risks for wound dehiscence 
and respiratory failure remain significant because of the large inci-
sions and diaphragmatic division, as well as injuries to the phrenic 
and recurrent laryngeal nerves. Consequently, TAAA repair is high risk 
(Table 21-7).58

Aneurysms of the descending thoracic aorta are classified by consid-
ering which third(s) of the descending thoracic aorta is (are) involved.1 
Extent A involves the proximal third, extent B involves the middle third, 
and extent C involves the distal third. If more than one third is involved, 
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Figure 21-9 Extracorporeal perfusion circuit used to deliver retro-
grade cerebral perfusion. The bridge (D) is clamped during cardiopulmo-
nary bypass. After initiation of deep hypothermic circulatory arrest, clamps 
are placed on the venous return line (A), the proximal arterial cannula (B), and 
inferior vena caval cannula (C), and the bridge (D) is unclamped to permit 
retrograde perfusion into the superior vena cava. (Adapted from Bavaria JE, 
Woo YJ, Hall RA, et al: Retrograde cerebral and distal aortic perfusion dur-
ing ascending and thoracoabdominal aortic operations. Ann Thorac Surg 
60:347, 1995, by permission of the Society of Thoracic Surgeons.)
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Figure 21-10 Extracorporeal perfusion circuit used for selective 
antegrade cerebral perfusion. After achieving deep hypothermia on 
cardiopulmonary bypass, individual cannulas are inserted into the coro-
nary, innominate, and left carotid arteries for selective antegrade perfu-
sion of the heart and brain. (From Bachet J, Teodori G, Goudot B, et al: 
Replacement of the transverse aortic arch during emergency operations 
for type A acute aortic dissection. J Thorac Cardiovasc Surg 96:878, 1988.)
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then the extent is classified according to which thirds are involved, for 
example, an aneurysm involving the proximal two-thirds is classified 
as extent AB. Essentially, multisegment aneurysms can be classified as 
proximal or distal because these extents influence the risk for spinal 
cord ischemia after surgical repair, whether open or endovascular.

Aneurysms of the thoracoabdominal aorta typically are defined by 
the Crawford classification (Figure 21-11). Extent I TAAA begins at 
the left subclavian artery and ends below the diaphragm, but above 
the renal arteries. Extent II TAAA involves the entire descending tho-
racic aorta and ends below the diaphragm at the aortic bifurcation. 
Extent III TAAA begins in the lower half of the descending thoracic 
aorta and ends below the diaphragm at the aortic bifurcation. Extent 
IV TAAA is confined to the entire abdominal aorta. If an extent I or 
extent II TAAA involves the distal aortic arch, its surgical replacement 
often requires DHCA for the proximal anastomosis. The Crawford 
classification stratifies operative risk and guides perioperative man-
agement (Table 21-8). Open repair of TAAA typically is accomplished 
by one of three major techniques; (1) aortic cross-clamping, (2) aortic 

 cross-clamping with a Gott shunt, and (3) aortic cross-clamping with 
PLHB or partial CPB (Figure 21-12).

Simple Aortic Cross-Clamp Technique
Although this technique was developed by Crawford, its major 
 disadvantage is the concomitant vital organ ischemia below the aortic 
clamp. Consequently, surgical speed is critical to achieve an ischemic 
time less than 30 minutes to limit the risk for vital organ dysfunc-
tion.59 Its further disadvantages include proximal aortic hypertension, 
 bleeding, and hemodynamic instability on reperfusion. Despite anes-
thetic interventions, this proximal aortic hypertension may induce LV 
ischemia.60 Blood loss can be minimized with intraoperative red blood 
cell salvaging. Hemodynamic instability during reperfusion can be 
minimized with correction of metabolic acidosis, rapid intravascular 
volume expansion, vasopressor therapy, and/or gradual clamp release. 
Mild systemic hypothermia and selective spinal cooling protect against 
the ischemia associated with this technique.61,62 Despite its physiologic 
consequences, this technique remains popular because it is simple and 
has proven clinical outcomes (Table 21-9).

Gott Shunt
The Gott shunt allows passive shunting of blood from the proximal to 
distal aorta during aortic cross-clamping for thoracic aortic repair (see 
Figure 21-12B).63 Blood flow from the proximal to distal aorta through 
the Gott shunt depends on proximal aortic pressure, shunt length and 
diameter, and distal aortic pressure. Monitoring the femoral arterial 
pressure facilitates assessment of distal aortic perfusion and shunt flow. 
The advantages of the Gott shunt are its simplicity, its low cost, and its 
requirement for only partial anticoagulation. Its disadvantages include 
vessel injury, dislodgment, bleeding, and atheroembolism.

*Incidence of paraplegia not reported.
TAAA, thoracoabdominal aortic aneurysm.
Data from Cowan JA, Dimick JB, Henke PK, et al: Surgical treatment of intact 

thoracoabdominal aortic aneurysms in the United States: Hospital and surgeon 
volume-related outcomes. J Vasc Surg 37:1169, 2003; and Cowan JA, Dimick JB, 
Wainess RM, et al: Ruptured thoracoabdominal aortic aneurysm treatment in the 
United States: 1988 to 1998. J Vasc Surg 38: 312, 2003.

Clinical Outcomes of Thoracoabdominal Aortic 
Aneurysm (TAAA) Repair (United States: 1988–1998)

Complication Intact TAAA (n = 1542) Ruptured TAAA (n = 321)

Cardiac 14.8% 18.1%
Pulmonary 19.0% 12.7%
Hemorrhage 12.4% 10.9%
Acute renal failure 14.2% 28.0%
Paraplegia —*  3.4%
Any complication 55.2% 51.7%
In-hospital mortality 22.3% 53.8%

TABLE  
21-7

Data from Coselli JS, LeMaire SA, Miller CC 3rd, et al: Mortality and paraplegia after 
thoracoabdominal aortic aneurysm repair: A risk factor analysis. Ann Thorac Surg 
69:409, 2000.

Preoperative Features in Patients with 
Thoracoabdominal Aortic Aneurysm (N = 1220)

Characteristic No. of Patients (%)

Crawford extent
  Extent I 423 (34.7)
  Extent II 371 (30.4)
  Extent III 201 (16.5)
  Extent IV 225 (18.4)
Acute dissection 46 (3.8)
Chronic dissection 272 (22.3)
Marfan syndrome 72 (5.9)
Symptomatic aneurysms 855 (70.1)
Acute presentation 112 (9.2)
Rupture 76 (6.2)
Preoperative paraplegia or paraparesis 16 (1.3)
Concurrent aneurysm 224 (18.4)
Prior aneurysm repair 502 (41.2)
Prior thoracic aortic aneurysm repair 281 (23.0)
Diabetes 69 (5.7)
Hypertension 940 (77.1)
Coronary artery disease 435 (35.7)
Prior coronary artery bypass or angioplasty 202 (16.6)
Cerebrovascular disease 135 (11.1)
Renal arterial occlusive disease 312 (25.6)
Renal insufficiency 151 (12.4)
Chronic obstructive lung disease 491 (40.3)
Peptic ulcer disease 83 (6.8)

TABLE  
21-6

Data from Coselli JS, LeMaire SA, Miller CC 3rd, et al: Mortality and paraplegia after 
thoracoabdominal aortic aneurysm repair: A risk factor analysis. Ann Thorac Surg 
69:409, 2000.

Mortality and Paraplegia after Thoracoabdominal 
Aortic Aneurysm Repair (N = 1220)

TAAA 
Extent

 
No. of Patients

30-Day 
Mortality

Hospital 
Mortality

Paraplegia/
Paraparesis

I 400 (35.1%) 20 (5.0%) 30 (7.5%) 16 (4.1%)
II 343 (30.1%) 18 (5.2%) 29 (8.5%) 28 (8.2%)
III 184 (16.1%)  9 (4.9%)  9 (4.9%)  7 (3.8%)
IV 213 (18.7%)  7 (3.3%) 12 (5.6%)  3 (1.4%)

TABLE  
21-8

IVIIIIII

Figure 21-11 Crawford classification of thoracoabdominal aortic aneu-
rysm extent. (From Coselli JS: Descending thoracoabdominal aortic 
aneurysms. In Edmunds LH [ed]: Cardiac Surgery in the Adult. New York, 
McGraw-Hill, 1997, p 1232.)
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Partial Left-Heart Bypass
The control of both proximal and distal aortic perfusion during 
TAAA repair is achieved with PLHB. This technique requires left 
atrial cannulation, usually via a left pulmonary vein (see Figure 
21-12C). Oxygenated blood from the left atrium flows through the 
CPB circuit into the distal aorta or a major branch via the arterial 
cannula.61 The CPB circuit can include a heat exchanger, membrane 
oxygenator, and/or a venous reservoir. The degree of heparinization 
for PLHB is minimal with heparin-coated circuits without an oxy-
genator. Full systemic anticoagulation with ACT greater than 400 sec-
onds is required for CPB circuits with membrane oxygenators and 
heat exchangers.64 During PLHB, the proximal mean arterial pressure 
(MAP; radial artery) is generally maintained in the 80 to 90 mm Hg 
range. Flow rates in the range of 1.5 to 2.5 L/min typically maintain a 
distal aortic MAP in the 60 to 70 mm Hg range, monitored via a fem-
oral arterial catheter.64 Sequential advancement of the aortic cross-
clamp during PLHB permits segmental aortic reconstruction with 
a decrease in end-organ ischemia. The advantages of PLHB include 
control of aortic pressures and systemic temperature, reliable dis-
tal aortic perfusion, and selective antegrade perfusion of important 
branch vessels (Figure 21-13).61 Its disadvantages include increased 
expense, increased complexity, and requirement for systemic antico-
agulation (see Table 21-9). An alternative technique uses partial CPB 
by femoral vein to femoral artery perfusion with or without an oxy-
genator. This can allow for distal perfusion without the need for can-
nulation of the heart or aorta. However, it does not offer the control 
that is achieved with proper PLHB.

Figure 21-13 Extracorporeal perfusion circuit for repair of an extensive 
thoracoabdominal aortic aneurysm. Cannulation of the left atrium and 
femoral artery provides distal aortic perfusion by partial left heart bypass. 
Visceral perfusion can be provided by selective cannulation of the celiac, 
superior mesenteric, and renal arteries. (Adapted from Coselli JS: 
Descending thoracoabdominal aortic aneurysms. In Edmunds LH [ed]: 
Cardiac Surgery in the Adult. New York, McGraw-Hill, 1997, p 1237.)

A B

C D
Figure 21-12 Operative techniques for repair of thoracic or 
 thoracoabdominal aortic aneurysms. In the clamp-and-sew technique, 
the distal aorta is not perfused (A). Alternatively, distal aortic perfusion 
during repair can be provided by a passive Gott shunt (B), partial left 
heart bypass (C), or partial cardiopulmonary bypass (D). Deep hypother-
mic circulatory arrest may be necessary if the proximal cross-clamp can-
not be safely applied in aneurysms extending into the distal aortic arch 
(not shown). (From O'Connor CJ, Rothenberg DM: Anesthetic consid-
erations for descending thoracic aortic surgery: Part II. J Cardiothorac 
Vasc Anesth 9:734, 1995.)

Advantages and Disadvantages of Distal Perfusion 
Techniques

Potential Advantages
Control of proximal hypertension
Decrease left ventricular afterload
Less hemodynamic perturbations with aortic clamping and unclamping
Decrease duration of mesenteric ischemia
Decrease risk for paraplegia from spinal cord ischemia
Ability to control systemic temperature with heat exchanger
Vascular access for rapid volume expansion
Ability to oxygenate blood with extracorporeal oxygenator
Capability to selectively perfuse mesenteric organs or aortic branch vessels
Maintain lower extremity SSEPs and MEPs for neurophysiologic monitoring
Potential Disadvantages
Require greater level of systemic anticoagulation
Increase risk for vascular injury at cannulation sites
Increase risk for thromboembolic events.
Require perfusion team
Need to monitor and control upper and lower body arterial pressure and flow
Increase technical complexity of operation

TABLE  
21-9
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Cardiopulmonary Bypass with Deep Hypothermic 
Circulatory Arrest
When a TAAA involves the distal aortic arch, CPB with DHCA is required 
to allow completion of the distal anastomosis. This technique has accep-
table perioperative outcome for major reconstruction of the thoraco-
abdominal aorta because it also protects the spinal cord and mesenteric 
organs from ischemia.65 If CPB with DHCA is planned for TAAA repair 
through a left thoracotomy incision, TEE should monitor for AR so that 
any LV distention with the onset of asystole during deliberate hypo-
thermia can be managed with insertion of a drainage cannula. The disad-
vantages of CPB with DHCA include the limited safe period for DHCA, 
risk for stroke from retrograde aortic perfusion, increased CPB duration, 
and bleeding. For TAAA with extension into the distal aortic arch, a two-
stage elephant-trunk procedure can be performed instead of using CPB 
with DHCA.66 In the two-stage  elephant-trunk procedure, the transverse 
aortic arch graft is performed first through a median sternotomy, leaving 
a short segment of graft extending into the descending aorta (see Figure 
21-5). The second stage of the repair is performed through a left thora-
cotomy incision to access and anastomose the distal end of the trans-
verse arch graft to the proximal end of the descending thoracic aortic 
graft. This two-stage repair avoids the need for retrograde CPB perfusion 
through the diseased descending thoracic aorta and decreases the risk for 
injury to the recurrent laryngeal nerve, esophagus, and pulmonary artery 
located in the proximity of the distal aortic arch.

Endovascular Stent Graft Repair of Thoracic 
Aortic Aneurysms
TEVAR was established for the management of thoracic aortic aneu-
rysms and now has recent management guidelines.20 Endovascular 
stent grafts are tube grafts reinforced by a wire frame that are collapsed 
within a catheter for delivery and deployment within the aortic lumen. 
The principle of TEVAR is that the deployed stent complex spans the 
length of diseased aorta to exclude blood flow into the aneurysm cav-
ity. TEVAR requires a landing zone for each end of the tubular graft. 
Endoleak is defined as blood flow within the aneurysm but outside the 
endovascular graft (Table 21-10).

The current guidelines from the STS suggest TEVAR for aneurysms 
of the descending thoracic aorta when the aortic diameter is larger 
than 5.5 cm (Class IIa recommendation; level of evidence B, when the 
patient has significant comorbidity; Class IIb recommendation; level of 
evidence C, when the patient has no significant comorbidity).20 When 

the aortic diameter is less than 5.5 cm, the STS guidelines advise against 
TEVAR (Class III recommendation; level of evidence C).20 In the setting 
of TAAA, the STS guidelines support TEVAR in patients with severe 
comorbidity (Class IIb recommendation; level of evidence C).20 In 
patients with severe comorbidity and aortic arch aneurysm with dis-
tal extension, the STS guidelines support an endovascular repair tech-
nique (Class IIb recommendation; level of evidence C).1,20 In patients 
who have reasonable surgical risk and who have aortic arch aneurysms 
with distal extension, the STS guidelines advise against an endovascular 
repair technique (Class III recommendation; level of evidence A).1,20

Endovascular stent graft repair for isolated descending thoracic 
aortic aneurysms with a proximal landing zone that involves the left 
subclavian artery can be accomplished using a two-stage procedure 
(Figure 21-14). In the first stage, the left subclavian artery can be 

Data from Hiratzka LF, Bakris GL, Beckman JA, et al: 2010 ACCF/AHA/AATS/ACR/
ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of 
patients with thoracic aortic disease: Executive summary. A report of the American 
College of Cardiology Foundation, American Heart Association Task Force on 
Practice Guidelines, American Association for Thoracic Surgery, American College of 
Radiology, American Stroke Association, Society of Cardiovascular Anesthesiologists, 
Society for Cardiovascular Angiography and Interventions, and Society for Vascular 
Medicine. Circulation 121:e266–e369, 2010.

Classification of Endoleaks

Type Cause of Perigraft Flow Consequences and Therapeutic 
Strategy

I Inadequate seal at proximal 
and/or distal landing zone

Systemic blood pressure is 
transmitted to aneurysm with 
risk for rupture: timely repair is 
indicated.

II Retrograde flow from aortic 
branches into aneurysm

It may thrombose. If aneurysm 
is expanding, aortic branch 
embolization is indicated.

III Structural failure of stent, 
e.g., perforations, 
fractures

Systemic blood pressure is transmitted 
to aneurysm with risk for rupture: 
timely repair is indicated.

IV Stent graft fabric porosity This usually occurs at implantation 
and disappears with 
anticoagulation reversal.

V Aneurysm expansion 
without obvious endoleak 
(“endodistention”)

The endovascular repair can be 
strengthened with a second stent.

TABLE  
21-10

A

Thoracic aortic stent

Thoracic aortic stent

B

C

Figure 21-14 Intraoperative angiogram demonstrating an isolated 
saccular aneurysm (double arrows) of the thoracic aorta (A). The left sub-
clavian artery (single arrow) was previously divided and transposed onto 
the left carotid artery to create a proximal landing site for endovascular 
stent repair (A). Intraoperative angiogram (B) after deployment of the 
endovascular stent graft (C) demonstrated exclusion of the aneurysm.
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divided and anastomosed onto the left common carotid artery. This 
first stage of the procedure provides a proximal landing zone, allow-
ing the deployment of the endovascular stent graft over the left sub-
clavian artery branch in the distal aortic arch in the second stage of the 
procedure without compromising flow through the vessel. Multiple 
recent meta-analyses have demonstrated the outcome importance 
of not sacrificing the left subclavian artery during TEVAR to avoid 
the risks for stroke, paraplegia, and left upper extremity ischemia.67–69 
The recent guidelines from the Society of Vascular Surgery strongly 
 support this principle but also recognize that in urgent TEVAR for 
life-threatening acute aortic syndromes, left subclavian artery cover-
age is unavoidable.70

There are currently two major options for endovascular TAAA 
repair, namely, total TEVAR and hybrid TEVAR. Total endovascular 
TAAA repair requires customized stents that preserve major aortic 
branches with fenestrations or side branches. Recent series have dem-
onstrated the safety and efficacy of this TEVAR modality in high-risk 
TAAA patients.71–73 In hybrid TAAA repair, the landing zone for the 
nonfenestrated endovascular graft is created by aortic debranching 
procedures, for example, the renal and mesenteric arteries are anas-
tomosed to the iliac arteries. Recent multiple series and meta-analyses 
have demonstrated the safety and efficacy of this TEVAR modality in 
high-risk patients.74–78 This hybrid approach also has been utilized in 
aortic arch reconstruction for high-risk patients with aortic arch aneu-
rysms.79 Furthermore, TEVAR recently has extended proximally for 
therapy of select aneurysms of the ascending aorta.80,81 In summary, 
TEVAR for TAAA, whether wholly endovascular or hybrid, is in recent 
clinical development with an established niche in patients with exces-
sive operative risk. It is likely that these technologies will mature fur-
ther in the coming years. This maturation of TEVAR for diseases of the 
descending thoracic aorta likely will be rapid given that recent meta-
analysis (N = 5888, 42 nonrandomized studies) demonstrated that 
TEVAR as compared with open aortic repair reduced perioperative 
mortality (odds ratio, 0.44; 95% confidence interval, 0.33–0.59), para-
plegia (odds ratio, 0.42; 95% confidence interval, 0.28–0.63), pneumo-
nia, cardiac complications, renal failure, bleeding, and transfusion, as 
well as length of hospital stay.82

Anesthetic Management for 
Thoracoabdominal Aortic Aneurysm Repair
The anesthetic management of patients undergoing TAAA repair often 
requires selective right lung ventilation in the setting of a major left tho-
racotomy and anesthetic interventions to prevent spinal cord ischemia. 
Right radial arterial pressure monitoring typically is preferred, espe-
cially if the aortic repair involves clamping the left subclavian artery 
or surgical endovascular access via the left brachial artery. Femoral 
arterial pressure monitoring is required when distal aortic perfusion is 
planned either with PLHB or a Gott shunt. Hemodynamic monitoring 
with a PAC usually is helpful for the management of the concomitant 
specialized perfusion techniques already discussed. The anesthetic plan 
must allow for spinal cord monitoring with SSEPs, MEPs, or both to 
account for decreases in renal function and include a plan for postop-
erative analgesia.

Lung Isolation Techniques
Selective ventilation of the right lung with concomitant left lung 
 collapse during TAAA repair enhances surgical access and protects 
the right lung from left lung bleeding. Collapse of the left lung typi-
cally is achieved when the left main bronchus is intubated either with 
a double-lumen endobronchial tube (DLT) or a bronchial blocker. 
Routine fiberoptic bronchoscopic guidance guarantees the effective-
ness of either technique. The increased length of the left mainstem 
bronchus facilitates placement of a left-sided DLT and subsequently 
anchors it during surgery. Endobronchial blockade is achieved with 
one of the following devices: the Arndt blocker, the Cohen blocker, or 

the Univent tube (Figure 21-15).83 Wire-guided endobronchial block-
ing catheters permit the balloon-tipped catheter to be guided and 
positioned precisely in the left mainstem bronchus with a fiberop-
tic bronchoscope. The advantages of a left DLT include the ability to 
apply selective continuous positive airway pressure to the left lung. 
Its disadvantages include increased difficulty in difficult airways and 
bronchial injury in distorted endobronchial anatomy. The major 
advantage of endobronchial blockade is its compatibility with an 
existing standard 8.0-mm endotracheal tube. This is advantageous 
in emergencies and in difficult airways.83 The disadvantages of endo-
bronchial blockade include increased time for left-lung collapse and 
dislodgement during surgery. The majority of patients will require 
temporary postoperative mechanical ventilation, usually via a single-
lumen endotracheal tube. ICU personnel often are unaccustomed to 
managing patients with DLTs with their risks for malposition, airway 
obstruction, and difficulty with airway secretions. Endotracheal tube 
exchange may be challenging if there is airway edema. An endotra-
cheal tube exchange catheter in combination with direct laryngoscopy 
often facilitates safe endotracheal tube exchange.84 It is recommended 
that in the setting of upper airway edema, DLTs are not routinely 
exchanged for single-lumen tubes (ACC/AHA Class III recommen-
dation; level of evidence C).1

Paraplegia after Thoracoabdominal 
Aortic Aneurysm Repair
Paraplegia after TAAA repair is a devastating complication. The 
temporary interruption of distal aortic perfusion and sacrifice of 
spinal segmental arteries during TAAA repair are central events in 
the pathogenesis of spinal cord ischemia and paraplegia. There are 
multiple contributing factors (Table 21-11).85 The typical level of 
spinal cord ischemia after TAAA is midthoracic and is associated 
with a high perioperative mortality. There are many management 
strategies for prevention of this devastating complication after 
TAAA (Table 21-12).1,85

The spinal cord arterial supply provides a partial explanation for 
the clinical features of paraplegia after TAAA repair (Figure 21-16).85,86 
The anterior spinal artery supplies the anterior two thirds of the  spinal 
cord, and the posterior spinal arteries supply the posterior third. 

A

A B C

D

B

C

Figure 21-15 Single-lung ventilation for thoracic or thoracoabdomi-
nal aortic aneurysm repair requiring a left thoracotomy can be accom-
plished using a Cohen bronchial blocker inserted through a standard 
endotracheal tube (A), an Arndt wire-guided bronchial blocker inserted 
through a standard endotracheal tube (B), a Univent endotracheal tube 
with an integrated bronchial blocker (C), or a left-sided double-lumen 
endobronchial tube (D).
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Branches from each vertebral artery join to form the anterior spinal 
artery that descends along the midline of the anterior surface of the 
spinal cord. The anterior spinal artery sometimes is discontinuous and 
fed in a variable extent by radicular arteries derived from ascending 
cervical, deep cervical, intercostal, lumbar, and sacral segmental arter-
ies. The posterior spinal arteries also are derived from the vertebral 
arteries and receive collateral supply from posterior radicular arteries. 
The terminal cord segments are supplied by radicular arteries that arise 
from the internal iliac and sacral arterial network. The thoracolumbar 
spinal cord typically has multiple arterial sources with a clinical vulner-
ability to significant ischemia. In this watershed region, an important 
blood supply is derived from a large radicular artery (intercostal arter-
ies T9-T12 in 75% of patients, T8-L3 in 15%, and L1-L2 in 10%).87,88 
This important artery is known as the arteria magna or the artery of 
Adamkiewicz. Ischemia in the anterior spinal artery territory classically 
causes motor paralysis with preservation of proprioception.85 Clinical 
experience, however, has demonstrated that spinal cord ischemia after 
TAAA repair is variable, asymmetric, and can affect motor or sensory 
function, or both.85,89

Paraplegia is defined as lower extremity motor weakness with mus-
cle strength weaker than gravity. Paraparesis is defined as lower extrem-
ity weakness with muscle power that allows movement at least against 
gravity (Table 21-13).89 Spinal cord ischemia may have an immediate 
onset, defined as lower extremity weakness on emergence from anes-
thesia within 24 hours of the procedure.85,89 Delayed-onset spinal cord 
ischemia is defined as lower extremity weakness that follows a nor-
mal postoperative neurologic examination after emergence from anes-
thesia. In the largest series of TAAA repairs ever reported (N = 2286; 
1986–2006), the incidence rate of symptomatic spinal cord ischemia 

Posterior spinal
artery

Posterior radicular
artery

Extraspinal
segmental
artery

Anterior radicular
artery

Basilar artery

Vertebral artery
Anterior spinal artery Vertebral artery

Deep cervical artery
Costo cervical trunk

Superior intercostal
artery

Anterior spinal atery

Radicular
branches

Artery of
Adamkiewicz

Central artery

Anterior spinal arteryA

B
Figure 21-16 The arterial supply to the spinal cord is provided by 
the anterior spinal artery and paired posterior spinal arteries that 
branch off the vertebral arteries (A). Radicular arterial branches off 
the descending thoracic aorta provide collateral arterial supply to the 
anterior and posterior spinal arteries (B). The arteria magna or artery of 
Adamkiewicz refers to a large radicular branch located between the T9 
and L2 vertebral  levels that supplies the anterior spinal artery (B).

Factors That Contribute to Paraplegia after Thoracic 
or Thoracoabdominal Aortic Procedures

Thoracoabdominal aortic aneurysm extent
Hypotension or cardiogenic shock
Emergency surgery
Aortic rupture
Presence of aortic dissection
Duration of aortic cross-clamp
Sacrifice of intercostal or segmental artery branches
Prior thoracic or abdominal aortic aneurysm repair
Prior repair of type A aortic dissection
Occlusive peripheral vascular disease
Anemia

TABLE  
21-11

Minimizing Paraplegic Risk after Thoracic or 
Thoracoabdominal Aortic Procedures

Minimize Aortic Cross-clamp Time
Distal aortic perfusion
Passive shunt (Gott)
Partial left heart bypass
Partial cardiopulmonary bypass
Deliberate Hypothermia
Mild-to-moderate systemic hypothermia (32° C to 35° C)
Deep hypothermic circulatory arrest (14° C to 18° C)
Selective spinal cord hypothermia (epidural cooling, 25˚ C)
Increase Spinal Cord Perfusion Pressure
Reimplantation of critical intercostal and segmental arterial branches
Lumbar cerebrospinal fluid (CSF) drainage (CSF pressure  10 mm Hg)
Arterial pressure augmentation (mean arterial pressure 85 mm Hg)
Intraoperative Monitoring of Lower Extremity Neurophysiologic Function
Somatosensory-evoked potentials
Motor-evoked potentials
Postoperative Neurologic Assessment for Early Detection of Delayed- 

Onset Paraplegia
Serial neurologic examinations
Pharmacologic Neuroprotection
Glucocorticoid
Barbiturate or central nervous system depressants
Magnesium sulfate
Mannitol
Naloxone
Lidocaine
Intrathecal papaverine

TABLE  
21-12

Description of Lower Extremity Weakness Caused 
by Spinal Cord Ischemia

Score Description
Paraplegia Paraplegia
0 No movement of lower extremity
1 Minimal movement or flicker of lower extremity
2 Movement of the lower extremity but not against resistance 

or gravity (e.g., bend knee, move leg)

TABLE  
21-13

Data from Greenberg RK, Lu Q, Roselli E, et al: Contemporary analysis of descending 
thoracic and thoracoabdominal aneurysm repair: A comparison of endovascular 
and open techniques. Circulation 118:808, 2008.

Paraparesis Paraparesis
3 Movement of the lower extremity against resistance and 

gravity but without ability to stand or walk
4 Ability to stand and walk with assistance
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was 3.8%, with 63% of these cases having an immediate onset and 37% 
a delayed onset.61 Multiple series have indicated that delayed-onset 
 spinal cord ischemia can present days, weeks, or even months after 
TAAA repair.61,85,89,90

Immediate-onset paraplegia likely is a consequence of spinal cord 
ischemia, leading to infarction that occurred during surgery. In con-
trast with delayed-onset paraplegia, recovery with intervention in 
immediate-onset paraplegia has not been consistently demonstrated. 
This lack of therapeutic response likely indicates that irreversible 
spinal cord injury has occurred. Consequently, strategies to prevent 
immediate-onset paraplegia are directed toward intraoperative spi-
nal cord protection (Box 21-3). The objective of intraoperative spi-
nal cord monitoring is to detect spinal cord ischemia for immediate 
intervention to improve spinal cord perfusion. Distal aortic perfu-
sion maintains spinal cord function during aortic cross-clamping and 
improves the ability to monitor spinal cord integrity during surgery 
with SSEP or MEPs.

Delayed-onset paraplegia indicates that, although the spinal cord 
was protected intraoperatively, it remains vulnerable to ischemia 
after surgery. Although the causes of this syndrome are incompletely 
understood, it often is preceded by hypotension.91 Strategies to mini-
mize delayed-onset paraplegia concern the prevention of periopera-
tive hypotension, early anesthetic emergence for early and subsequent 
serial neurologic assessment, and lumbar CSF drainage (Box 21-4). 
Given the catastrophic sequelae of permanent paraplegia after TAAA 
repair, all reasonable attempts to treat delayed-onset paraplegia can be 
justified.

Lumbar Cerebrospinal Fluid Drainage
Lumbar CSF drainage is a strongly recommended spinal cord protective 
strategy for TAAA repair (ACC/AHA Class I recommendation; level of 
evidence B).1,92–95 The physiologic rationale is that reduction of CSF 
pressure improves spinal cord perfusion pressure (SCPP) and also may 
counter CSF pressure increases caused by aortic cross-clamping, reper-
fusion, increased central venous pressure, and/or spinal cord edema.85 
Lumbar CSF drainage is performed by the insertion of a silicon elasto-
mer ventriculostomy catheter via a 14-gauge Tuohy needle at the L3-L4 

vertebral interspace. The catheter usually is advanced 10 to 15 cm into 
the subarachnoid space and securely fastened to the skin to prevent 
catheter movement while the patient is anticoagulated. The open end 
of the catheter is attached to a sterile reservoir, and CSF is drained 
when the lumbar CSF pressure exceeds 10 mm Hg. The lumbar CSF 
pressure is measured with a pressure transducer zero-referenced to the 
midline of the brain. Currently, the best strategy to manage a traumatic 
lumbar puncture or the drainage of blood-tinged CSF has not been 
determined.96,97 The lumbar CSF drainage catheter is inserted before 
or at the time of surgery for CSF drainage up to the first 24 hours after 
surgery. The lumbar drainage catheter subsequently can be capped and 
left in place for the next 24 hours. It then can be removed, assuming a 
normal neurologic examination and adequate coagulation.

The complications of lumbar CSF drainage include neuraxial hema-
toma, catheter fracture, meningitis, intracranial hypotension, and spi-
nal headache. 64,85 Neuraxial hemorrhage after lumbar drain insertion 
remains a risk in patients subsequently subjected to systemic antico-
agulation for CPB. Despite this risk, the overall safety of this tech-
nique has been established in multiple case series.64,85,98,99 Measures to 
minimize neuraxial hematoma include establishing normal coagula-
tion for both CSF catheter insertion and removal, as well as allowing 
a few hours between its insertion and heparinization for CPB.85,98 In 
two large contemporary series (combined N = 2001), the complica-
tion rate associated with CSF drainage for thoracic aortic repair was 
about 1% with no spinal hematomas. Both series identified excessive 
CSF drainage as a principal risk factor for intracranial hypotension and 
subsequent subdural hematoma and emphasized the outcome benefit 
associated with a limited CSF drainage protocol.98,99 For routine use, 
CSF only should be drained, using a closed circuit reservoir, when the 
lumbar CSF pressure exceeds 10 mm Hg. Meningitis is characterized 
by high fever, altered mentation, and CSF pleocytosis often with bacte-
ria. The risk for catheter fracture can be minimized by careful catheter 
removal.

Arterial Pressure Augmentation
The optimization of SCPP for spinal cord protection is recommended 
as part of an institutional perioperative protocol (ACC/AHA Class IIa 
recommendation; level of evidence B).1 This recommendation also 
recognized the variety of suitable techniques such as maintenance of 
proximal aortic pressure and distal aortic perfusion with the caveat that 
technique selection often is a function of institutional experience.1 In 
keeping with this recommendation are the principles of arterial pres-
sure augmentation and CSF drainage for prevention and management 
of postoperative spinal cord ischemia (Figure 21-17).90 Spinal cord 
ischemia after TAAA repair is more likely in the setting of hypoten-
sion because the spinal arterial collateral network has been reduced 
due to factors such as intercostal artery sacrifice.91,100,101 Recent surgi-
cal techniques to preserve SCPP include selective intraoperative spinal 
cord perfusion and intercostal artery revascularization with interposi-
tion grafts.102,103

SCPP is estimated as the MAP minus the lumbar CSF pressure. 
In general, the SCPP should be maintained greater than 70 mm Hg 
after TAAA repair, that is, a MAP of 80 to 100 mm Hg.85,90,100 Because 
 spinal cord ischemia often involves the thoracolumbar cord, it often 
is accompanied by a significant sympathectomy known as spinal 
vasodilatory shock.1,85,90 Early intervention to treat hypotension with 
vasopressor therapy may counter the autonomic nervous system dys-
function accompanying spinal cord ischemia and also augment SCPP. 
As in the treatment of neurogenic shock, high-dose vasopressor ther-
apy with norepinephrine, phenylephrine, epinephrine, and/or vaso-
pressin typically is required to restore systemic vascular resistance and 
spinal cord perfusion, with a MAP in the 80 to 100 mm Hg range.90 
Recovery from spinal cord ischemia often is heralded by recovery of 
systemic vascular tone and a decreasing vasopressor requirement. 
Therapeutic hypertension, as discussed here, for the management of 
spinal cord ischemia after TAAA must be weighed against the risks for 
arterial bleeding.

BOX 21-4. PREVENTION AND TREATMENT OF 
DELAYED-ONSET SPINAL CORD ISCHEMIA

BOX 21-3. TECHNIQUES TO DECREASE THE RISK 
FOR INTRAOPERATIVE SPINAL CORD ISCHEMIA
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Intraoperative Neurophysiologic Monitoring
Neurophysiologic monitoring of the spinal cord (SSEPs and/or MEPs) 
is recommended as a strategy for the diagnosis of spinal cord ischemia 
so as to allow immediate intraoperative neuroprotective interventions 
such as intercostal artery implantation, relative arterial hypertension, 
and CSF drainage (ACC/AHA Class IIb recommendation; level of evi-
dence B).1 This management strategy may prevent immediate-onset 
postoperative paraplegia. SSEP monitoring is performed by applying 
electrical stimuli to peripheral nerves and recording the evoked poten-
tial that is generated at the level of the peripheral nerves, spinal cord, 
brainstem, thalamus, and cerebral cortex.104 Because SSEP monitors 
posterior spinal column integrity, MEPs have been advocated because 
they monitor the anterior spinal columns that are typically at risk dur-
ing TAAA repair. MEP monitoring is performed by applying paired 
stimuli to the scalp and recording the evoked potential that is gener-
ated in the anterior tibialis muscle.105,106 (See Chapter 16.)

Paraplegia caused by spinal cord ischemia significantly damp-
ens lower extremity evoked potentials as compared with the upper 
 extremity (Figure 21-18). Intraoperative comparison of upper and 
lower extremity evoked potentials distinguishes spinal cord ischemia 
from the generalized effects of anesthetics, hypothermia, and/or elec-
trical interference. As discussed earlier, the anesthetic must be designed 
for minimal interference with the selected neuromonitoring strategy. 
Although SSEPs can reliably exclude spinal cord ischemia with a nega-
tive predictive value of 99.2%, their sensitivity for its detection is only 
62.5%, with no clinically useful predictive value for delayed-onset para-
plegia.107 A recent study (N = 233) compared both MEPs and SSEPs 
for spinal cord monitoring in extensive descending thoracic and TAAA 
repairs.108 Both monitoring modalities had a nearly 90% correlation 

for spinal cord infarction (correlation statistic = 0.896; P < 0.0001), as 
well as a 98% negative predictive value for immediate-onset paraplegia. 
Furthermore, reversible changes in MEPs and SSEPs had no correlation 
with permanent paraplegia. In summary, despite the theoretic advan-
tages of MEPs for monitoring the at-risk anterior spinal columns, in 
practice, this most recent data set suggests that SSEPs alone suffice for 
clinical purposes, and that MEPs did not add significantly to clinical 
management.108 This assessment also is reflected in the neuromonitor-
ing recommendations of the latest thoracic aortic disease guidelines.1

Spinal Cord Hypothermia
Although DHCA is effective, moderate systemic hypothermia is also 
reasonable for spinal cord protection during TAAA repair (ACC/AHA 
Class IIa recommendation; level of evidence B).1 Furthermore, topical 
spinal cord hypothermia is possible with cold saline epidural infusion 
to avoid ischemia during TAAA repair.109,110 Although clinical experi-
ence with this technique has been limited to a few institutions, it has 
demonstrated clinical benefit as part of a multimodal spinal protec-
tion protocol.95,109,110 Epidural cooling is recommended as an adjunc-
tive technique for spinal cord protection during major distal thoracic 
aortic reconstructions (ACC/AHA Class IIb recommendation; level of 
evidence B).1 This technique may disseminate further, given its adjunc-
tive benefit and the recent clinical development of a specialized coun-
tercurrent closed-lumen epidural catheter for epidural cooling during 
major distal aortic reconstructions.111

Pharmacologic Protection of the Spinal Cord
Pharmacologic spinal cord protection with agents such as high-
dose systemic glucocorticoids, mannitol, intrathecal papaverine, and 
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Figure 21-17 Systolic, mean, and diastolic blood pressures in the period surrounding the onset (E) and recovery (R) from delayed-onset paraplegia 
in three patients after thoracoabdominal aortic aneurysm repair. Autonomic nervous system dysfunction caused by spinal cord ischemia may have 
contributed to the decrease in arterial pressure during the events. Arterial pressures were augmented with vasopressor therapy (bottom). Vasopressor 
requirements decreased after recovery from spinal cord ischemia. (From Cheung AT, Weiss SJ, McGarvey ML, et al: Interventions for reversing 
delayed-onset postoperative paraplegia after thoracic aortic reconstruction. Ann Thorac Surg 74:417, 2002, by permission of the Society of Thoracic 
Surgeons.)
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anesthetic agents is recommended as an adjunctive technique in a 
multimodal neuroprotective protocol (ACC/AHA Class IIb recom-
mendation; level of evidence B).1,95 Additional neuroprotective agents 
that have been studied in this regard include lidocaine, naloxone, and 
magnesium.95,112,113 Although there are multiple agents with potential 
benefit, only a few are utilized routinely in clinical practice.112

Renal Protection during 
Thoracoabdominal Aortic Aneurysm Repair
Even though there has been major progress in TAAA repair, renal 
dysfunction remains common and still independently predicts for 
adverse clinical outcomes.61,114 The thoracic aortic guidelines recom-
mend  preoperative hydration and intraoperative mannitol administra-
tion as reasonable nephroprotective strategies in extensive distal open 
thoracic aortic repairs, including TAAA repair (ACC/AHA Class IIb 
recommendation; level of evidence C).1 Furthermore, intraoperative 
cold renal perfusion with blood or crystalloid is recommended as a rea-
sonable intraoperative nephroprotective strategy during TAAA repair 
(ACC/AHA Class IIb recommendation; level of evidence C).1,115,116 
The administration of furosemide, mannitol, or dopamine for the sole 

 purpose of renal preservation is not recommended in distal thoracic 
aortic repairs (ACC/AHA Class IIb recommendation; level of evidence 
B).1 Rhabdomyolysis from lower extremity ischemia was recently iden-
tified as a mechanism for renal dysfunction after TAAA repair.117–119 
The maintenance of lower extremity perfusion bilaterally during dis-
tal aortic perfusion has been shown to ameliorate this rhabdomyolysis 
with a significant nephroprotective effect.

Postoperative Analgesia after 
Thoracoabdominal Aortic Aneurysm Repair
It is well recognized that the extensive thoracoabdominal incision is 
very painful. Because epidural analgesia has proved outcome utility 
in this type of extensive incision, it typically is part of the analgesic 
plan after TAAA repair.120 The timing of epidural catheter placement 
and analgesia must take into account the perioperative anticoagula-
tion status of the patient to minimize the risk for neuraxial hematoma.7 
Furthermore, the epidural analgesia regimen should be formulated for 
a predominantly sensory block to allow serial motor assessment of the 
lower extremities and to minimize systemic vasodilation from a sym-
pathectomy. For example, bupivacaine, 0.05%, combined with  fentanyl, 

LOWER EXTREMITY UPPER EXTREMITY

Figure 21-18 Intraoperative somatosensory-evoked potential (SSEP) recordings from the lower (left) and upper (right) extremities that 
demonstrated spinal cord ischemia during thoracoabdominal aortic aneurysm repair. Disappearance of SSEP signals from the right (R) and left 
(L) lower extremities recorded at the cortex (R1, R2, R3, L1, L2, L3) and spine (R4, L4) with preservation of SSEP signals from the lumbar plexus (R5, L5) 
and popliteal nerves (R6, L6) indicated the acute onset of spinal cord ischemia. Upper extremity SSEP signals were maintained during the episode. 
The light gray tracings were the baseline SSEP signals used for comparison.
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2 g/mL, can be initiated at a basal rate of 4 to 8 mL/hr after the patient 
exhibits normal neurologic function.90 Bolus administration of con-
centrated local anesthetic through the epidural catheter should be dis-
couraged to avoid sympathetic blockade and associated hypotension. 
The epidural catheter can be inserted before surgery, at the time of 
 surgery, or in the postoperative period.

Anesthetic Management for Thoracic 
Endovascular Aortic Repair
TEVAR has revolutionized the management of descending thoracic 
and TAAAs with significant clinical outcome benefit.20,82 The anesthetic 
management is based on the principles of care for patients undergoing 
endovascular abdominal aortic repair, but with the additional concerns 
of spinal cord ischemia and stroke.121 Typically, these patients undergo 
a balanced general anesthetic with invasive blood pressure monitor-
ing and central venous access. The right radial artery is preferred for 
blood pressure monitoring, given that the left subclavian artery fre-
quently may be covered and/or the left brachial artery may be accessed 
as part of the procedure.67–70 PAC monitoring may be helpful in the 
setting of significant cardiac disease. TEE is reasonable in TEVAR in 
which it may assist in hemodynamic monitoring, procedural guidance, 
and endoleak detection (ACC/ACC Class IIa recommendation; level of 
evidence B).1 As discussed earlier, if spinal cord monitoring is planned 
(SSEPs and/or MEPs), the anesthetic technique must be designed not 
to interfere with their signal quality.

The risk factors for stroke after TEVAR include a history of prior 
stroke, mobile aortic arch atheroma, and TEVAR of the proximal or 
entire descending thoracic aorta.121,122 Therefore, the detection of mobile 
atheroma in the aortic arch is an important TEE finding in TEVAR 
because it predicts a greater stroke risk. The risk factors for spinal cord 
ischemia after TEVAR include perioperative hypotension (decreased 
SCPP), prior abdominal/descending thoracic aortic procedures (com-
promised spinal collateral arterial network), and coverage of the entire 
descending thoracic aorta (significant loss of intercostal arteries).121,123 
Consequently, indications for CSF lumbar drainage in TEVAR include 
planned extensive coverage of the descending thoracic aorta, history of 
prior abdominal/descending thoracic aortic procedures, and postoper-
ative paraparesis/paraplegia despite relative hypertension.121,123 Lumbar 
CSF drainage is a strongly recommended spinal cord protection strat-
egy for TEVAR in patients with identified risk  factors (ACC/AHA Class 
I recommendation; level of evidence B).1,121–123

AORTIC DISSECTION
Aortic dissection results from an intimal tear that exposes the media to 
the pulsatile force of blood within the aortic lumen (Figure 21-19).1,124 
Blood may exit the true aortic lumen and dissect the aortic wall to cre-
ate a false lumen. The aortic dissection may remain localized at the 
primary entry site at the original intimal tear, or it may extend proxi-
mally, distally, or both. It also may extend into the aortic branch vessels 
to cause branch occlusion, or intima may shear at the site of branch 
 vessels to result in intimal fenestrations. Propagation of the dissection 
into the aortic root can cause AR.124 The weakened aortic wall often 
results in acute aortic dilation, which can progress to rupture resulting 
in pericardial tamponade, exsanguination, or both.

There are two generally accepted classifications of thoracic aortic 
dissections (Table 21-14).1,124 The DeBakey scheme classifies aortic dis-
sections into three groups (Figure 21-20). (See Videos on the website.) 
DeBakey type I dissections originate from a primary entry site in the 
ascending aorta and extend to involve the entire aorta. DeBakey type II 
dissections originate from a primary entry site in the ascending aorta 
and are confined to the ascending aorta. DeBakey type III dissections 
originate from a primary entry site in the descending thoracic aorta 
and are confined to the descending thoracic aorta distal to the origin of 
the left subclavian artery. DeBakey type III dissections also can be sub-
divided into subtype IIIA that are confined to the descending  thoracic 

aorta above the diaphragm and subtype IIIB that extend below the dia-
phragm into the abdominal aorta. The Stanford scheme classifies aortic 
dissections into two groups (Figure 21-21). Stanford type A dissections 
are aortic dissections that involve the ascending aorta regardless of 
extent, origin, or entry sites. Stanford type B dissections are confined to 
the descending thoracic aorta distal to the origin of the left subclavian 
artery regardless of the extent or entry sites. (See Videos 1 and 2.)

Type A Aortic Dissection
Aortic dissections that involve the ascending aorta (Stanford type 
A) are considered surgical emergencies (Box 21-5) (ACC/AHA Class 
I recommendation; level of evidence B).1 The mortality rate with-
out emergency surgery is about 1% per hour for the first 48 hours, 
60% by about 1 week, 74% by 2 weeks, and 91% by 6 months (Figure 
21-22).1,124,125 Immediate surgical intervention significantly improves 
the mortality rate (Table 21-15), especially in patients younger than 
80 years.1,124–126 The principal causes of mortality include rupture, 
cardiac tamponade, myocardial ischemia from coronary dissection, 
severe acute AR, stroke caused by brachiocephalic dissection, and 
malperfusion syndromes including renal failure, ischemic bowel, 
and limb ischemia (Table 21-16). The type of preoperative presenta-
tion in type A dissection significantly determines operative mortal-
ity, prompting a clinical classification developed at the University of 
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Figure 21-19 A potential mechanism for aortic dissection is cys-
tic medial necrosis with an intimal tear allowing blood from the aortic 
lumen to enter the medial layer of the aorta (M), leading to separa-
tion of the intima (I) from the adventitia (A). (From Eagle KA, De Sanctis 
RW: Diseases of the aorta. In Braunwald E [ed]: Heart disease, 4th ed. 
Philadelphia, 1992, WB Saunders, p 1528.)

Classification of Acute Aortic Dissection

DeBakey Classification
Type I: The entire aorta is involved (ascending, arch, and descending)
Type II: Confined to the ascending aorta
Type III: Intimal tear originating in the descending aorta with either distal or 

retrograde extension
Type IIIA: Intimal tear originating in the descending aorta with extension 

distally to the diaphragm or proximally into the aortic arch
Type IIIB: Intimal tear originating in the descending aorta with extension below 

the diaphragm or proximally into the aortic arch
Stanford Classification
Type A: Involvement of the ascending aorta or aortic arch regardless of the site 

of origin or distal extent
Type B: Confined to the descending aorta distal to the origin of the left 

subclavian artery

TABLE  
21-14
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A B
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3

Figure 21-21 Stanford classification of aortic dissection. In type 
A aortic dissection, the ascending aorta is dissected regardless of the 
location or number of intimal tears (A). In type B aortic dissection, 
the dissection is limited to the descending aorta (B) distal to the ori-
gin of the left subclavian artery. (Reprinted from Daily PO, Trueblood 
HW, Stinson EB, et al: Management of acute aortic dissections. Ann 
Thorac Surg 10:237–247, 1970, by permission of Society of Thoracic 
Surgeons.)
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Figure 21-22 Thirty-day mortality in 464 patients from the International 
Registry of Aortic Dissection (IRAD) stratified by medical and surgical treat-
ment in both type A and type B aortic dissection. (From Nienaber CA, 
Eagle KA: Aortic dissection: New frontiers in diagnosis and management. 
Part I: From etiology to diagnostic strategies. Circulation 108:631, 2003.)

Type I Type II Type III

Type B (distal)Type A (proximal)

Figure 21-20 DeBakey classification of aortic dissections. Type I: 
intimal tear in the ascending aorta with extension of the dissection to 
the descending aorta. Type II: ascending intimal tear with dissection 
limited to the ascending aorta. Type III: intimal tear in the descend-
ing aorta with proximal extension of the dissection to involve the 
ascending aorta. Type IIIB: intimal tear in the descending aorta with 
dissection limited to the descending aorta. (Reprinted from Larson 
EW, Edwards WD: Risk factors for aortic dissection: A necropsy study 
of 161 cases. Am J Cardiol 53:849, 1984, by permission of Excerpta 
Medica, Inc.)

BOX 21-5. POTENTIAL COMPLICATIONS 
OF ACUTE TYPE A AORTIC DISSECTION

Data from Hagan PG, Nienaber CA, Isselbacher EM, et al: The International Registry of 
Acute Aortic Dissection (IRAD). New insights into an old disease. JAMA 283:897, 2000.

Mortality in Acute Aortic Dissection According 
to Dissection Type and Management

Dissection Type N Hospital Mortality (%)

Stanford type A 289 101 (34.9)
  Medical management 81 47 (58.0)
  Surgical management 208 54 (26.0)
Stanford type B 175 26 (14.9)
  Medical management 140 15 (10.7)
  Surgical management 35 11 (31.4)

TABLE  
21-15

Data from Bossone E, Rampoldi V, Nienaber CA, et al: Usefulness of pulse deficit to 
predict in-hospital complications and mortality in patients with acute type A aortic 
dissection. Am J Cardiol 89:851, 2002.

Complications of Acute Stanford Type A Aortic 
Dissection (n = 513)

Complications Percentage

All neurologic defects 18.0
Coma/altered consciousness 14.0
Myocardial ischemia/infarction 10.0
Limb ischemia 10.0
Mesenteric ischemia/infarction  4.0
Acute renal failure  6.2
Hypotension 26.0
Cardiac tamponade 17.0
Mortality 30.0

TABLE  
21-16
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Pennsylvania (Penn classification: Table 21-17).127 An aortic dissec-
tion less than 2 weeks old is classified as acute and older than 2 weeks 
is classified as chronic. This distinction is clinically important because 
after 2 weeks, mortality risk has plateaued and thus emergency sur-
gery is not necessarily indicated.

Type B Aortic Dissection
Aortic dissections confined to the descending thoracic aorta 
(Stanford type B) should be managed medically unless there are 
life-threatening complications present such as malperfusion, aortic 
rupture, as well as severe pain and/or hypertension despite aggres-
sive medical therapy (ACC/AHA Class I recommendation; level of 
evidence B).1,124 Mortality with medical management in this type of 
aortic dissection is significantly lower than perioperative mortality 
(see Table 21-15).1,124,125 The greater operative mortality is due to the 
severe complications of type B aortic dissection and the operation 
itself. TEVAR for the therapy of complicated acute type B  dissection is  
highly recommended (STS guideline: Class I recommendation; level 
of evidence A).1,20

Aortic Intramural Hematoma
Aortic intramural hematoma (IMH) is a variant of the classic aortic 
dissection (Table 21-18).1,124,125 IMH has no intimal flap with no obvi-
ous intimal tear on aortic imaging. This class of intimal tear comprises 
about 17% of all dissections, with a 30-day mortality rate of 24%: 
36% in type A IMH and 12% with type B IMH (P < 0.05).126 Surgical 
management of type A IMH reduces mortality rate by 61.1% (14% 
vs. 36%; P = 0.02). Medical management for type B IMH reduced 
mortality fourfold (8% vs. 33%; P < 0.05).126 Surgical indications in 
type A IMH include ascending aortic diameter larger than 50 mm or 

IMH thickness more than 12 mm. Surgical indications in type B IMH 
include rapid progression, rupture, or severe clinical symptoms despite 
aggressive medical therapy. It is, therefore, reasonable to manage IMH 
similar to classic aortic dissection in the corresponding thoracic aor-
tic segment (ACC/AHA Class IIa recommendation; level of evidence 
C).1 Although IMH may be caused by rupture of the vas vasorum in 
the aortic wall without intimal hematoma, there are frequently small 
intimal tears that are beyond the resolution of current aortic scanners 
and are only identifiable on close aortic inspection during surgery or 
autopsy.1,127–130

Clinical Diagnosis and Imaging Studies 
for Aortic Dissection
Aortic dissection is more common in men and has a peak incidence in 
later life.1,124,125 It often has an earlier onset in the setting of Marfan syn-
drome, Ehlers-Danlos syndrome, Loeys-Dietz syndrome, bicuspid aor-
tic valve, aortic coarctation, and familial aortic dissection.1,124,125 It also 
is commonly associated with hypertension but less so with atheroscle-
rosis.17 Further predisposing factors include pregnancy, cocaine abuse, 
arteritis, aortic trauma, and aortic instrumentation.1

The pain of aortic dissection typically is severe, abrupt in onset, 
and has a ripping, tearing, or stabbing quality (ACC/AHA Class I rec-
ommendation; level of evidence B).1 Highly suggestive physical find-
ings include a pulse deficit, a systolic blood pressure limb differential 
greater than 20 mm Hg, focal neurologic deficit, and a new murmur of 
AR (ACC/AHA Class I recommendation; level of evidence B).1 Besides 
a chest radiograph (ACC/AHA Class I recommendation; level of evi-
dence C) and an electrocardiogram (ACC/AHA Class I recommenda-
tion; level of evidence B), urgent and definitive aortic imaging (TEE, 
CT, MRI) is strongly recommended in suspected aortic dissection 
(ACC/AHA Class I recommendation; level of evidence B).1 A negative 
chest radiograph should not delay aortic imaging, especially in patients 
suspected of presenting with aortic dissection (ACC/AHA Class I rec-
ommendation; level of evidence B).1 The selection of an aortic imag-
ing modality should be guided by patient and institutional variables, 
including immediate test availability (ACC/AHA Class I recommen-
dation; level of evidence C).1 If initial aortic imaging is negative in 
the setting of high clinical suspicion for dissection, a second imaging 
study should be arranged (ACC/AHA Class I recommendation; level 
of  evidence C).1

The most common imaging study is contrast-enhanced spiral CT or 
CTA because it is widely available. Typical findings in acute aortic dissec-
tion include an intimal flap, luminal displacement of intimal calcifications, 
and aortic dilation (Figure 21-23).124,125 IMH appears as a crescent-shaped 
high-attenuation thickening of the aortic wall in noncontrast CT (Figure 
21-24).124,125 CT can demonstrate rupture, branch-vessel involvement, 
and false lumen extent. Although MRI has a near 100% sensitivity and 
specificity, and is widely available, it also takes significantly longer than 
CT (Figure 21-25).1,124,125

At experienced centers, TEE provides high-resolution aor-
tic images with comparable sensitivity and specificity to MRI and 
CT.1,124,125 Furthermore, TEE can look for complications by inter-
rogating the aortic valve (AR severity and mechanism), assessing 
ventricular function including regional wall motion for coronary 
dissection, and diagnosing cardiac tamponade and pericardial effu-
sion. Aortic dissection appears on TEE examination as an undulat-
ing intimal flap within the aorta separating a true and false lumen 
(Figure 21-26). It is sometimes difficult to distinguish the true lumen 
from the false lumen, but the true lumen tends to be smaller with 
pulsatile high-velocity flow in systole. Doppler color-flow imaging 
can detect flow communication between the true and false lumens 
at intimal tear sites. Aortic IMH appears as an echo-dense crescent-
shaped thickening (>7 mm) of the aortic wall that may contain echo-
lucent pockets of noncommunicating blood (see Figure 21-24). TEE 
also may distinguish clinical mimickers of aortic dissection and can 
assess the thoracic aortic anatomy in detail to guide surgical  decision 
making.131,132

Aortic Intramural Hematoma

Diagnostic Criteria
Crescent-shaped or circumferential thickening of aortic wall
Hematoma thickness > 7 mm
No dissection flap
No intimal tear
No blood flow within hematoma
Risk Factors for Mortality or Progression
Ascending aorta or arch involvement (type A)
Aortic diameter > 45 mm
Hematoma thickness > 11 mm

TABLE  
21-18

Data from Augoustides JG, Geirsson A, Szeto W, et al: Observational study of mortality 
risk stratification by ischemic presentation in patients with acute type A aortic 
dissection: The Penn classification. Nat Clin Pract Cardiovasc Med 6:140, 2009

Penn Classification of Ischemic Presentations in Acute 
Stanford Type A Aortic Dissection

Type A Dissection 
Presentation

 
Definition

Mortality 
Rate

Penn presentation a
Type Aa

Type A dissection with absence of 
ischemia

3.1%

Penn presentation b
Type Ab

Type A dissection with branch vessel 
malperfusion producing clinical 
organ ischemia (e.g., stroke, 
renal failure, ischemic extremity, 
mesenteric ischemia)

25.6%

Penn presentation c
Type Ac

Type A dissection with circulatory 
collapse (systolic blood pressure 
< 80 mm Hg and/or vasopressor 
therapy) with or without cardiac 
involvement

17.6%

Penn presentation b + c
Type A b + c

Types Ab and Ac together 40%

TABLE  
21-17
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Anesthetic Management for Aortic 
Dissection
Acute aortic dissection is a medical emergency. Acute medical man-
agement is directed at treatment of pain and decreasing the arterial 
pressure with antihypertensive agents. Vasodilator therapy should be 
initiated to decrease wall stress with control of heart rate and blood 
pressure (ACC/AHA Class I recommendation; level of evidence C).1 
In the presence of acute AR, -blockers should be used with caution 
because they block the compensatory tachycardia (ACC/AHA Class I 
recommendation; level of evidence C).1 In the absence of contraindi-
cations, -blockers should be titrated to a heart rate of 60 beats/min 
(ACC/AHA Class I recommendation; level of evidence C).1 Esmolol is a 
particularly useful -blocker because it has a short pharmacologic half-
life and can be rapidly titrated. Esmolol can be administered as an initial 
bolus of 5 to 25 mg intravenously, followed by a continuous infusion 
of 25 to 300 g/kg/min. In patients with -blocker contraindications, 
heart rate control should be gained with titration of nondihydropyri-
dine calcium channel blockers such as verapamil or diltiazem (ACC/
AHA Class I recommendation; level of evidence C).1 Alternatively, 
labetalol, a drug that has a 1:7 ratio of -blocker to -blocker activity, 
can be administered as a 20 to 80 mg intravenous bolus followed by an 
infusion at 0.5 to 2.0 mg/min. Metoprolol, a cardioselective -blocker, 

may be advantageous in patients with reactive airway disease who are 
sensitive to -adrenergic antagonists. Metoprolol is administered at a 
dose of 5 to 15 mg intravenously every 4 to 6 hours. If the systolic 
blood pressure remains greater than 120 mm Hg with adequate heart 
rate control, then vasodilators (e.g., nitroprusside at a dosage of 0.5 
to 2.0 g/kg/min or nicardipine at a dose of 1 to 15 mg/hr) should be 
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Figure 21-23 Computed tomographic angiogram in a patient with 
a type A aortic dissection. Axial images of the chest (A) demonstrated 
an intimal flap that extended from the ascending aorta (double arrows) 
into the descending thoracic aorta (single arrow). Sagittal reconstruc-
tion (B) demonstrated the presence of an intimal flap in the descending 
 thoracic aorta (single arrows).
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Figure 21-24 Computed tomographic angiogram of the chest (A) 
and transesophageal echocardiographic upper esophageal short-
axis images of the aorta (B) demonstrating an aortic intramural hema-
toma that extended from the ascending aorta into the descending 
thoracic aorta. A crescent-shaped or circumferential thickening of the 
aortic wall is diagnostic for aortic intramural hematoma. Ao, aorta.
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Figure 21-25 Magnetic resonance imaging of the chest with gad-
olinium contrast injection in a patient with a type A aortic dissection. 
The dissection extended into the innominate artery (I), left carotid artery 
(LC), left subclavian artery (LS), and into the descending aorta (arrows).
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titrated for further reductions of blood pressure while still maintaining 
adequate vital organ perfusion (ACC/AHA Class I recommendation; 
level of evidence C).1 Vasodilator therapy should not be initiated before 
heart rate control to avoid the associated reflex tachycardia that might 
aggravate the aortic dissection (ACC/AHA Class III recommendation; 
level of evidence C).1

In general, the anesthetic management of type A aortic dissection 
resembles the management of ascending aortic aneurysms that require 
DHCA. The anesthetic management of type B aortic dissections resem-
bles the management of TAAA repair. Large-bore intravenous catheters 
are essential for intravenous medications and rapid volume expansion. 
A radial arterial catheter for invasive blood pressure monitoring is pre-
ferred over a femoral artery catheter to allow for CPB cannulation, 
depending on surgeon preference. If a pulse deficit is detected, the site 
for arterial pressure monitoring should be chosen to best represent the 
central aortic pressure. A central venous or PAC to monitor CVP, pul-
monary artery pressure, and cardiac output is useful. TEE insertion is 
performed after anesthetic induction.

Critically unstable patients should be resuscitated by standard ACC/
AHA guidelines or by securing the airway, providing mechanical ven-
tilation, and administering drugs to support the circulation. Emergent 
TEE should follow to verify the diagnosis of type A aortic dissection 
and to detect cardiac tamponade, hypovolemia, AR, and/or heart fail-
ure. If TEE detects cardiac tamponade, immediate sternotomy with 
preparations to institute CPB via femoral artery cannulation should be 
performed. Opening the pericardium and relief of cardiac tamponade 
can be followed by hypertension causing aortic rupture.

The induction of general anesthesia in hemodynamically stable 
patients with aortic dissection should proceed in a cautious manner. 

The dose of intravenous antihypertensive drugs may need to be reduced 
at the time of anesthetic induction to prevent severe hypotension when 
combined with anesthetic drugs. Hypotension also may occur on anes-
thetic induction in response to the attenuation of sympathetic nervous 
system tone or decreased cardiac preload caused by venodilation and 
positive pressure ventilation in patients with preexisting concentric left 
ventricular hypertrophy. The hypertensive response to endotracheal 
intubation, TEE probe insertion, and sternotomy should be anticipated 
and attenuated with narcotic analgesics.

Surgical Treatment of Stanford Type A 
Aortic Dissection
Surgical repair for type A aortic dissection requires resection of the 
proximal extent of the dissection. A partially dissected aortic root may 
be repaired with aortic valve resuspension. A destroyed aortic root must 
be replaced with a composite graft or a valve-sparing root replacement. 
In the setting of a DeBakey type II dissection, the entire dissected aorta 
merits replacement. CABG sometimes is necessary for aortic dissec-
tions that involve the coronary ostia. These surgical principles are all 
highly recommended (ACC/AHA Class III recommendation; level of 
evidence C).1

Although femoral arterial cannulation is popular for CPB, recent 
evidence suggests that it is associated with adverse clinical out-
comes including death, stroke, and malperfusion syndromes.133,134 
Cannulation of the distal ascending aorta or the axillary artery (ide-
ally with an end-to-end graft) has been associated with significantly 
enhanced clinical outcome as compared with standard femoral arte-
rial cannulation.133,134 It remains important to monitor cerebral perfu-
sion throughout the operative procedure for detection and correction 
of acute malperfusion.46–48

In DeBakey type I dissections, the dissected descending thoracic 
aorta often undergoes aneurysmal degeneration and is responsible for 
significant aorta-related mortality in the long term.135 Consequently, 
long-term outcomes after extensive type A dissection would be sig-
nificantly improved if this distal aortic degeneration could be pre-
vented.135,136 Recent clinical series have demonstrated the efficacy and 
safety of anterograde stenting of the descending thoracic aorta during 
open aortic arch repair for DeBakey type 1 aortic dissection.137–139 This 
technique is also known as the endovascular stented elephant-trunk 
technique or the frozen elephant-trunk technique. The long-term 
aneurysmal degeneration of the descending thoracic aorta is prevented 
by immediate stenting in the acute dissection phase; thus, favorable 
long-term aortic remodeling is facilitated.

Integrated Management of Stanford 
Type B Aortic Dissection
Uncomplicated type B aortic dissection currently has the best clinical 
outcome when managed medically.20 Medical therapy for type B aor-
tic dissection is directed at control of systemic hypertension to prevent 
aortic aneurysm formation, aortic rupture, and extension of the aortic 
aneurysm (ACC/AHA Class I recommendation; level of evidence C).1 
Combination therapy with a diuretic, -blocker, angiotensin-convert-
ing enzyme inhibitor, or other antihypertensive agents usually is neces-
sary to achieve and maintain blood pressure less than 130/80 mm Hg. 
All patients after repair of type A aortic dissection also should be man-
aged aggressively with antihypertensive therapy because many are left 
with a residual distal aortic dissection after repair. Serial imaging of the 
aorta is necessary to detect expansion of the aortic lumen and aneu-
rysm development that may warrant surgical correction.

In the presence of life-threatening complications, TEVAR has 
emerged as a preferred alternative therapy to surgery.20,82,140,141 A recent 
landmark randomized trial demonstrated that, in the short term, 
TEVAR added no survival advantage over medical management for 
uncomplicated type B aortic dissection.142 However, because TEVAR 
did improve aortic remodeling in this trial, further adequately powered 
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Figure 21-26 Transesophageal echocardiographic midesophageal 
long-axis image of the aortic valve (A) and short-axis image of the 
ascending aorta (B) in a patient with a type A aortic dissection. An 
intimal flap separating the true lumen (TL) of the aorta with the false 
lumen (FL) was demonstrated in the aortic root and ascending aorta. 
Extension of the dissection into the aortic root may cause aortic regurgi-
tation or coronary insufficiency.
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trials are indicated to test whether this translates into better aortic out-
comes.143 Malperfusion syndromes associated with type B dissection 
also can be managed with intimal fenestration.144

PENETRATING ATHEROSCLEROTIC ULCER
Penetrating atherosclerotic ulcer describes an isolated disruption of 
the intimal layer of the aortic wall at the site of atheromatous dis-
ease (Figure 21-27).1 This class of intimal tear may occur at any aortic 
locus but is most common in the descending thoracic aorta. It typi-
cally is associated with severe aortic atheroma in the elderly and pen-
etrates through to the aortic adventitia.1 It may have associated IMH 
or pseudoaneurysm.145 Initial symptoms include chest and back pain 
similar to aortic dissection.1 Diagnosis typically is made with contrast-
enhanced CT.146 Although patients may be managed medically, TEVAR 
has emerged as a major management strategy, especially in severely 
symptomatic or complicated presentations (STS Class IIa recommen-
dation; level of evidence C).20,147,148 Furthermore, in asymptomatic 
presentations of this intimal syndrome, TEVAR currently is not rec-
ommended (STS Class IIa recommendation; level of evidence C).20

TRAUMATIC AORTIC INJURY
The most common cause of traumatic aortic injury is blunt chest 
trauma or rapid deceleration injuries associated with motor vehicle 
accidents or falls. Although this injury may be fatal, the majority of 
patients have injuries in the region of the aortic isthmus.149 Patients 
with traumatic aortic injury commonly will have associated significant 
injuries. TEE is helpful in the management of traumatic aortic injury 
because it is portable, is often available in the OR, provides a rapid 
diagnosis, and does not require aortic instrumentation or radiographic 
contrast injection. TEE also can detect cardiac tamponade, left pleu-
ral effusion, hypovolemia, ventricular dysfunction from myocardial 
contusion, or vascular injuries from penetrating chest wounds.150 Its 

disadvantages include limited imaging in the setting of facial injuries, 
suspected cervical spine injuries, and lesions in the distal ascending 
aorta. The characteristic features of traumatic aortic injury detected 
by TEE are a mural flap at the site of intimal disruption and regional 
deformities of the aortic wall caused by the contained rupture (Figure 
21-28). The mural flap commonly is limited to a 1- to 2-cm aortic seg-
ment located at the aortic isthmus just distal to the origin of the left 
subclavian artery. This mural flap usually is thick compared with the 
intimal flap seen in aortic  dissection and is less mobile because it usu-
ally contains several layers of the vessel wall. Contrast-enhanced CT is 
frequently selected for aortic imaging because these patients typically 
require CT scanning as part of their initial diagnostic evaluation.151

Injuries to the ascending aorta or aortic arch typically require CPB 
with DHCA for repair. Injuries to the aortic isthmus can be repaired via 
a left thoracotomy. The descending thoracic aorta usually is repaired 
with an interposition graft with the aid of PLHB. The risk for periop-
erative spinal cord ischemia is minimal when distal aortic perfusion 
is provided (Table 21-19) because only a short segment of the tho-
racic aorta is replaced. Although open repair is possible, TEVAR has 
emerged as the preferred intervention whenever possible because of 
the well-documented outcome advantages (STS Class I recommenda-
tion; level of evidence B).20,151–153

AORTIC ATHEROMATOUS DISEASE
Severe aortic atheroma is a major risk factor for stroke.1,20 Thoracic 
aortic replacement is indicated for serious embolism and to facili-
tate the conduct of concomitant cardiac procedures that require the 
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Figure 21-27 Transesophageal echocardiographic (TEE) long-axis 
images of the descending thoracic aorta demonstrating severe ath-
erosclerotic disease with atheroma protruding into the vessel lumen. 
Images obtained in diastole (A) and in systole (B) demonstrated a large 
mobile atheroma (arrow) that may represent an atheromatous plaque 
that has ruptured and detached from the aortic wall.

A
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B

Figure 21-28 Computed tomographic angiogram of the chest 
(A) in a trauma patient who presented with a widened mediastinum on 
the chest roentgenogram demonstrating traumatic intimal disruption 
of the aorta in the region of the aortic isthmus (asterisk). Perivascular 
hematoma and extravasation of contrast agent into the mediastinum 
and left pleural cavity indicated a rupture of the descending aorta. 
Intraoperative transesophageal echocardiographic (TEE) long-axis 
image of the proximal descending thoracic aorta (B) demonstrated a 
thick mural flap (arrows) and surrounding hematoma at the site of the 
intimal disruption.
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safe cross-clamping of the aorta (see Figure 21-27). The anesthetic 
 management of patients undergoing thoracic aortic reconstruction 
for atheromatous disease resembles the management of thoracic 
 aortic aneurysms for corresponding aortic segments. Intraoperative 
epiaortic ultrasound imaging is superior to manual palpation or TEE 
for thoracic aortic atheroma.154,155 The epiaortic ultrasound is impor-
tant for selecting the optimal site for aortic cannulation for CPB 
or placement of the aortic cross-clamp to minimize atheroembolic 
events such as stroke.154,155

TAKAYASU ARTERITIS
Takayasu arteritis is a chronic vasculitis that affects primarily the 
thoracic aorta, its branches, and even the pulmonary artery (Figure 
21-29).1 Takayasu arteritis occurs most frequently in young Asian 
women and occurs worldwide. Its onset is insidious with the gradual 
development of vascular insufficiency. Dilation and aneurysm forma-
tion also may occur in diseased aortic segments. Diagnostic criteria 
include onset of disease at age younger than 40 years, claudication of 
the extremities, decreased brachial pulses, a systolic blood pressure dif-
ferential of 10 mm Hg between the arms, subclavian or abdominal aor-
tic bruits, and angiographic demonstration of narrowing of the aorta 
and/or its  primary branches.1

Initial therapy consists of high-dose corticosteroids (ACC/AHA 
Class I recommendation; level of evidence B).1 Elective revasculariza-
tion should be postponed until the acute inflammatory state has been 
adequately treated (ACC/AHA Class I recommendation; level of evi-
dence B).1 Anesthetic management of Takayasu arteritis is complicated 
by limited sites for arterial blood pressure measurement. The femoral 
artery may be the only site for accurate measurement of central aortic 
pressure in patients with stenosis of both subclavian arteries.

AORTIC COARCTATION
Aortic coarctation is a common malformation that ranges from a dis-
crete narrowing of the aorta to a long hypoplastic segment of the ves-
sel to complete discontinuity of the aorta (Figure 21-30).156 The site 
of coarctation can be variable but is typically juxtaductal in location, 
affecting the proximal descending thoracic aorta just distal to the ori-
gin of the left subclavian artery. The distal descending aorta often is 
hypoplastic in severe cases. Conditions associated with aortic coarcta-
tion include Turner syndrome, bicuspid aortic valve, ventricular septal 
defect,  patent ductus arteriosus, and intracerebral aneurysm.1,156

Adults with coarctation may present with headache, epistaxis, heart 
failure, or lower extremity claudication. Its typical hemodynamic pro-
file is upper extremity hypertension combined with lower extremity 
hypotension and weak pulses. If the origin of the left subclavian artery 
is distal to the coarctation, blood pressure in the arms also may be 
diminished. The chest radiograph often shows rib notching caused by 
the enlarged intercostal arteries that serve as collateral vessels to sup-
ply the lower body. The electrocardiogram often shows left ventricular 
hypertrophy. The diagnosis is confirmed by definitive aortic imag-
ing. Cardiac catheterization, MRI, and echocardiography are useful to 
detect associated cardiac abnormalities (see Chapter 20).

Balloon angioplasty with stenting is the preferred treatment when 
coarctation is limited to a discrete segment of the aorta.156,157 Although 
sedation often will suffice for the procedure, general anesthesia may be 
required when dilation of the coarctation is expected to be painful or 
when it is necessary to keep the patient immobile for the procedure. 
Complications of balloon angioplasty have included residual stenosis, 
recoarctation, paracoarctation aortic dissection or rupture, aortic aneu-
rysm, and injury to the femoral artery. Aortic dissection or aneurysm at 

*P < 0.004, distal aortic perfusion vs. clamp and sew.
†P < 0.01, centrifugal pump vs. clamp and sew.
CPB, cardiopulmonary bypass.
Data from Fabian TC, Richardson JD, Croce MA, et al: Prospective study of blunt aortic 

injury: Multicenter trial of the American Association for the Surgery of Trauma. 
J Trauma 42:374, 1997.

Operative Technique No. of Patients Paraplegia (%)

Clamp and sew 73 16.4*†

Distal aortic perfusion 134 4.5
Gott shunt 4 0
Full CPB 22 4.5
Partial CPB 39 7.7
Centrifugal pump 69 2.9*

Incidence of Postoperative Paraplegia after Surgical 
Repair of Traumatic Aortic Injury in Relation to 
Operative Technique

TABLE  
21-19
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S

Figure 21-29 Three-dimensional reconstruction from a computed tomographic angiogram of the aorta (A) and aortic arch branch vessels (B) 
from a patient with Takayasu arteritis. The reconstructions demonstrated aneurysmal dilation of the descending thoracic aorta, proximal innomi-
nate artery, and both subclavian arteries. The left and right (arrow) subclavian arteries were occluded distal to the aneurysm.
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or near the angioplasty site may be a consequence of mechanical dam-
age to the aortic wall or congenital defects of the aortic wall.

Operative repair in adults may involve interposition graft repair or 
extra-anatomic bypass grafting from the proximal aorta or left subcla-
vian artery to the descending aorta. Extra-anatomic bypass is advanta-
geous for reoperations or in adults when the distal aortic arch cannot 
be mobilized to perform an end-to-end anastomosis. Avoiding surgi-
cal dissection in the region of the distal aortic arch also decreases the 
risk for injury to the recurrent laryngeal and phrenic nerves. Although 
perioperative mortality is low, spinal cord ischemia is possible during 
repair if collateral circulation is inadequate or if distal aortic perfusion 
pressure is too low. Preventive strategies include intraoperative moni-
toring of distal aortic perfusion pressure, neuromonitoring with SSEPs 
and/or MEPs, deliberate hypothermia, and distal aortic perfusion with 
PLHB.158 Postoperative hypertension after repair may require aggres-
sive monitoring and management.

ILLUSTRATIVE TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY CASES

Case Study 1
Thoracic Aortic Atheroma
A 78-year-old man with diabetes and hypertension presented for CABG 
for triple-vessel disease. He had severe peripheral vascular  disease. After 
induction of general anesthesia, a TEE was performed.

Framing
Because this patient has advanced atherosclerosis with multiple risk 
factors, it is likely that his thoracic aorta will have extensive atheroma-
tous disease. Thoracic aortic atheroma is a major risk factor for stroke, 
especially in the setting of intraoperative aortic manipulation and 
instrumentation. What is the surgical plan in this case: Is this CABG 
on-pump or off-pump? If there is significant aortic atheroma, then the 
ascending aortic manipulation associated with aortic cannulation and 

cross-clamping for on-pump CABG would likely be associated with 
significant atheroembolism and a significant stroke risk. The cardiac 
surgeon requests an assessment of the atheroma burden in the thoracic 
aorta to guide the conduct of the CABG.

Questions
What is the extent of the thoracic aortic atheroma? Which aortic seg-
ments are involved? What is the severity of the aortic atheroma? Is 
there severe atheroma with a high embolic risk in the thoracic aortic 
segment involved in the planned procedure? In this case of planned 
CABG, the ascending aorta is the aortic segment of interest.

Data Collection
Severe thoracic aortic atheroma is characterized by atheroma protru-
sion larger than 5 mm into the aortic lumen or mobile atheroma, or 
both. Severe protruding and mobile atheroma, as depicted in Figures 
21-31 to 21-35, disseminated throughout the descending thoracic aorta 
and aortic arch, make it likely that the ascending aorta also is involved 
with severe atheroma because advanced atheroma is a disseminated 
arterial process. The detection of severe thoracic aortic atheroma by 
TEE, therefore, represents a major opportunity to modify surgical 
decision making to minimize stroke risk in the setting of heavy aortic 
atheroma burden.

Discussion
In this CABG scenario, there are at least three broad options for mini-
mizing aortic atheroembolism and stroke:
 1. Guided by epiaortic scanning, manipulate the least-diseased 

ascending aortic segments and proceed with on-pump CABG.
 2. Avoid ascending aortic manipulation and proceed with off-pump 

CABG with a no-touch aortic technique.
 3. Cannulate the axillary artery for CPB and replace the severely 

diseased ascending aorta and proximal arch under DHCA. This 
would not only minimize the long-term stroke risk because of 
massive proximal aortic atheroma burden, but would allow com-
pletion of the CABG on-pump with minimal risk for cerebral 
atheroembolism.

In this case, after extensive discussion with the cardiac surgeon, the 
joint decision was to proceed with off-pump CABG, given the high 
likelihood of severe ascending aortic disease and the considerable expe-
rience of the surgeon with this off-pump CABG technique.

AA

DA

Figure 21-30 Three-dimensional reconstruction from a computed 
tomographic angiogram of a patient with aortic coarctation. In this 
patient, the site of coarctation was located between the left carotid 
and left subclavian arteries (arrow). Repair was performed by construc-
tion of an extra-anatomic bypass graft between the ascending (AA) and 
descending (DA) thoracic aorta.

Figure 21-31 Short-axis view of the descending thoracic aorta. 
There is severe aortic atheroma greater than 5 mm in diameter. This 
large atheroma is sessile and does not appear to have any mobile 
 components. There are no associated complications of aneurysm or 
dissection apparent on this view. This severe aortic atheroma predicts 
severe atheroma in the aortic arch and ascending aorta, as well as a high 
 perioperative stroke risk associated with surgical aortic manipulation.
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Severe aortic arch and descending thoracic aortic atheroma also 
are major risk factors for stroke after TEVAR, especially with lesions 
of the proximal descending thoracic aorta that necessitate hardware 
manipulation in the aortic arch with the associated risk for arch ather-
omatous cerebral embolism. This principle also is applicable to the 
stroke risk associated with transfemoral aortic valve implantation in 
which the hardware has to cross retrograde across the aortic arch to 
reach the aortic valve. In this scenario, the detection of severe mobile 
atheroma provides a strong rationale to proceed with transapical aor-
tic valve implantation because the hardware would not cross the aortic 
arch but would proceed anterograde to the aortic valve through the left 
 ventricular apex.

Severe atheroma of the aortic arch and distal thoracic aorta are 
important in procedures such as acute type A dissection in which fem-
oral arterial cannulation commonly is performed for arterial access 
required for bypass. This cannulation strategy would carry a signif-
icant retrograde cerebral atheroembolic risk. The presence of severe 
atheroma as demonstrated by TEE provides a strong rationale to pro-
ceed with anterograde arterial flow via cannulation of the axillary 
artery. Furthermore, the atheroma burden of this patient also provides 
a strong rationale to avoid intra-aortic balloon counterpulsation. In 
summary, the assessment of thoracic aortic atheroma (extent, severity, 
embolic risk) should be related to the operative plan to minimize the 
risks for vital organ atheroembolism.

Case Study 2
Acute Thoracic Aortic Dissection
A 45-year-old man with known Marfan syndrome presented to the 
emergency department with severe acute tearing back pain. Physical 
signs suggestive of acute aortic dissection included a pulse defi-
cit, severe jugular venous distention, and a new precordial murmur. 
His chest radiograph showed a widened mediastinum, and his elec-
trocardiogram was consistent with sinus tachycardia with no acute 

Figure 21-32 Short-axis view of the descending thoracic aorta. 
In this aortic segment, there is also severe sessile aortic atheroma with 
a diameter greater than 5 mm. Notice the variation in morphology 
as compared with another descending thoracic aortic segment, as in 
Figure 21-31. When severe atheroma are detected, it is important to 
comprehensively evaluate the entire thoracic aorta as in this patient. 
Multiple thoracic aortic views demonstrate severe aortic atheroma. It is 
clear that this patient has a severe atheroma burden based not only on 
the severity but also on the extent.

Figure 21-33 Short-axis view of the descending thoracic aorta. 
Again, there is severe aortic atheroma with variations in morphology. 
There is a pedunculated mobile atheroma that is at high risk for embo-
lism downstream in the aorta. Taken together, Figures 21-31 through 
21-33 show that this patient has a heavy atheroma burden throughout 
his descending thoracic aorta. Because atheroma is seldom a selective 
disease process, this atheroma burden is likely in the ascending aorta 
and aortic arch.

Figure 21-34 Long-axis view of the aortic arch. There is severe focal 
sessile aortic atheroma evident in this view. Notice that there is relative 
sparing of the surrounding intima. There is no evidence of penetrating 
atheromatous ulceration with associated aneurysm or intramural hema-
toma. This severe atheromatous disease present in the aortic arch is in 
keeping with the atheroma burden in the descending thoracic aorta. 
This patient has a high perioperative stroke risk that focuses attention 
on the conduct of the coronary artery surgery to minimize this risk.

Figure 21-35 Long-axis view of the aortic arch. There is severe  aortic 
atheroma not only because of a thickness greater than 5 mm but also 
because of the presence of a mobile pedunculated atheroma. These 
features further highlight the heavy atheroma burden of the aortic arch 
and the high stroke risk in this patient associated with on-pump coro-
nary artery bypass grafting.
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ischemia. Because of severe hemodynamic instability, he was trans-
ferred emergently to the OR before definitive aortic imaging could be 
undertaken. After his resuscitation and anesthetic induction, a TEE 
was performed.

Framing
Because this patient has multiple highly suggestive features, there is 
a high pre-TEE probability of acute thoracic aortic dissection. Time 
matters here because the mortality rate is about 1% to 2% per hour. 
The diagnosis needs to be confirmed. The dissection extent should be 
characterized to guide definitive management. The known complica-
tions of acute aortic dissection should be assessed. The TEE exami-
nation serves multiple purposes including establishing the diagnosis, 
characterizing the full extent of the disease process, providing the 
data to guide operative decision making, and assessing the results of 
the surgical repair. The cardiac surgeon requests a comprehensive 
echocardiographic assessment to guide surgical management of this 
hemodynamic emergency.

Questions
Is there an intimal flap compatible with acute aortic dissection? Is it type 
A or type B aortic dissection? Are there associated complications of the 
dissection process? Is there a pericardial effusion with tamponade phys-
iology? What is the status of biventricular function? Are there regional 
wall motion abnormalities compatible with dissection of a major coro-
nary artery? If so, which coronary artery? Is CABG required? Is there 
AR? If so, what is the severity and mechanism? Can the native aortic 
valve be resuspended or is aortic valve replacement required? Can the 
aortic root be spared or is aortic root replacement required? Does the 
descending thoracic aorta require endovascular stenting?

Data Collection
There is type A dissection that requires surgical intervention (Figures 
21-36 to 21-41). The aortic root is dilated and dissected. The ascend-
ing aorta is dilated and dissected with extension into the aortic arch 
and descending thoracic aorta (DeBakey I extent) (See Videos 3 and 4). 
Although there is severe AR, the mechanisms are intimal prolapse and 

Figure 21-36 Midesophageal long-axis view of the aortic valve and 
ascending aorta in systole before cardiopulmonary bypass (at 113 
degrees of rotation). There is an intimal dissection flap in the ascend-
ing aorta that not only has a large fenestration but is also prolapsing into 
the left ventricular outflow tract. This view confirms dissection proximal 
to the left subclavian artery (Stanford type A); thus, immediate surgical 
repair is indicated.

Figure 21-37 Midesophageal short-axis view of the descending 
thoracic aorta (at zero degree of rotation). An intimal dissection flap 
is evident. This view demonstrates that the extent of this type A dissec-
tion is compatible with a DeBakey type I aortic dissection. The descend-
ing thoracic aortic dissection can be addressed during open aortic arch 
repair with a thoracic endovascular aortic stent deployed anterograde 
through the open aortic arch. This is an example of the frozen elephant 
trunk technique, which is designed to improve long-term aortic remod-
eling and thus minimize the adverse outcomes associated with aneurys-
mal degeneration of the dissected descending thoracic aorta.

Figure 21-38 Intraoperative photograph of the ascending aorta 
after sternotomy and pericardiotomy. The ascending aorta is 
 dissected: The wall is hemorrhagic and in places transparent through 
the adventitia (area indicated within the black circle). Aortic rupture was 
imminent in this case. The decision to operate emergently and proceed 
with proximal thoracic aortic replacement on cardiopulmonary bypass 
with deep hypothermic circulatory arrest was based on the transesopha-
geal echocardiographic findings, as shown in Figures 21-36 and 21-37.
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aortic root  dilation  without native aortic cusp destruction. There are 
no regional wall motion abnormalities to suggest myocardial ischemia 
from coronary dissection. There is a pericardial tamponade.

Discussion
In the emergency management of acute aortic dissection, the OR can 
function as a diagnostic suite where TEE is promptly performed after 
anesthetic induction, endotracheal intubation, and hemodynamic resus-
citation. TEE is ideally suited for the fast-track management of this acute 
aortic syndrome. TEE offers near-100% sensitivity and specificity for the 
diagnosis and localization of aortic dissection. There are three possibilities 
in this diagnostic process: (1) surgery for type A dissection or complicated 
type B dissection; (2) medical therapy for uncomplicated type B dissec-
tion; and (3) there is no acute aortic syndrome, in which case, further 
diagnostic workup should proceed to identify and manage the cause.

In this case of type A dissection, the TEE examination not only pro-
vides the rationale for immediate surgical intervention but also guides 
the operative plan. The tense hemopericardium with clinical tampon-
ade was managed with pericardiotomy; the immediate hemodynamic 
improvement and consequent hypertension were managed immedi-
ately to avoid aortic rupture. Because the AR was not related to native 
aortic cusp destruction, aortic valve resuspension was undertaken. The 
dissected aortic root was replaced and coronary reimplantation was by 
means of the button technique. The dissected ascending aorta and aor-
tic arch were replaced. The aortic arch repair was with the hemiarch 
technique with DHCA. During the open aortic arch anastomosis, the 
dissected descending thoracic aorta was repaired by means of antero-
grade deployment of an endovascular stent (frozen elephant-trunk 
technique). After separation from CPB, TEE demonstrated  normal 
native aortic valve function, normal biventricular function with no 
regional wall motion abnormalities, and an endovascular stent in the 
descending thoracic aorta with no flow in the false lumen.

Acute type A dissection is a life-threatening surgical emergency. TEE 
is a standard of care in this acute aortic syndrome at all stages of its 
definitive management: prompt diagnosis, detection of complications,   
conduct of the operative repair, and acute evaluation of surgical results.

Figure 21-39 Midesophageal short-axis view of the aortic valve in 
diastole (at 27 degrees of rotation). The aortic leaflets appear normal. 
There is prolapse of the intimal dissection flap through the aortic valve, 
preventing diastolic coaptation and giving the appearance of a “double 
aortic valve.” Severe aortic regurgitation results from this mechanism, 
as shown in Figure 21-41. This view also allows for assessment of right 
ventricular function, in particular, right ventricular hypokinesis caused by 
ischemia from right coronary dissection. Color-flow Doppler interroga-
tion in this view shows trace pulmonic insufficiency, a common inciden-
tal finding. There is also a small pericardial collection evident: This is the 
residual from the hemopericardium that was drained at pericardiotomy. 
Before pericardiotomy, the hemopericardium was under tension and 
had resulted in severe cardiac tamponade.

Figure 21-40 Midesophageal long-axis view of the aortic valve and 
ascending aorta in systole before cardiopulmonary bypass (at 113 
degrees of rotation). An intimal dissection flap in the ascending aorta 
has a large fenestration. The sinotubular junction is splayed and dilated 
because of the dissection. This is a second mechanism for aortic regur-
gitation, as the dilated aortic root will result in diastolic aortic cusp sep-
aration. In this case, the intimal flap is also responsible for the severe 
aortic insufficiency, as shown in Figure 21-41.

Figure 21-41 Midesophageal long-axis view of the aortic valve and 
ascending aorta in systole before cardiopulmonary bypass (at 113 
degrees of rotation). Color-flow Doppler interrogation reveals severe 
aortic regurgitation, as the diastolic jet visualized by color Doppler 
imaging fills the entire left ventricular outflow tract. The mechanisms of 
this severe aortic regurgitation, namely, intimal prolapse and aortic root 
dilation, are more fully explained in Figures 21-39 and 21-40.
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Case Study 3
Thoracic Aortic Transection
A 42-year-old woman was involved in a motor vehicle accident. She 
was an unrestrained driver and sustained a side impact injury with 
no loss of consciousness. She had no significant medical history. She 
presented to the emergency department for evaluation. Her physical 
examination was within normal limits. Her chest radiograph showed a 
widened mediastinum. Although initially stable, the patient developed 
shock that was unresponsive to pressors and fluid resuscitation, and so 
the patient was emergently transferred to the OR for a diagnostic TEE 
and possible operative aortic repair. She underwent a TEE after induc-
tion of general anesthesia.

Framing
Because this patient likely has an acute aortic syndrome resulting 
from traumatic aortic transection, it is essential that TEE not only 
confirm the diagnosis but also fully characterize the aortic lesion. The 
location and extent of the aortic transection will determine the oper-
ative plan. The cardiac surgeon requests a detailed echocardiographic 
interrogation of the thoracic aorta to plan the surgical intervention. 
The surgeon asks whether the incision should be a sternotomy or left 
thoracotomy.

Clinical Questions
Is there a thoracic aortic transection? If so, what is the extent? Which 
thoracic aortic segments are involved? Is endovascular aortic repair 
possible? If not, should the surgeon expose the thoracic aorta via ster-
notomy or left thoracotomy? What perfusion techniques are required? 
Is full CPB with DHCA required? Is PLHB required?

Data Collection
The TEE examination confirms thoracic aortic transection localized 
to the aortic arch with brachiocephalic involvement (Figures 21-42 to 
21-48). The ascending aorta and descending thoracic aorta, including 
the isthmus, are not involved. In other words, there is no extension 
either proximal or distal to the aortic arch. This transection and associ-
ated IMH involve most of the aortic arch. There is contained rupture 
of the aortic arch.

Figure 21-42 Chest radiograph taken on hospital admission. Note 
the widened mediastinum (area enclosed by the red circle). This finding 
is suggestive of a thoracic aortic syndrome. Although a chest radiograph 
may be suggestive, it is important to remember that a normal chest 
radiograph does not reliably rule out major thoracic aortic pathology.

Figure 21-43 Computed tomographic scan of the thoracic aorta 
done soon after hospital admission. The aortic arch is circled in red. 
This aortic arch view shows aortic arch disruption compatible with a 
transection, given the history of a recent automobile accident.

Figure 21-44 Upper esophageal transesophageal echocardio-
graphic short-axis view of the distal ascending aorta (at zero degree 
of rotation). No intimal flap is compatible with dissection. However, 
there is extensive anterior intramural hematoma.

Figure 21-45 Upper esophageal transesophageal echocardio-
graphic (TEE) long-axis view of the midaortic arch (at 84 degrees of 
rotation). There is no intimal flap compatible with dissection. There is 
extensive anterior intramural hematoma, as evidenced by the extensive 
anterior aortic wall thickening.
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Discussion
The TEE examination suggests that the aortic arch requires extensive 
acute repair. Although acute endovascular aortic arch repair may be 
possible in the future, acute total arch endovascular repair is not cur-
rently part of standard thoracic aortic endovascular intervention. The 
current endovascular technology still consists mainly of tubular com-
ponents with no fenestrations or branches. Given that this is a young 
patient with minimal comorbidities, the thoracic aorta was accessed 
anteriorly via sternotomy, and a total aortic arch repair with CPB and 
DHCA was performed (Figures 21-49 and 21-50). If the patient was 
elderly with multiple comorbidities, a hybrid aortic arch repair might 

Figure 21-46 Upper esophageal transesophageal echocardiographic 
(TEE) long-axis view of the midaortic arch (at 87 degrees of rotation). 
There is extensive anterior intramural hematoma with a break in the aortic 
wall, compatible with a significant near-full thickness tear in the aortic arch. 
This view is diagnostic of focal traumatic transection of the aortic arch.

Figure 21-47 Upper esophageal transesophageal echocardio-
graphic (TEE) short-axis view of the distal aortic arch (at zero degree 
of rotation). Color-flow Doppler interrogation in this view shows flow 
into the site of the arch transection. This flow is still contained by peri-
aortic hematoma evident at this aortic level. The next step in the evolu-
tion of this pathology is free aortic rupture, a lethal event.

Figure 21-48 Transcutaneous short-axis views of the right carotid 
artery and right internal jugular vein. There is extensive hematoma 
around the lumen of the carotid artery. Color-flow Doppler interroga-
tion of the carotid artery demonstrates intact flow. There is no obvious 
carotid dissection. These views indicate extension of the mural hema-
toma into the brachiocephalic vessels. Hence the brachiocephalic ves-
sels at the level of the aortic arch may require reconstruction. These 
findings suggest a total aortic arch replacement with brachiocephalic 
reconstruction, a major surgical procedure.

Figure 21-49 Intraoperative photograph of the thoracic aorta after 
sternotomy. There is extensive intramural hematoma evident in the 
proximal aortic arch (area enclosed by the black circle).

Figure 21-50 Intraoperative photograph of the aortic arch after car-
diopulmonary bypass and deep hypothermic circulatory arrest (area 
enclosed by the black circle). The entire aortic arch has been replaced 
with a trifurcated prosthetic graft.
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have been considered. In this procedure, the brachiocephalic arteries 
are transposed to the ascending aorta to create the landing zone for 
aortic arch stenting. This procedure is typically performed off-pump 
via sternotomy: Stent deployment can be anterograde through the 
ascending aorta or retrograde via the femoral artery.

This case of aortic arch transection is unusual. About 85% to 90% 
of aortic transactions occur at the aortic isthmus, just distal to the left 
subclavian artery. The remaining 10% occur in the reminder of the 
thoracic aorta, including the ascending aorta, the aortic arch, and the 
distal descending aorta. TEE clearly images the thoracic aortic seg-
ments where the overwhelming majority of aortic transections occur. 
The blind spot of TEE is the distal ascending aorta and proximal aortic 
arch, where transections are rare. Furthermore, in the setting of chest 
trauma, TEE also can evaluate the heart for evidence of further trau-
matic injury that may significantly affect perioperative management. 
Traumatic myocardial contusion may be evidenced by regional wall 
motion abnormalities that may be severe enough to mandate inotropic 
support. Traumatic hemopericardium with cardiac tamponade may 
require surgical drainage. The tricuspid valve also is at risk for trau-
matic rupture. Significant tricuspid regurgitation may mandate surgi-
cal repair or replacement.

In this case, TEE showed an acute aortic arch transection with exten-
sive brachiocephalic vessel involvement. After total aortic arch replace-
ment, the patient had an uncomplicated hospital course and a complete 
recovery.

Case Study 4
Bicuspid Aortic Valve
A 43-year-old man presented with progressive heart failure. His father 
had undergone aortic valve replacement at 50 years of age. His physi-
cal examination was compatible with advanced AR. Transthoracic 
echocardiography showed severe AR and a possible bicuspid valve. 
Coronary catheterization excluded significant CAD. He was referred 
for aortic valve surgery. The patient expressed a strong preference to 
avoid chronic anticoagulation after surgery. He requested aortic valve 
repair (see Chapter 19).

Framing
Because this patient has symptomatic AR, he has qualified for surgical 
intervention. In the setting of a bicuspid aortic valve and patient prefer-
ence for valve repair, valve anatomy and the mechanism of AR strongly 
determine the feasibility of successful valve repair. Furthermore, because 
the bicuspid valve is associated with aortic dilation, the diameters of the 
aortic root and ascending aorta must be assessed for possible replace-
ment at the time of surgery. The current thoracic aortic guidelines rec-
ommend consideration of proximal thoracic aortic replacement when 
the diameter exceeds 40 mm to avoid the future risks for rupture and 
dissection.

Questions
Is there a bicuspid valve? Is the valve calcified? Is there aortic steno-
sis? Is there AR? If so, what are the severity and mechanism of the AR? 
Is the valve anatomy compatible with successful valve repair? What 
are the aortic root diameters? What is the diameter of the ascending 
aorta? Is the proximal thoracic aorta dissected? Does the patient qual-
ify for aortic root replacement? Does the patient qualify for ascending 
aortic replacement?

Data Collection
The aortic valve is bicuspid (Figures 21-51 to 21-58). There is no 
detectable aortic valve calcification and no aortic stenosis. There is 
severe eccentric AR because of anterior leaflet prolapse in the region of 
the raphe. Although mildly dilated, the aortic root does not qualify for 
replacement at this point. The ascending aorta is not dissected but has 
a diameter at the level of the pulmonary artery of 43 mm.

Figure 21-51 Midesophageal short-axis view of the aortic valve in 
systole (imaging angle of 46 degrees). The aortic valve is bicuspid 
with an anterior raphe evident. The aortic cusps appear normal. There is 
no restricted mobility evident in systole. The cross-sectional area of this 
bicuspid valve measured 3.2 cm2. This was within the normal range even 
when indexed for body surface area.

Figure 21-52 Midesophageal short-axis view of the aortic valve in 
systole (imaging angle of 46 degrees). Color-flow Doppler mapping 
shows laminar flow through the aortic valve consistent with an adequate 
valve area. There is no suggestion of aortic stenosis.

Figure 21-53 Midesophageal long-axis view of the aortic valve (imag-
ing angle of 119 degrees). Color-flow Doppler imaging reveals severe 
aortic regurgitation. The jet of aortic regurgitation almost fills the entire left 
ventricular outflow tract. It is partly directed posteriorly toward the anterior 
mitral leaflet. This posterior eccentric flow may be caused by prolapse of 
the anterior aortic cusp or a perforation in the posterior cusp.
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Discussion
Bicuspid aortic valve is common and is an established risk factor for 
ascending aortic aneurysm and type A aortic dissection. Although the 
anatomic orientation of bicuspid aortic cusps varies, the most com-
mon arrangement is anterior-posterior, as in this case. The ante-
rior cusp has a raphe where the commissure between the right and 
left cusps would be in a tricuspid aortic valve. The anterior cusp usu-
ally is elongated and thus is prone to diastolic prolapse, as in this case. 

Figure 21-54 Midesophageal short-axis view of the aortic valve in 
diastole (imaging angle of 46 degrees). Color-flow Doppler imaging 
shows central commissural aortic regurgitation at the midpoint of the 
anterior cusp. This location of the regurgitation suggests focal prolapse 
of an aortic cusp. When considered together with the posterior eccen-
tric flow evident in Figure 21-53, the mechanism for the aortic regurgita-
tion in this case is focal prolapse of the anterior cusp in the region of the 
raphe. This identification of this focal mechanism suggests the possibil-
ity of a focal aortic valve repair.

Figure 21-55 Transgastric long-axis view of the aortic valve (imag-
ing angle of 123 degrees). Continuous-wave Doppler interrogation of 
the aortic valve shows significant aortic regurgitation (flow above the 
baseline). The pressure half-time has been quantified at 331 millisec-
onds, consistent with moderate aortic insufficiency. However, the final 
grading of the aortic insufficiency was severe when considered together 
with color-flow Doppler in Figure 21-53 and effects on the left ventricle 
in Figure 21-56. Because the jet of insufficiency is eccentric, it is pos-
sible to underestimate the peak diastolic velocity with continuous-wave 
Doppler. This is the probable explanation for the underestimation of the 
aortic regurgitation by the pressure half-time method. This underlines 
the importance of quantifying the valve lesion by multiple methods.

Figure 21-56 Transgastric midpapillary short-axis view of the left 
ventricle at end-diastole (imaging angle of zero degree). The left 
ventricle is severely dilated with an end-diastolic diameter of 6.5 cm. 
This is consistent with chronic severe aortic regurgitation.

Figure 21-57 Midesophageal long-axis view of the aortic root 
(imaging angle of 119 degrees). The diameters of the left ventricular 
outflow tract (1), the aortic annulus (2), the sinuses of Valsalva (3), and 
the sinotubular junction (4) have been measured. These diameters are 
consistent with a mild degree of annular and root dilation, a common 
association with a bicuspid aortic valve. It is important that these diam-
eters are accurately measured because excessive annuloaortic ectasia 
may dictate aortic root replacement with or without native aortic valve 
sparing.

Figure 21-58 High esophageal transesophageal echocardiographic 
(TEE) short-axis view of the ascending aorta at the level of the pulmo-
nary artery bifurcation (imaging angle of zero degrees). The diameter of 
the ascending aorta at this level is 4.3 cm.
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The posterior cusp usually is normal. The TEE examination should 
focus on the anatomy, orientation, and mechanism of aortic insuffi-
ciency in bicuspid aortic valve cases. As in this case, the delineation of 
an  otherwise competent aortic valve with focal prolapse merits strong 
consideration for repair. The ascending aorta and not the aortic root 
met criteria for aortic replacement in this young patient. The aortic 
arch also was mildly dilated.

In this case, surgical inspection of the aortic valve confirmed the 
TEE findings. The aortic root, although mildly dilated, did not merit 
intervention. The raphe of the anterior cusp was excised. The free pro-
lapsing edge was excised in a triangular fashion as part of the anterior 
aortic leaflet valvuloplasty. The ascending aorta was replaced under 
DHCA with the addition of an aortic arch repair (hemiarch technique; 
DHCA time = 15 minutes). This complete resection of the ascending 
aorta was undertaken to avoid leaving the cross-clamped ascending 
aorta in situ because it was judged to be at a greater risk for future 

dissection. Furthermore, the aortic arch also was mildly dilated. This 
lower threshold for aggressive proximal thoracic aortic resection was 
undertaken because of the bicuspid aortic valve, the low operative risk 
of the patient, and the extensive experience of the thoracic aortic team. 
After separation from CPB, TEE demonstrated normal aortic valve 
function with no AR. There was no dissection in the residual native 
thoracic aorta. There was improved LV function. The patient had an 
uneventful recovery.

TEE provides important information in the planning of proximal 
thoracic aortic intervention in the setting of a bicuspid aortic valve. 
Thorough echocardiographic interrogation of the aortic valve, the 
aortic root, the ascending aorta, and aortic arch typically provides all 
the data required for operative decision making. The bicuspid aortic 
valve signals the presence of an abnormal proximal thoracic aorta 
that should be managed as carefully as the associated aortic valve 
dysfunction.
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Uncommon diseases and coexisting problems of patients undergoing 
cardiac surgery are reviewed in this chapter. Each subsection includes a 
general overview of the disease or condition and emphasizes anesthetic 
management, including relevant echocardiographic considerations of 
the coexistent disease in the setting of cardiac surgery. It is important 
that the anesthesiologist understand the pathology and pathophysiol-
ogy of coexisting diseases, how they are affected by anesthesia, and how 
they affect the underlying cardiac problem.

CARDIAC TUMORS
Cardiac tumors increasingly are diagnosed before autopsy because of 
advancements in imaging, especially metastatic tumors of the heart 
and pericardium that account for a majority of cardiac tumors. Data 
pooled from 22 large autopsy series show the prevalence rate of adult 
primary cardiac tumors is 0.02% but causes considerable morbidity 
and mortality.1 Primary cardiac tumors in adults are usually benign, 
with only 20% to 25% malignant.2–5 Diagnosis can be elusive because 
these tumors may be associated with nonspecific symptoms mim-
icking other disease entities. Two-dimensional (2D) echocardiogra-
phy (echo) modalities and magnetic resonance imaging (MRI) have 
allowed earlier, more frequent, and more complete assessment of car-
diac tumors.6,7 The advent of three-dimensional (3D) echo increases 
the confidence of the diagnosis of a cardiac mass by giving more 
detailed characterization of mass size, composition, location, and 
 relation to other structures.8

Primary cardiac tumors may originate from any cardiac tissue. 
Myxoma is the most common cardiac neoplasm, accounting for nearly 
50% of tumors in adults (Table 22-1). Less frequently observed benign 
tumors that may require surgery include rhabdomyoma, fibroma, 
 papillary fibroelastoma, lipoma, and angioma. Malignant primary car-
diac tumors include sarcomas that are 95% of these tumors, followed 
by lymphoma. Sarcomas include angiosarcoma, rhabdomyosarcoma, 
and acquired immunodeficiency syndrome (AIDS)–related sarcomas.9 
Rhabdomyosarcoma represents 20% of malignant neoplasms. Excision 
of these tumors seldom is curative, in part because of the delay in 

KEY POINTS

 1. Uncommon diseases and coexisting problems 
of patients undergoing cardiac surgery are 
covered with a general overview of the 
disease or condition followed by guidelines 
and considerations to facilitate anesthetic 
management.

 2. Carcinoid heart disease, a serious condition 
that requires cardiac surgery, continues to 
undergo changes in the optimal anesthetic 
management.

 3. Great advances in the management and 
outcome of surgery with hypertrophic 
cardiomyopathy are detailed in addition 
to updates on the pathophysiology and 
management of arrhythmogenic right 
ventricular cardiomyopathy.

 4. Current approach to mitral valve prolapse and 
the range of clinical presentations from mitral 
valve prolapse syndrome to degenerative valve 
disease and severe mitral regurgitation is a 
common reason for cardiac surgery today.

 5. The management of patent foramen ovale 
in both noncardiac and cardiac surgical 
situations is updated. The incidental patent 
foramen ovale found during cardiac surgery 
with echocardiography continues to evolve 
regarding closure.

 6. The definitive approach to a patient with 
both carotid and coronary artery disease will 
require a large, multicenter, randomized trial; 
however, the many approaches to the surgical 
management of combined procedures are 
described.

 7. Heart disease continues to be the leading cause 
of maternal and fetal death during pregnancy, 
so the important features of managing the 
pregnant patient who requires cardiopulmonary 
bypass and cardiac surgery is updated.

 8. With newly developed therapies, the 
incubation time to development of acquired 
immunodeficiency syndrome after infection 
and life expectancy of those with human 
immunodeficiency virus have been extended, 
so the likelihood of cardiac surgery is greater; 
consequently, the rates of exposure, types 
of procedures, and the precautions of the 
individuals are addressed.

 9. Individuals with chronic renal failure, not 
necessarily dialysis dependent before surgery, 
are more frequently undergoing cardiac surgery 
and likely to experience development of 
worsening renal function after cardiopulmonary 
bypass, so the identification of steps that may 
improve outcome are discussed.

 10. Anesthetic concerns for patients with 
hematologic problems who undergo cardiac 
surgery are further complicated by the stress 
cardiopulmonary bypass places on coagulation 
and oxygen-carrying systems, and require 
special considerations and techniques.
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diagnosis caused by the nonspecific nature of the clinical symptoms. 
Surgery, radiation therapy, and chemotherapy may slow a tumor's 
encroachment on intracavitary spaces or relieve obstruction.

The incidence rate of metastatic cardiac tumors has increased 
from 0.2% to 10% as a result of improved survival.10 Metastatic car-
diac tumors are much more common than primary cardiac tumors. 
Adenocarcinomas of the lung and breast, lymphomas that are com-
monly associated with AIDS or transplant immunosuppression, 
and melanoma are the most frequent metastatic cardiac tumors.11 
Melanoma has a special tendency for metastasis to the heart and peri-
cardium. However, metastasis of these tumors rarely is limited to the 
heart. The onset of arrhythmias or congestive heart failure (CHF) in 
patients with carcinomas suggests invasion of the myocardium by 
metastasis, but more than 90% of metastatic lesions to the heart are 
clinically silent.4

The most effective treatment of primary tumors generally is surgi-
cal resection, with 2% operative mortality. This is based on a recent 
retrospective study of 323 consecutive patients who underwent surgi-
cal resection of primary cardiac tumors over a period of 48 years in 
one institution.12 Recurrence rate in these tumors varied between 3% 
and 13%, but appeared to be related to a biologic propensity rather 
than surgical technique, as was previously believed. The overall rate 
of tumor embolization was 25% compared with previous reports of 
12% to 45%. Embolic complications were seen more often in patients 
with minimal or no symptoms than those with large tumors associ-
ated with hemodynamic changes. Papillary fibroelastoma and aortic 
valve tumors are most commonly preceded by an embolic event. Even 
patients who are diagnosed by embolic events benefit greatly from 
surgical resection with excellent short- and long-term survival that is 
comparable with a cohort of patients with tumors undergoing surgery 
for other reasons.7 Orthotopic cardiac transplantation has been rec-
ommended for unresectable tumors,13 but the benefit is indeterminate. 
Although more infrequent, the surgical risk and outcome for malig-
nant compared with benign tumor resection are usually much worse,2 
especially in younger patients.12

Myxoma
Often a diagnostic challenge, myxoma, a benign, solitary neoplasm 
slowly proliferating, microscopically resembles an organized clot, 
which often obscures its identity as a primary cardiac tumor. The 
pedunculated mass is believed to arise from undifferentiated cells in the 
fossa ovalis and adjoining endocardium projecting into the left atrium 
(LA) and right atrium (RA) 75% and 20% of the time, respectively. 
However, myxomas appear in other locations of the heart, even occu-
pying more than one chamber.14 The undifferentiated cells of a myx-
oma develop along a variety of cell lines, accounting for the multiple 
presentations and pathologies observed.15 Besides a variable amount 
of stroma, myxomas include hemorrhage, hemosiderin, thrombus, and 
calcium (Figure 22-1). Myxomas predominate in the 30- to 60-year-old 
age range, but any age group may be affected. More than 75% of the 
affected patients are women.16 Although most cases occur sporadically, 
7% to 10% of atrial myxomas will occur in a familial pattern with an 
autosomal dominant transmission pattern.17

Rarely discovered by incidental echo examination, myxomas may 
manifest a variety of symptoms. The classic triad includes embolism, 
intracardiac obstruction, and constitutional symptoms. Approximately 
80%14 of individuals will present with one component of the triad. Up 
to 10% may be asymptomatic even with mitral myxomas that arise 
from both atrial and ventricular sides of the anterior mitral leaflet.18 
The most common initial symptom, dyspnea on exertion,16 reflects 
mitral valve obstruction usually present with left atrial myxomas 
(Figure 22-2). Because of the pedunculated nature of some myxomas, 
temporary obstruction of blood flow may cause hemolysis, hypoten-
sion, syncope, or sudden death. Other symptoms of mitral obstruction 
similar to mitral stenosis such as hemoptysis, systemic embolization, 
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Figure 22-1 A, Parasternal long-axis view of large, firm left atrial 
myxoma remaining impacted in left atrium. Tumor (T) contains a cen-
tral region of echolucency (arrowheads) that corresponds to an area 
of liquefaction. B, Cut section of gross specimen of myxoma. LV, left 
ventricle; RV, right ventricle; VS, ventricular septum. (From Fyke FE III, 
Seward JB, Edwards WD, et al: Primary cardiac tumors: Experience 
with 30 consecutive patients since the introduction of two-dimensional 
echocardiography. J Am Coll Cardiol 5:1465, 1985, by permission of the 
American College of Cardiology.)

From Shapiro LM: Cardiac tumors: Diagnosis and management. Heart 85:218, 2001.

Benign Neoplasms of the Heart

Neoplasms Incidence Rate in Adults (%)

Myxoma  45
Lipoma  20
Papillary fibroelastoma  15
Angioma   5
Fibroma   3
Hemangioma   5
Rhabdomyoma   1
Teratoma < 1

TABLE  
22-1
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fever, and weight loss also may occur. If the tumor is obstructing the 
mitral valve, a “tumor plop” may be heard after the second heart sound 
on chest auscultation. The persistence of sinus rhythm in the presence 
of such symptoms may help distinguish atrial myxoma from mitral 
stenosis. Severe pulmonary artery hypertension (PAH) without signif-
icant mitral valve involvement suggests recurrent pulmonary emboli 
known to occur with a myxoma in the RA or right ventricle (RV). 
Occasionally, right-sided tumors may appear as cyanotic congenital 
heart lesions because of intracardiac shunting.19

Recurrent fragmentation and embolization of the gelatinous-like 
tumor usually appear with systemic manifestations and are charac-
teristic of myxoma. It is the smaller myxoma in the LA that does not 
 create hemodynamic complications, exists for years undiagnosed, and 
is more likely to cause embolization.7 Cerebral aneurysms often exist in 
patients with recurrent systemic embolization from intracardiac myx-
oma probably secondary to damage by the systemic tumor emboli. The 
kidneys also are more susceptible to damage from myxoma emboli. 
Constitutional symptoms such as malaise, fever, and weight loss occur 
in about one third of patients, reflecting a possible autoimmune com-
ponent but also delaying the diagnosis. Differential diagnosis includes 
endocarditis, connective tissue disorders, and malignancies. In general, 
the anatomic type of myxoma portends the clinical presentation. The 
solid, ovoid tumors are more often associated with CHF, whereas pap-
illary myxomas present with cerebral embolization.20 Tumor size does 
not correlate with symptoms.16

Findings on a chest roentgenogram of a myxoma may be absent in 
one third of patients. Calcification on the chest roentgenogram is more 
diagnostic of right atrial myxoma, but rarely presents in left atrial myx-
oma. Before the availability of echo, angiography was used to  identify 

all myxomas, but currently is probably only useful to determine 
 coronary anatomy if considered necessary.2 Computerized tomogra-
phy (CT) and MRI can help delineate the extent of the tumor and its 
relations to surrounding cardiac and thoracic structures.21 MRI is espe-
cially valuable in the diagnosis of myxoma when masses are equivocal 
or suboptimal by echo, or if the tumor is atypical in presentation.14 
Difficulty may arise in differentiating thrombus from myxoma because 
both are so heterogenous.

Transthoracic echocardiography (TTE) is excellent for identify-
ing intracavitary tumors because it is noninvasive, identifies tumor 
type, and permits complete visualization of each cardiac chamber (see 
Figure 22-1).22 It is the predominant imaging modality for  screening.2 
Transesophageal echocardiography (TEE) increases the diagnostic 
potential, as the nature of the tumor according to location, dimen-
sions, number of masses, and echogenic pattern is better identified.23 
Specifically, it yields morphologic detail in the evaluation of cardiac 
tumors, including points of tumor attachment and degree of mobility.

Myxomas have a typical echo appearance and often are irregular in 
shape with protruding fronds of tissue. There may be areas of calcifica-
tion, and the echogenicity of the mass may not be homogenous.24 The 
presence of a large mass in the LA with an attachment to the interatrial 
septum is highly suggestive of myxoma. However, it must be emphasized 
that echo cannot provide a tissue diagnosis. Rarely, thrombus can be 
attached to the atrial septum.25 The degree of obstruction to ventricular 
filling caused by the tumor may be evaluated with Doppler echo (Figure 
22-3). Qualitatively, color-Doppler imaging will show aliasing and flow 
acceleration through the atrioventricular valve when obstruction is pres-
ent. Continuous-wave Doppler imaging is able to quantify the gradi-
ent between the atrium and ventricle. Before surgery, the goal of echo 
is to determine the site of tumor attachment, the absence of multiple 
masses, and to ensure that the tumor is not attached to the valve leaflets. 
If this cannot be accomplished with TTE, a TEE examination should be 
 performed to aid in planning the surgical approach.

Currently, evaluation of cardiac tumors is a Class II indication for 
intraoperative TEE (supported by weaker evidence and expert opin-
ion).26 When the primary reason for cardiac surgery is removal of an 
intracardiac mass, an intraoperative TEE evaluation should take place 
before the surgical incision to ensure that the mass is still present and 
has not embolized out of the heart (or dissolved as in the case of intrac-
ardiac thrombus). In the case of myxoma, an intraoperative examina-
tion in the presence of the surgeon can aid in finalizing the surgical 
plan. After tumor removal, the goal of TEE is to ensure that all visible 
mass was removed and there was no damage to adjacent structures. 
Specifically, in the case of a myxoma attached to the atrial septum, it is 
important to ensure that there is no interatrial shunting after removal. 
If the tumor was attached to, or near, a valve apparatus, the examiner 
must determine that the valve is competent after tumor removal.

The first surgical resection of an atrial myxoma was performed in 
1954. Subsequently, surgical resection has been recommended even 

Figure 22-2 A large myxoma (arrow) is seen in the left atrium with its 
point of attachment at the interatrial septum. Note the irregular shape 
and nonhomogenous echogenicity of the tumor.

LA

LV

Figure 22-3 Left, A large left atrial myxoma (arrow) can be seen prolapsing through the mitral valve into the left ventricle during diastole. Middle, 
Color-Doppler imaging shows aliasing of flow indicating obstruction of left ventricular filling during diastole. Indeed, when a continuous-wave Doppler 
signal is placed through the mitral annulus, a gradient of 8 mm Hg is seen between the left atrium and ventricle. The obstruction to ventricular filling 
caused by the myxoma prolapse would be equivalent to moderate mitral valve stenosis. LA, left atrium; LV, left ventricle.
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if the myxoma is discovered incidentally, mainly because the risk 
for embolization to the central nervous system may be 30% to 40%. 
Generally, the time interval between onset of symptoms and surgical 
resection is about 4 months, but surgery has been delayed for 10 years.16 
Surgery is associated with a mortality rate of 0% to 7%.1,7 More impor-
tantly, it recently was documented for the first time that the long-term 
survival of an individual who underwent resection of myxoma was no 
different from an age- and sex-matched population.12

Anesthetic Considerations
Tumor location has a strong influence on anesthetic management. Left 
atrial myxomas most likely will cause mitral valve obstruction, often in 
conjunction with PAH and pulmonary venous hypertension. Anesthetic 
management will closely resemble a patient with mitral stenosis. In con-
trast, right atrial myxomas may produce signs of right-sided heart fail-
ure corresponding to tricuspid valve obstruction. Positioning of the 
patient for surgery must be carefully performed to detect severe restric-
tion of venous return that may often be followed quickly with profound 
hypotension and arrhythmias. A large tumor increases the likelihood 
of hemodynamic instability, whereas a small tumor is associated with 
increased risk for embolization.7 Perioperative arrhythmias, especially 
atrial fibrillation or flutter, may arise in 25% of these patients, requir-
ing immediate treatment. Hemodynamic instability with low cardiac 
 output (CO) and arrhythmias are common.

Consideration for not placing a pulmonary artery catheter (PAC), as 
well as avoiding the RA completely, should include the risk for tumor 
embolization. If the tumor is located in the RA, placement of central 
venous catheters in the subclavian or internal jugular vein under TEE 
guidance deserves consideration. If the wire or catheter is contacting 
the tumor, it should be pulled back from the RA to avoid embolizing 
parts of the tumor. After surgery, the patient must be observed closely 
for evidence of neurologic injury secondary to cerebral embolization 
and hemorrhage.

Median sternotomy is recommended for resection of atrial myx-
oma, although anterior thoracotomy may be used in some benign 
tumors,2 as well as minimally invasive techniques. Femoral cannula-
tion for initiation of cardiopulmonary bypass (CPB) may minimize 
the risk for dislodgment or fragmentation of the tumor. Subsequently, 
a venous cannula can be placed high in the superior vena cava because 
a biatrial approach to an atrial septal tumor is necessary. The most 
preferred surgical approach is the single atrial approach.12 Moderate 
systemic hypothermia, deep topical cooling, and cardioplegic arrest 
are often used, whereas circulatory arrest is reserved for malignant 
tumors with significant extension. The heart should not eject dur-
ing CPB, to minimize systemic embolization of tumor fragments. 
Electrically induced ventricular fibrillation has been used to prevent 
ejection of blood after initiation of CPB. Wide excision of the septal 
base of the myxoma with Dacron or pericardial patching of the result-
ing defect is the preferred operation.27 Mitral valve replacement may 
be necessary in large tumors, ventricular side tumors, or tumors with 
other manifestations besides a propensity to embolize.18 Less exten-
sive operations risk a greater incidence of tumor recurrence because 
of incomplete tumor excision or a second tumor originating in sus-
ceptible atrial tissue. The recurrence rate after complete excision of 
a sporadic cardiac myxoma is less than 5%.5 After surgery, the most 
common complication is a 25% incidence rate of transient arrhyth-
mias, mostly supraventricular in nature.

Other Benign Tumors
Papillomas (papillary fibroelastoma) are rare tumors but are the third 
most common primary cardiac tumor (after myxoma and fibroma).5 
Initially thought to be incidental findings during autopsies, today most 
are discovered in living patients.28 Mostly singular (90%), 1 to 4 cm 
in size, highly papillary, pedunculated, and avascular, papillomas are 
covered by a single layer of endothelium containing fine elastic fibrils 
in a hyaline stroma. Macroscopically, they resemble sea anemones. 

They originate most commonly from valvular endocardium,29 usually 
involving the ventricular surface of the aortic valve or the atrial sur-
face of the mitral valve, but infrequently rendering the involved valve 
incompetent. They account for 75% of all primary cardiac valvular 
tumors.12,30 Adults between the ages of 40 and 80 primarily are affected, 
with the mean age at the time of detection of 60 years.5 Many patients 
are asymptomatic, so it is not surprising that 47% of these tumors are 
discovered incidentally during echo, catheterization, or even cardiac 
surgery. Echocardiographically, fibroelastomas have a typical appear-
ance (Figure 22-4). They usually are small (mean size, 12 × 9 mm) and 
their motion is independent from that of the attached valve leaflet.31 
They may appear similar to vegetations seen in endocarditis, or they 
may be confused with Lambl's excrescences, which tend to be more 
nodular in appearance.

Currently, many tumors are found in a search to find the cause of 
embolic symptoms. These symptoms are most common when the 
aortic valve is involved. Previously believed to be harmless, postmor-
tem studies have shown a high incidence of embolization to the cere-
bral and coronary circulations.4 Not surprisingly, symptoms often are 
related to stroke or transient ischemic attack and myocardial infarc-
tion (MI). Although embolization may be a tumor, it may be a throm-
bus because tumors are excellent sites for thrombus formation.5 It is 
important that the diagnosis is made because acute valvular dysfunc-
tion and even sudden death may occur.29 Surgical resection is curative 
but may require valvular repair or replacement in one third of cases.28 
Recurrence is rare.

The incidence of cardiac lipomas4 is similar to papillary fibroelas-
toma. They occur as intracavitary tumors, intramyocardial masses, and 
pericardial tumors. Histologically, they usually consist of encapsulated 
groups of mature fat cells. Patients with these tumors often are asymp-
tomatic, but if they occur in an intracavitary location, they may resem-
ble myxomas. An intramyocardial location may provoke arrhythmias 
and conduction abnormalities. Pericardial lipomas are associated with 
tamponade and cardiac compression. These tumors tend to enlarge 
over time, and when symptoms appear, surgical excision is required.

Rhabdomyomas are primarily childhood tumors (majority before 
1 year of age) located intramyocardially, and arise from all areas of the 
heart and at multiple locations of the heart. Tuberous sclerosis often 
is associated with these tumors.32 They represent 45% of all benign 
tumors of childhood, but only 1% of benign adult primary cardiac 
tumors.4 As pedunculated masses, rhabdomyomas usually originate 
in the ventricle, leading to inflow and outflow ventricular obstruc-
tion, and on the atrioventricular valves.5 Symptoms are caused by the 
obstruction of blood flow and arrhythmias, but life-threatening com-
plications are rare. Although surgical resection may be necessary in 
25% of cases, these tumors most often resolve spontaneously. Because 
of their space-occupying properties, rhabdomyomas may mimic other 
congenital defects such as left hypoplastic heart syndrome.

Figure 22-4 The typical appearance of a fibroelastoma (arrow) attached 
to what is likely the right coronary cusp of the aortic valve. This tumor is 
thin, and its motion is independent from that of the aortic leaflet.
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Fibromas are connective tissue tumors found primarily in chil-
dren, making up 15% of pediatric benign primary cardiac tumors.4 
They are usually solitary, located in the wall of the heart, and often 
involve the apical or septal areas of the left ventricle (LV) (Figure 22-5). 
Echocardiographically, fibromas tend to be well demarcated from the 
myocardium by calcifications (Figure 22-6).33 These tumors frequently 
interfere with the conduction pathways. Ventricular arrhythmias are 
common, and ventricular tachycardia with sudden death is not infre-
quent. The tumor may occlude or displace the coronary arteries. 
Patients may present with CHF or angina. Surgical resection is favored 
even for asymptomatic patients in view of the risk for fatal ventricular 
arrhythmias.34 Cardiac transplantation has been advocated for  septal 
tumors that are unresectable; however, a subtotal resection achieves 
excellent late survival.

Two vascular tumors, angiomas and pheochromocytomas of the 
heart (paraganglioma), are rare. Angiomas are found in the inter-
ventricular septum, and their vascular nature makes surgery difficult. 
Primary cardiac pheochromocytomas are located along the atrioven-
tricular groove near the epicardial arteries.35 These tumors arise from 
neuroendocrine cells. Although cardiac pheochromocytomas became 
known based on symptoms related to catecholamine secretion, the 
symptoms are less dramatic than the corresponding adrenal tumors 
because norepinephrine is not converted to epinephrine in the cardiac 

tumors. Cardiac pheochromocytomas may go undiagnosed for years 
while undergoing exploratory laparotomy and multiple diagnostic tests 
before a cardiac location is considered. If these tumors are nonsecretors 
of catecholamines, often they are not detected until superior vena cava 
obstruction, pericardial effusion, or tamponade.36 Fifty percent of these 
tumors are hereditary, such as in neurofibromatosis or Hippel-Lindau 
disease. Although surgical excision is curative, total excision may be 
difficult. Severe intraoperative bleeding is known to occur with these 
tumors.35 Furthermore, clinicians should be prepared to treat these 
tumors as catecholamine-secreting tumors that may result in hemo-
dynamic derangements during anesthesia with uncontrolled hyperten-
sion, pulmonary edema, and MI.36 Current perioperative management 
for these tumors has been reviewed.37

Malignant Tumors
Approximately 25% of primary cardiac tumors are malignant,5 and 
95% of these are sarcomas. They are found infiltrating the RA and 
causing cavitary obstruction, but may have variable clinical presenta-
tions based on the location, causing diagnosis to be elusive. They usu-
ally occur between the ages of 30 and 50, preceded by vague symptoms 
such as dyspnea, but rapidly progressing to death. Angiosarcomas, 
the most common sarcoma,4 are rapidly spreading vascular tumors 
that arise most often from the RA, appearing near the inferior vena 
cava with extension to the mediastinum. They occur most commonly 
in adults and male individuals.5 Presenting symptoms include chest 
pain and dyspnea, progressive CHF, and bloody pericardial effusion.9 
There are two clinicopathologic forms of the tumor. The first type 
deposits small tumor in the pericardium or epicardium and is associ-
ated with skin lesions or risk factors for Kaposi sarcoma. The second 
involves large tumor in the RA. Treatment is palliative as the response 
to  chemotherapy and radiation is poor. Resection may be possible, but 
survival is less than 2 years. Rhabdomyosarcomas are aggressive tumors 
that have cellular elements that resemble striated muscle. These tumors 
occur in both sexes equally. They may originate in any chamber of the 
heart, but in contrast with angiosarcomas, they rarely become diffusely 
involved with the pericardium. They are bulky and invasive, growing 
rapidly. Surgical resection is possible, but distant metastasis reduces the 
chances of success. Chemotherapy and radiation are ineffective.5

Echo tends to be less helpful in the management of these patients 
than it is in patients with benign tumors. It may reveal physiologic 
complications of the tumor such as cavitary obliteration or valvular 
regurgitation, and it is helpful in finding associated pericardial effu-
sions and tamponade physiology. However, these tumors have complex 
anatomy, and the perimeters of the tumor, as well as their involve-
ment in valve apparatuses and coronary anatomy, can be difficult to 

Figure 22-5 Dissection of ventricular fibroma (Patient 12; patient's 
head is at top). (From Cho JM, Danielson GK, Puga FJ, et al: Surgical 
resection of ventricular cardiac fibromas: Early and late results, Ann 
Thorac Surg 76:1933, 2003, by permission.)
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Figure 22-6 Transthoracic, parasternal long- (A) and short-axis (B) views of a left ventricular (LV) fibroma (arrows). It is well circumscribed in the poste-
rior free wall. It may cause ventricular arrhythmia, but it does not produce any hemodynamic abnormality. LA, left atrium; RV, right ventricle. (Reprinted 
from Oh JK, Seward JB, Tajik AJ: The Echo Manual, 3rd ed. Philadelphia: Lippincott Williams & Wilkins, 2006, by permission.)
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 determine even with TEE. In addition, echo does not image adjacent 
cardiac structures such as the lung and mediastinum in detail. When 
echo is combined with other imaging modalities such as CT and MRI, 
the clinician may obtain the anatomic information needed (from the 
CT or MRI), as well as the physiologic consequences (from echo).24

Other primary malignant tumors of the heart include malignant 
fibrous histiocytoma, fibrosarcomas, osteosarcoma, leiomyosarcoma 
(rarest malignant cardiac tumor), undifferentiated sarcoma, neurogenic 
sarcoma, and lymphomas. Primary cardiac lymphoma is defined as a 
non-Hodgkin lymphoma and accounts for about 1% of primary car-
diac tumors.38 The prevalence of these tumors has been increasing in 
part because of AIDS and early detection from imaging advancements 
such as echo. Lymphomas are generally large masses with extensive 
infiltration into adjacent areas of the heart from the point of tumor 
origin. These commonly are located in the RA and RV. These primary 
tumors are rare, representing less than 2% of all cardiac tumors.39 
Treatment involves a combination of chemotherapy and radiation, 
 occasionally extending survival up to 5 years, but the median survival is 
1 year. Malignant fibrous histiocytoma, in contrast with other sarcomas, 
 generally is found in the LA. Despite resection, metastasis is common, 
as well as local recurrence. Surgical excision may be useful to alleviate 
symptoms but ultimately does not influence the poor survival.40

In general, malignant primary cardiac tumors may require a com-
bination of surgery, radiation, and chemotherapy simply to limit 
cavitary obstruction to blood flow because of rapid growth and metas-
tasis. Local recurrence is more likely to cause death than metastasis.41 
More aggressive approaches for malignant tumors with extensive local 
disease before metastasis include autotransplantation.3 The heart is 
removed from the chest cavity and inverted to provide better expo-
sure. Its value is still indeterminate, but no intraoperative deaths have 
occurred. Although still controversial, orthotopic heart transplantation 
may be considered for unresectable tumors that involve only the heart, 
but survival is not extended beyond 1 to 2 years.2 The rate of intraop-
erative death with malignant tumor resection is seven times that of 
benign resection, and there is twice the morbidity rate.

Most cardiac tumors are rarely associated with airway problems.42 
Rather, the large pericardial effusions create significant hemodynamic 
instability and deterioration. Manipulation of these tumors also may 

exacerbate hemodynamics. If a large pericardial effusion is present 
before induction of anesthesia, it should be drained. Beyond the stan-
dard monitoring used for a cardiac surgical patient, the overall physi-
cal status and risk for embolization must be evaluated. Femoral arterial 
and central venous monitoring are recommended for patients with 
right atrial tumors. Sudden right-sided tumor embolization may be 
recognized based on an increased end-tidal carbon dioxide gradient. 
Left-sided embolization is difficult to assess during anesthesia.

Tumors with Systemic Cardiac 
Manifestations
Carcinoid tumors are metastasizing neuroendocrine tumors that arise 
primarily from the small bowel, occurring in 1 to 2 per 100,000 people 
in the population.43 On diagnosis, 20% to 30% of individuals with carci-
noid tumors present with carcinoid syndrome. It is characterized by epi-
sodic vasomotor symptoms, bronchospasm, hypotension, diarrhea, and 
right-sided heart disease attributed to release of serotonin, histamine, 
bradykinins, and prostaglandins often in response to manipulation or 
pharmacologic stimulation. Manifestations of carcinoid  syndrome occur 
primarily in patients with liver metastasis and impair the ability of the 
liver to inactivate large amounts of vasoactive substances.

Initially described in 1952,43 aspects of carcinoid heart disease may 
occur in 20% to 50% of patients with carcinoid syndrome.44,45 Carcinoid 
heart disease may be the initial feature of metastatic carcinoid disease 
in 20% of patients. The prognosis has improved substantially since the 
early 1980s for individuals with malignant carcinoid tumors and carci-
noid heart disease, but it still causes considerable morbidity and mor-
tality. The median life expectancy is 5.9 years without carcinoid heart 
disease, but declines to 2.6 years if it is present.45 Circulating serotonin 
levels had been found to be more than twice as high in persons with 
carcinoid syndrome who develop carcinoid heart disease,46 but this is 
no longer true because most patients receive somatostatin analogs.45

Carcinoid heart disease characteristically involves tricuspid regur-
gitation and pulmonic stenosis and regurgitation resulting in severe 
right-heart failure (Figure 22-7). Tumor growth in the liver  permits 
large amounts of tumor products to reach the RV without the 
 benefit of first-pass metabolism. Carcinoid plaques composed of 

RV

RA

Figure 22-7 Transthoracic  imaging 
using an apical view in a patient 
with carcinoid heart disease. The 
tricuspid valve (arrow) in both sys-
tole (top left) and diastole (top right). 
Note the thickened tricuspid leaflets 
move little between systole and dias-
tole, and there is an enormous coap-
tation defect during systole (top left). 
Color-Doppler imaging (bottom left) 
reveals massive tricuspid regurgitation 
that fills the entire right atrium (RA), 
which is severely dilated. Bottom right, 
Continuous-wave Doppler imaging of 
the hepatic veins reveals systolic flow 
reversals (deflection of Doppler sig-
nal above the baseline during systole) 
indicative of severe tricuspid regurgi-
tation. RV, right ventricle.
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 myofibroblasts, collagen, and myxoid matrix47 are deposited primarily 
on the tricuspid and pulmonary valves, bringing about immobility and 
thickening of the valve leaflets, causing the distinctive valvular changes 
(Figure 22-8). After surgery, 80% of tricuspid valves are observed to be 
incompetent, with only 20% stenotic, whereas the affected pulmonary 
valves tend to be equally divided between incompetence and stenosis.47 
The exact mechanism that causes valve injury is unknown, but high 
levels of serotonin sometimes are found in those patients with carci-
noid heart disease.43 Less than 10% of those with carcinoid heart dis-
ease have left-heart involvement, possibly because of inactivation of 
serotonin in the lungs,48 but it may exist with the presence of a bron-
chial carcinoid or an interatrial shunt.

Echo features of carcinoid heart disease, particularly of the tricus-
pid valve, are practically diagnostic of the underlying disease process. 
The leaflets are thickened and retracted. The appearance of the tri-
cuspid leaflets is often as if the leaflets were curled under (see Figure 
22-7). The thickening and retraction result in a large coaptation defect 
and severe valvular regurgitation. The pulmonic valve may be diffi-
cult to image with TTE, but the midesophageal TEE view at 70 to 90 
degrees often shows the valve well. With severe tricuspid regurgita-
tion, the RV will dilate and abnormalities of ventricular septal motion 
may be noted. The thickness of the ventricular wall is usually normal. 
Doppler imaging of the hepatic veins will show systolic flow reversals 
consistent with severe tricuspid regurgitation. A careful search for a 
patent foramen ovale (PFO) should be undertaken because this has 
implications for left-sided valvular involvement.

Without treatment, median survival with carcinoid heart disease is 
11 months.43 A large percentage of patients with carcinoid heart  disease 
are asymptomatic because the disease is mild. Early detection can affect 
prognosis as progression of cardiac disease, especially to right ventricu-
lar failure, increases mortality.44 Treatment of the tumor and the malig-
nant carcinoid syndrome does not result in regression of carcinoid heart 
disease.45 Surgery to replace both tricuspid and pulmonary valve with 
either bioprosthetic or mechanical valve is the only viable therapeutic 
option.49 The decision regarding mechanical or bioprosthetic valve(s) 
depends on individual risks and concerns.43,50 The optimal timing to 
operate is uncertain, but consideration should be given when signs of 
right ventricular failure appear. Even after surgery, right ventricular dys-
function will persist. Perioperative mortality rate is less than 10%.48

Anesthetic Considerations
Patients who have carcinoid heart disease and require cardiac  surgery 
pose an anesthetic challenge.51–54 A carcinoid crisis with vasoactive 
mediator release is a life-threatening event that can be provoked by 

stress, physical stimulation, anesthesia, catecholamines, long-acting 
opioids (meperidine, morphine), or histamine-releasing muscle relax-
ants (atracurium). Preoperative control of carcinoid activity is a criti-
cal aspect of perioperative management made considerably easier with 
the administration of octreotide, a synthetic analog of somatostatin 
that inhibits the vasoactive compounds that produce carcinoid syn-
drome. It reduces the occurrence of symptoms in more than 70% of 
patients. The longer half-life of octreotide than somatostatin allows 
subcutaneous injection of 150 g three times daily to control symp-
toms. After surgery, intravenous octreotide (50 to 100 g/hr) should be 
started 2 hours before surgery and continued for 48 hours after surgery. 
Additional intermittent intravenous doses of 50 to 200 g are given 
to stop severe  hypotension and prevent further carcinoid symptoms.55 
Anesthesiologists should be prepared to give large doses of octreotide 
(300 g/hr) for stabilization during the intraoperative and postopera-
tive periods. Atrial fibrillation is present in 18% of carcinoid patients, 
possibly because of the right-sided failure and chamber enlargement, 
as well as the proarrhythmic effects of seratonin.56 Severe hypergly-
cemia may occur with octreotide because of its inhibition of insulin 
secretion, especially in combination with steroids, so glucose monitor-
ing is recommended.50

Preoperative medication to reduce anxiety is strongly suggested for 
these patients.51 Individuals with more active carcinoid disease experi-
ence greater reductions in systolic blood pressure with induction of 
anesthesia. Etomidate has been recommended for induction instead of 
thiopental (histamine-releasing) with short-acting opioids ( fentanyl 
and sufentanil) and nonhistamine-releasing muscle relaxants.50 
Benzodiazepines are especially valuable for preoperative anxiety, as well 
as part of anesthetic maintenance. The standard low-to- moderate dose 
of fentanyl or sufentanil anesthetic with isoflurane is recommended 
with a nonhistamine-producing muscle relaxant.57

Sudden intraoperative hypotension should be regarded as carcinoid 
crisis and intravenous octreotide administered until hemodynamic sta-
bility returns. Careful attention should be paid to physiologic parameters 
such as airway pressures as early warning signs of impen ding carcinoid 
crisis and treated before onset of severe hypotension. Previously, cer-
tain catecholamines (epinephrine, norepinephrine, dopamine, and iso-
proterenol) were considered to provoke mediator release in carcinoid 
syndrome, but a recent retrospective study of 100 consecutive patients 
who underwent cardiac surgery with carcinoid heart disease did not 
show a significant increase in intraoperative octreotide need or mortal-
ity with the use of vasoactive medications.54 The majority of patients in 
this study received vasopressor agents such as epinephrine, dopamine, 
and calcium. Because nearly 75% of these patients for cardiac surgery 
will be in New York Heart Association (NYHA) Class III and require 

Figure 22-8 A, Two-dimensional echocardiographic systolic image (right ventricular inflow view) demonstrates thickened septal and anterior tricus-
pid valve leaflets (arrowheads) and enlargement of the right ventricle (RV) and right atrium (RA) in a patient with carcinoid heart disease. B, Color flow 
Doppler image demonstrates severe tricuspid regurgitation (TR) in the same patient. Note laminar color flow (blue) filling an enlarged right atrium. 
(From Otto CM, Bonow RO (eds): Valvular Heart Disease: A Companion to Braunwald's Heart Disease, 3rd Edition. Philadelphia, Saunders/Elsevier, 
2009, P. 339, whith permission.)
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 multiple valve replacement, vasoactive medication should be adminis-
tered according to hemodynamic indices. The safety of vasoactive medi-
cations in these patients with octreotide use has been confirmed in a 
subsequent study.57 Low CO from right ventricular failure and hypoten-
sion from vasoplegia are common in the postbypass period, so identify-
ing carcinoid crisis in such circumstances is problematic.

The use of an antifibrinolytic is routine in many centers to reduce 
blood loss and transfusion requirements associated with CPB and 
cardiac surgery.58 Because patients with carcinoid heart disease often 
require surgery involving multiple valves in association with liver 
metastasis, coagulopathy and excessive hemorrhage after CPB are likely 
and considered one of the two major complications associated with sur-
gery.55,57 Weingarten et al54 reported significant reductions in red blood 
cell (RBC) and non-RBC transfusions in patients undergoing cardiac 
surgery for carcinoid heart disease who received aprotinin compared 
with those who did not. Aprotinin use was not associated with a reduc-
tion in mortality. Aprotinin has the dual properties of antifibrinolysis 
and anti-inflammation compared with other popular synthetic antifi-
brinolytic agents (tranexamic acid and aminocaproic acid), but it is no 
longer available for administration. Synthetic antifibrinolytics appear 
safe for use in carcinoid heart disease.57

CARDIOMYOPATHY
Previously, the World Health Organization (WHO)/International 
Society of Cardiology defined cardiomyopathy as heart muscle dis-
ease of unknown cause, unlike heart muscle disease attributed to a spe-
cific cause or associated with a disease process. With more knowledge 
concerning pathogenesis and causative factors, the difference between 
cardiomyopathy and specific heart disease has become less distinct. 
Previously, cardiomyopathy was classified as dilated, hypertrophic, and 
restrictive. Over time, each classification has become a recognized clini-
cal condition. In 1995, the WHO/International Society of Cardiology 
redefined the cardiomyopathies according to dominant pathophysiology 
or, if possible, by “etiologic/pathogenetic factors.”59 Cardiomyopathies 
are now defined as “diseases of the myocardium associated with cardiac 
dysfunction.” The original cardiomyopathies classified as dilated car-
diomyopathy (DCM), restrictive cardiomyopathy (RCM), and hyper-
trophic cardiomyopathy (HCM) were preserved, and arrhythmogenic 
right ventricular cardiomyopathy (ARVC) was added.

The annual incidence of cardiomyopathy in adults is 8.7 cases per 
100,000 person-years.60 Underlying causes of cardiomyopathies are dif-
ferent but carry some prognostic significance.61 General characteristics of 
all four cardiomyopathies are displayed in Table 22-2. Reviews of the clini-
cal, pathophysiologic, and therapeutic aspects of these  cardiomyopathies 

are available.62–64 This section focuses on cardiomyopathy in relation to 
cardiac surgery, but it is relevant for the larger number of patients with a 
cardiomyopathy who undergo noncardiac surgery.

All the cardiomyopathies maintain some relation to genetic transmis-
sion. The genetics of these cardiomyopathies will not be addressed in 
detail, but this does not reflect a lack of importance. Genetic testing is 
advancing rapidly, with the ability to identify disease-causing mutations in 
those family members at risk but asymptomatic. The result is heightened 
clinical surveillance and, possibly, earlier intervention and prevention of 
the sequelae of the disease. More information is available in this review.65

Dilated Cardiomyopathy
Formerly referred to as congestive cardiomyopathy or idiopathic car-
diomyopathy, DCM is by far the most common of the four cardiomyo-
pathies in adults (60%). The term idiopathic has become less applicable 
to cardiomyopathies as developments in molecular biology and genet-
ics have provided better insight into the pathogenesis of DCM. In the 
United States alone, nearly 550,000 individuals are newly diagnosed 
with CHF, whereas close to 4.6 million receive treatment for it. Even 
with current management, survival for adults at 1 and 5 years after 
diagnosis is 76% and 35%, respectively, representing a major health care 
concern.66 Interestingly, diagnosis of DCM in asymptomatic patients 
occurs in 30% of patients with extended quality of life and survival 
if medical treatment is initiated.67 This would suggest a less-advanced 
disease process and being more amenable to treatment. Nonischemic 
causes comprise 25% to 35% of adult patients with left ventricular 
 dysfunction and CHF, of which DCM is a major component.63

DCM has diverse causes, such as viral, inflammatory, toxic, or famil-
ial/genetic. It is associated with many cardiac and systemic disorders that 
influence the prognosis. Approximately 1230 patients with cardiomyo-
pathy were evaluated and grouped according to a specific cause.61 Table 
22-3 shows that 50% of patients had common causes for DCM, but 50% 
were characterized as idiopathic. Currently, there is a greater appreci-
ation for the role of genetic and familial factors in the cause of DCM 
(Figure 22-9).64,68,69 Between 10% and 35% of cases of DCM are familial 
with an autosomal dominant expression.63 Incomplete penetrance may 
account for differences in disease severity and progression in familial 
DCM despite sharing identical mutations.64 Similarities in clinical course 
that evoke a common set of molecular and cellular pathways may lead to 
better therapy in the future despite the many different causes of DCM.

DCM is characterized morphologically by enlargement of right and 
left ventricular cavities with hypertrophied muscle fibers without an 
appropriate increase in the ventricular septal or free wall thickness, 
giving an almost spherical shape to the heart. These hearts are two 
to three times larger than normal.64 The valve leaflets may be normal, 

BA, both atria; BV, both ventricles; LA, left atrium; LV, left ventricle; ND, not determined; RA, right atrium; RV, right ventricle.
From Franz WM, Müller OJ, Katus HA: Cardiomyopathies: From genetics to the prospect of treatment. Lancet 358:1628, 2001.

Characteristics of Cardiomyopathies

 
Characteristics

 
Hypertrophic Cardiomyopathy

 
Dilated Cardiomyopathy

Arrhythmogenic Right Ventricular 
Cardiomyopathy

 
Restrictive Cardiomyopathy

Clinical
Heart failure Occasional (LV) Frequent (LV or BV) Frequent (RV) Frequent (BV)
Arrhythmias Atrial and ventricular  

arrhythmias
Atrial and ventricular 

arrhythmias, conduction 
defects

Ventricular tachycardia (RV), 
conduction defects

Atrial fibrillation

Sudden death 0.7–11% per year Frequent (ND) Frequent (ND) 1–5% per year
Hemodynamically
Systolic function Hyperdynamic, outflow tract 

obstruction (occasionally)
Reduced Normal-reduced Near normal

Diastolic function Reduced Reduced Reduced Severely reduced
Morphologic
Cavity size

Ventricle Reduced (LV) Enlarged (LV or BA) Enlarged (RV) Normal or reduced (BV)
Atrium Normal-enlarged (LA) Enlarged (LA or BA) Enlarged (RV) Enlarged (BA)

Wall thickness Enlarged, asymmetric (LV) Normal-reduced (LV or BV) Normal-reduced (RV) Normal (BV)

TABLE  
22-2
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yet dilation of the heart has been associated with a regurgitant lesion 
 secondary to displacement of the papillary muscle. Histologic changes 
are nonspecific and not associated with positive immunohistochemical, 
ultrastructural, or microbiologic tests. Microscopically, instead of large 
losses of myocardium, there is patchy and diffuse loss of tissue with 
interstitial fibrosis and scarring, uncharacteristic of ischemic myocar-
dium.64 Degenerative changes are responsible for bundle branch block 
on the electrocardiogram (ECG).

With DCM, there is more impairment of systolic function even 
though diastolic function is affected. As contractile function dimin-
ishes, stroke volume initially is maintained by augmentation of end-
diastolic volume. Despite a severely decreased ejection fraction, stroke 
volume may be almost normal. Eventually, increased wall stress caused 
by marked left ventricular dilation and normal or thin left ventricular 
wall thickness occurs.63 Increasing left atrial size may indicate worsen-
ing diastolic dysfunction in these patients, contributing significantly to 
functional mitral regurgitation.70 It is important to expand the diag-
nosis of mitral regurgitation with echo beyond the left ventricular 

geometry and mitral orifice because contractility and dyssynchrony 
are essential for the correct diagnosis. Dilation, combined with val-
vular regurgitation, compromises the metabolic capabilities of heart 
muscle and produces overt circulatory failure. Compensatory mecha-
nisms may allow symptoms of myocardial dysfunction to go unnoticed 
for an extended period. However, the onset of mitral regurgitation sig-
nals a poor prognosis as the ventricular function progressively worsens 
 without intervention. The importance of corresponding neurohumoral 
influences, such as the renin-angiotensin system, on this pathologic 
process recently was appreciated as a major factor in the appearance 
of typical signs and symptoms of CHF and formation of therapeutic 
options (Figure 22-10).71,72 Additional evidence of cytokine activity and 
endothelium dysfunction provide a complex interplay of forces leading 
to circulatory failure. The possibility of blocking this neurohumoral 
response of CHF pharmacologically has not been fully realized, as early 
trials have been disappointing.73

Although DCM occurs in children, its presentation is generally in the 
fourth and fifth decades of life.64 The clinical picture of DCM typically 
includes signs and symptoms of CHF often corresponding to months 
of fatigue, weakness, and reduced exercise tolerance before diagnosis.62 
One-third of individuals report chest pain.63 However, the first indi-
cation of DCM may be a stroke, arrhythmia, or even sudden death. 
Increasingly, individuals are presenting for routine medical screening 
to be informed of cardiomegaly on a routine chest roentgenogram. 
Symptoms may appear insidiously over a period of years or evolve rap-
idly after an unrelated illness. Physical signs of DCM, depending on the 
disease's progression, include pulsus alternans, jugular venous disten-
tion, murmurs of atrioventricular valvular regurgitation, tachycardia, 
and gallop heart sounds.

A chest roentgenogram demonstrates variable degrees of cardio-
megaly and pulmonary venous congestion (Figure 22-11). An ECG 
may be surprisingly normal or depict low QRS voltage, abnormal axis, 
 nonspecific ST-segment abnormalities, left ventricular hypertrophy, 
conduction defects, and evidence of atrial enlargement. Atrial fibrilla-
tion is common, and about one fourth of patients have nonsustained 
ventricular tachycardia.62 Although the LV is affected, the RV may be 
spared in some patients, and this finding has been associated with 

From Wu LA, Lapeyre AC, Cooper LT: Current role of endomyocardial biopsy in the 
management of dilated cardiomyopathy and myocarditis. Mayo Clin Proc 76: 
1030–1038, 2001.

Common Clinicopathologic Diagnoses in 1230 
Patients with Initially Unexplained Cardiomyopathy

Diagnosis No. of Patients (%)

Idiopathic dilated cardiomyopathy 616 (50)
Myocarditis 111 (9)
Ischemic cardiomyopathy 91 (7)
Infiltrative disease 59 (5)
Peripartum cardiomyopathy 51 (4)
Hypertension 49 (4)
Human immunodeficiency virus infection 45 (4)
Connective tissue disease 39 (3)
Substance abuse 37 (3)
Doxorubicin related 15 (1)
Other causes 111 (10)

TABLE  
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Figure 22-9 A cardiac myocyte and the mole-
cules that have been implicated in dilated cardi-
omyopathy. CREB, cyclic AMP response element 
binding protein; MLP, muscle LIM protein. (From 
Leiden JM: The genetics of dilated cardiomyo-
pathy—emerging clues to the puzzle. N Engl J 
Med 337:1080–1081, 1997, by permission.)
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improved survival.74 Coronary catheterization usually reveals normal 
coronary vessels. Coronary angiography also will distinguish between 
ischemic and idiopathic DCM, a finding that has therapeutic and prog-
nostic implications. An endomyocardial biopsy rarely is valuable to 
identify the cause of DCM but may be useful to rule out other patholo-
gies with similar presentation to DCM.64 The biopsy has no prognostic 
value or correlation with ventricular function.

Echo is extremely useful in the ambulatory management of patients 
with DCM. The characteristic 2D findings are a dilated LV with glob-
ally decreased systolic function. Indeed, all markers of systolic function 
(ejection fraction, fractional shortening, stroke volume, and CO) are 
uniformly decreased.33 Other associated findings may include a dilated 
mitral annulus with incomplete mitral leaflet coaptation, dilated atria, 
right ventricular enlargement, and thrombus in the left ventricular apex 
(Figure 22-12). In some instances, regional wall motion abnormalities 

will be present. Color Doppler imaging is useful in assessing the pres-
ence or absence of valvular regurgitation. Pulsed-wave and continuous-
wave Doppler are used to quantify CO and evaluate filling pressures and 
pulmonary artery pressures. Well-compensated patients with DCM may 
have only mild impairment of diastolic function. As the disease pro-
gresses and patients become less well-compensated, the left ventricu-
lar diastolic filling pattern changes to that of restricted filling. Although 
systolic function may not change in these patients, the increased  filling 
pressures associated with restrictive left ventricular filling will often 
worsen their CHF symptomatology.

Management of acute decompensated CHF continues to evolve, but 
the onset of overt CHF is a poor prognostic indicator for persons with 
DCM.71 However, compared with ischemic CHF, patients with nonis-
chemic DCM show greater improvement in symptoms, left ventricular 
function, and remodeling during more contemporary therapy than in 
the past.75 Treatment revolves around management of symptoms and 
progression of DCM, whereas other measures are designed to prevent 
complications such as pulmonary thromboembolism and arrhyth-
mias. The mainstay of therapy for DCM is vasodilators combined 
with digoxin and diuretics. All patients receive angiotensin- converting 
enzyme inhibitors to reduce symptoms, improve exercise tolerance, and 
reduce  cardiovascular mortality without a direct  myocardial effect.62,76,77  
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Figure 22-11 A, Chest radiograph showing marked cardiomegaly in a 28-year-old man with idiopathic dilated cardiomyopathy. Pulmonary vascular-
ity is within normal limits. B, Left ventriculogram in systole shows marked dilatation. Ao, aorta; LV, left ventricle. (From Stevenson, LW, Perloff JK: The 
dilated cardiomyopathies: Clinical aspects. Cardiol Clin 6:187, 1988, by permission.)

Figure 22-12 Transesophageal echocardiogram, midesophageal, 
two-chamber view in a patient with dilated cardiomyopathy. There is 
a large amount of the thrombus (arrow) seen in the apex of the left ventri-
cle. In any patient with severe left ventricular dysfunction undergoing an 
echocardiographic examination, it is important to image the left ventricle 
as completely as possible to rule out the presence of thrombus.

Structural heart disease Immunomodulator activity
and/or myocyte apoptosis

Ventricular hypertrophy and fibrosis

Endothelin-1

Angiotensin II

Aldosterone Arginine
vasopressin

Fluid retention
increased PCWP

Vasoconstriction
increased SVR

SNS activation

Figure 22-10 Impact of pathophysiologic mediators on hemody-
namics in patients with heart failure. PCWP, pulmonary capillary wedge 
pressure; SNS, sympathetic nervous system; SVR, systemic vascular resis-
tance. (From McBride BF, White CM: Acute decompensated heart fail-
ure: A contemporary approach to pharmacotherapeutic management. 
Pharmacotherapy 23:1002, 2003, by permission.)
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Perhaps more important than the hemodynamic effects, angiotensin-
converting enzyme inhibitors suppress ventricular remodeling and 
endothelial dysfunction, accounting for the improvement in mortality 
noted with this medication in DCM.78 Other afterload-reducing agents, 
such as selective phosphodiesterase-3 inhibitors like milrinone, may 
improve quality of life but do not affect mortality, and thus are rarely 
administered in chronic situations. More recently, spironolactone has 
assumed a greater role in treatment as mortality rate was reduced by 30% 
from all causes in patients receiving standard angiotensin- converting 
enzyme inhibitors for DCM with the addition of spironolactone in a 
large, double-blind, randomized trial.79 Although aldosterone increases 
sodium retention and reduces potassium loss, it also has been shown to 
cause myocardial and vascular fibrosis, impair baroreceptor function, 
and prevent catecholamine reuptake by the myocardium.

Until recently, -blockers were contraindicated in DCM. In 1982, 
Bristow et al80 found decreased catecholamine sensitivity and -receptor 
density in the failing human myocardium, leading to loss of contractil-
ity. The association between excess sympathetic activity and the failing 
heart has been aptly demonstrated.81 Recently, the dobutamine stress 
test has been shown to identify changes that reflect increased sympa-
thetic stimulation in the ventricle of asymptomatic to mildly symp-
tomatic patients with DCM.82 This finding may aid in the initiation 
of -blockers in patients with normal resting parameters. The use of 

-blockers in DCM has not only provided symptomatic improvement, 
but also substantial reductions in sudden and progressive death with 
NYHA Class II and III heart failure.83 This is especially significant 
because almost 50% of deaths are sudden.84

High-grade ventricular arrhythmias are common with DCM. 
Approximately 12% of all patients with DCM die suddenly,85 but over-
all prediction of sudden death in an individual with DCM is poor.84 
Electrophysiologic (EP) testing has a poor negative predictive value 
that limits its usefulness. The best predictor of sudden death remains 
the degree of left ventricular dysfunction. Patients who have sustained 
ventricular tachycardia or out-of-hospital ventricular fibrillation are at 
increased risk for sudden death, but more than 70% of patients with 
DCM have nonsustained ventricular tachycardia during ambulatory 
monitoring.77 Furthermore, the prognostic significance of ventricular 
arrhythmias and response to prophylactic antiarrhythmia therapy in 
patients with DCM are not well established.

Antiarrhythmic medications are hazardous in patients with poor 
ventricular function because of their negative inotropic and some-
times proarrhythmic properties. Antiarrhythmic therapy may only 
be considered in DCM if inducible ventricular tachycardia or symp-
tomatic arrhythmias are present. Class I agents are not indicated 
because they clearly have demonstrated increased mortality in patients 
with advanced CHF.62 Amiodarone is the preferred antiarrhythmic 
agent in DCM because its negative inotropic effect is less than other 
 antiarrhythmic medications84 and its proarrhythmic potential is 
 lowest.86 Counter to most trials of antiarrhythmic prophylaxis, results 
of a recent large multicenter trial of antiarrhythmic therapy in patients 
with CHF86 demonstrated that amiodarone was associated with a sig-
nificantly lower mortality rate of 38% compared with 62% without 
therapy in persons with a higher resting heart rate. Not withstand-
ing these results, implantable defibrillators reduce the risk for sudden 
death, as well as reducing mortality.84,85 Recent evidence has indicated 
that with previous cardiac arrest or sustained ventricular tachycardia, 
more benefit was gained from an implantable defibrillator.87 This was 
based on a 27% reduction in the relative risk for death attributed to a 
50% reduction in arrhythmia-related mortality compared with treat-
ment with amiodarone (see Chapters 4,10, and 25).

Other treatments for DCM include digoxin, which has been reaf-
firmed as clinically beneficial in two large trials of adults.74 The risk 
for thromboembolic complications is significant in DCM for adults. 
Patients with moderate ventricular dilation and moderate-to-severe 
systolic dysfunction have intracavitary stasis and a decreased ejection 
of blood, so they are likely to receive anticoagulants if any history 
of stroke, atrial fibrillation, or evidence of intracardiac thrombus 
exists.

Patients who are resistant to pharmacologic therapy for CHF have 
received dual-chamber pacing, cardiomyoplasty, left ventricular assist 
devices, cardiac surgery (nontransplantation) and transplantation in 
recent years. Cardiac resynchronization therapy with dual ventricular 
pacing improves NYHA functional class and ejection fraction 6 months 
after implantation.88 Placement of implantable left ventricular assist 
devices has enabled end-stage patients to reach transplantation or 
become destination therapy for those in whom transplantation is not an 
option.89 If mitral regurgitation develops in patients with DCM, mitral 
valve repair or replacement is recommended. The surgery in this high-
risk population is safe and improves NYHA classification and survival.90 
Transplantation can substantially prolong lives, with current survival at 
15 years of 50% if younger than 55 years of age91; however, limited organ 
availability and drug-related morbidity for those with end-stage DCM 
looks to future improvements in assist devices and new surgical proce-
dures to provide the best opportunity for increased survival. An exam-
ple is a new surgical procedure called surgical ventricular restoration 
that may improve symptoms and cardiac status. It is performed with an 
arrested heart during CPB. Coronary artery bypass grafting (CABG) is 
first performed followed by ventriculotomy to insert the mannequin to 
reshape the ventricle (see Chapters 18 and 27).92

Anesthetic Considerations
The most common cardiac procedures for patients with DCM are 
 correction of atrioventricular valve insufficiency, placement of an 
implantable cardioverter-defibrillator for refractory ventricular 
arrhythmias, and left ventricular assist device placement or allograft 
transplantation. Anesthetic management is formulated on afterload 
reduction, optimal preload, and minimal myocardial depression.

Individuals with DCM are extremely sensitive to cardiodepressant 
anesthetic drugs. Intravenously administered anesthetic agents such as 
fentanyl (30 g/kg) provide excellent anesthesia and hemodynamics 
in patients with ejection fractions less than 30%93 but contribute to 
prolonged respiratory depression delaying extubation. Shorter-acting 
narcotics such as remifentanil may be unsuitable for patients with 
poor left ventricular function undergoing cardiac surgery because of 
high incidences of bradycardia and severe hypotension.94 A compari-
son of remifentanil-sevoflurane with fentanyl-etomidate-isoflurane 
found significantly greater reduction in mean arterial pressure and 
greater incidence of bradycardia with the remifentanil anesthetic.95 
Also, etomidate has been shown to have little effect on the contractil-
ity of the cardiac muscle in patients undergoing cardiac transplanta-
tion.96 Ketamine has been recommended for induction in critically ill 
patients97,98 because of its cardiovascular actions attributed mainly to 
a sympathomimetic effect from the central nervous system. Ketamine 
is a positive inotrope in the isolated rat papillary muscle and, more 
importantly, in a model of cardiomyopathic hamsters, did not display 
a negative inotropic effect.99 This makes ketamine (less than 0.5 mg/kg) 
an excellent choice to use in combination with fentanyl for induction 
in patients with severe myocardial dysfunction secondary to cardio-
myopathy. The use of propofol with cardiomyopathy may be a concern 
because cardiovascular depression has been observed possibly because 
of inhibition of sympathetic activity and a vasodilatory property. 
However, in a cardiomyopathic hamster model, there was no direct 
effect on myocardial contractility with propofol.100 Caution is still pru-
dent with propofol because of the indirect inhibitory effects of sym-
pathetic activity that many patients with cardiomyopathy and reduced 
left ventricular function may depend on for hemodynamic stability.

Volatile agents have long been a concern in persons with failing 
hearts because of their known depressant effects on myocardial con-
tractility. The effect of currently used volatile anesthetics on intrin-
sic myocardial contractility is difficult to project clinically. Animal 
data indicate halogenated volatile agents may have more profound 
 negative inotropic effects in cardiomyopathic muscle than healthy 
cardiac muscle.101 An anesthetic technique that minimizes myocar-
dial depression is essential. There is little from a cardiovascular stand-
point to support a selection of sevoflurane over isoflurane in adults. 
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Although the failing myocardium has been thought to be more sensi-
tive to the depressant effects of volatile agents, there is no synergistic 
myocardial depression in the presence of moderate left ventricular 
dysfunction and volatile agents.102 Desflurane, which possesses the 
lowest blood/gas partition coefficient of the volatile agents allowing 
rapid induction and emergence, would appear to have some theoretic 
benefit for early extubation in patients undergoing cardiac surgery. 
In healthy hamster papillary muscles, desflurane did not appear to 
have a negative inotropic effect; however, in cardiomyopathic papil-
lary muscles, there was a profound negative inotropic effect.103 On the 
other hand, sevoflurane and desflurane were shown not to adversely 
affect the ability of the LV to respond to increased work despite their 
negative inotropic properties in patients undergoing CPB and car-
diac surgery.104 Even with the limitations of generalizing findings of 
in vitro experiments to clinical situations, this difference of inotropic 
effect regarding healthy versus cardiomyopathic myocardium is an 
important distinction not present in all halogenated anesthetics and 
should be considered in patients with cardiomyopathy.

Invasive hemodynamic monitoring is indispensable with volatile 
agents and DCM. Of particular pertinence for anesthesiologists is that 
physical signs and symptoms of DCM may not accurately reflect physi-
ologic parameters. Eighty percent of patients with pulmonary capillary 
wedge pressures greater than 25 mm Hg have no detectable rales.105 The 
use of more aggressive monitoring will depend partially on the opera-
tion. Patients receiving implantable defibrillators usually have severely 
depressed left ventricular function but are routinely managed without 
a PAC. Echo also is useful for patients undergoing both cardiac and 
noncardiac surgery. For most cardiac surgical procedures (mitral valve 
surgery, left ventricular assist devices), echo is considered necessary to 
evaluate the results of the operation. In both cardiac and noncardiac 
surgery, echo can provide real-time data as to how interventions such 
as addition of inotropes or vasodilators change ventricular function 
and indirectly assess CO.

Hemodynamic instability that may occur with DCM can be lessened 
with a low dose of inotrope and vasodilator. Acute administration of 
inotropes, such as dobutamine, improves hemodynamics temporar-
ily, but tolerance begins in 3 to 4 days.77 Phosphodiesterase-3 inhibi-
tors are useful if combined with another -adrenergic agonist, such 
as milrinone and epinephrine, for short-term hemodynamic support. 
Afterload reduction in DCM is important because it improves regional 
and global indices of ventricular relaxation and ejection fraction dur-
ing anesthesia when myocardial depression may be significant. It also 
may reduce valvular regurgitation and atrial volumes.106 The use of 
levosimendan, an effective calcium-sensitizing agent with vasodilatory 
and inotropic features, may be an excellent agent to maintain hemo-
dynamics because it also increases myocardial performance without 
major changes in the oxygen consumption or effects on the diastolic 
function.107 Some patients with DCM may be chronically taking amio-
darone, which has a negative inotropic effect that interacts with volatile 
agents to further reduce contractility and conduction, requiring care-
ful titration of these anesthetic agents.108 Arrhythmogenic factors such 
as hypokalemia, hypomagnesemia, and sympathetic activation should 
be monitored and corrected. Because of the structural nature of DCM, 
atrial fibrillation is likely to be present in 25% of cases. Patients with 
atrial fibrillation and DCM show significantly diminished myocardial 
perfusion and perfusion reserve compared with those in normal sinus 
rhythm.109

Hypertrophic Cardiomyopathy
Referred to as idiopathic hypertrophic subaortic stenosis, hypertrophic 
obstructive cardiomyopathy, and asymmetric septal hypertrophy, among 
other names, the accepted name is hypertrophic cardiomyopathy (HCM). 
It is the most common genetic cardiac disease with marked heterogene-
ity in clinical expression, pathophysiology, and prognosis. The overall 
prevalence rate for adults in the general population is 0.2%,110 affecting 
men and women equally. The management continues to evolve with 
ever-increasing information discovered regarding HCM.

HCM is a primary myocardial abnormality with sarcomeric disarray 
and asymmetric left ventricular hypertrophy (Figure 22-13). The extent 
of sarcomeric disarray distinguishes HCM from other conditions.59 The 
hypertrophied muscle is composed of muscle cells with bizarre shapes 
and multiple intercellular connections arranged in a chaotic pattern.110 
Increased connective tissue, combined with markedly disorganized and 
hypertrophied myocytes, contributes to the diastolic abnormalities of 
HCM that manifest as increased chamber stiffness, impaired and pro-
longed relaxation, and an unstable EP substrate that causes complex 
arrhythmias and sudden death. In contrast with the diastolic  function, 
systolic function in HCM usually is normal or hyperdynamic, but even-
tually diminishes in the later stages of the disease.
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Figure 22-13 A, Hypertrophic cardiomyopathy (HCM) from the long-
axis view. Ventricular cavity is small and has pronounced septal and pos-
terior wall thickening. Arrows indicate narrowing of the left ventricular 
outflow tract caused by the thickened ventricular septum and anterior 
leaflet of the mitral valve. PW, posterior wall of the left ventricle; VS, ven-
tricular septum. B, Photomicrograph of the myocardium in HCM. There 
are pronounced disarray and hypertrophy of the individual muscle fibers, 
resulting in a “whorling” appearance of the muscle fiber. Hematoxylin 
and eosin stain, original magnification ×165. (A, From Edwards WD, 
Zakheim R, Mattioli L: Asymmetric septal hypertrophy in childhood: 
Unreliability of histologic criteria for differentiation of obstructive and 
nonobstructive forms. Hum Pathol 8:277, 1977, by permission; B, cour-
tesy of William D. Edwards, MD; from Giuliani ER, Fuster V, Gersh BJ, 
et al: Cardiology: Fundamentals and Practice. St. Louis, Mosby, 1991, by 
permission of Mayo Foundation, by permission.)
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Besides diastolic dysfunction, the other major abnormality and fun-
damental characteristic of HCM is myocardial hypertrophy unrelated 
to increased systemic vascular resistance (SVR). This nonuniform, 
asymmetric hypertrophy typically occurs in the basal anterior ventric-
ular septum and anterior free wall, with a disproportionate increase in 
the thickness of the ventricular wall relative to the posterior free wall 
(Figure 22-13A). Less commonly, the hypertrophy occurs at the apex, 
 lateral wall, or concentrically. The left ventricular wall thickness is the 
most extensive of all cardiac conditions.110 Heart size may be decep-
tive because it may vary from normal to more than 100% enlarged. 
However, chamber enlargement is not responsible for the increase in 
ventricular mass but rather increases in wall thickness.

HCM is the most common genetic cardiovascular disease inher-
ited in an autosomal dominant manner (1:500 of the general popu-
lation).59 It may be caused by mutations in any of 10 genes; however, 
3 genes that encode proteins of the cardiac sarcomere predominate in 
frequency.111 The similarity of the genes accounts for the many differ-
ent expressions of HCM while resembling one disease entity. Patients 
without a family history of HCM may have sporadic gene mutations 
or simply a mild form of the disease. DNA analysis of mutant genes is 
the most definitive method to establish the diagnosis. The phenotype 
appears not only to depend on the mutation but also other modifier 
genes and environmental factors.111,112 Not all patients who possess a 
gene for HCM will manifest clinical features of the disease, reflecting 
incomplete genetic expression.110 A preclinical diagnosis in a patient 
without symptoms is possible with gene testing not routinely per-
formed now or used to establish a treatment strategy.

HCM is unique for its range of clinical presentations from infancy 
to 90 years of age. Although major referral centers describe a dis-
ease with severe symptomatology, many elderly adults with mild-to-
 asymptomatic disease were unaccounted for, resulting in an actual 
annual mortality rate for HCM closer to 1% per year than previously 
reported to be 3% to 6% per year.110 Even left ventricular outflow tract 
(LVOT) obstruction may be tolerated longer than initially believed. 
Most patients with HCM are asymptomatic or have mild symptoms 
that progress slowly or not at all.63

Symptoms of HCM are nonspecific and include chest pain, palpita-
tions, dyspnea, and syncope. Dyspnea occurs in 90% of patients sec-
ondary to diastolic abnormalities that increase filling pressures causing 
pulmonary congestion. Syncope occurs in only 20% of patients, but 
50% may have presyncopal symptoms. The physical examination is 
sometimes unreliable because classic physical findings are associated 
with LVOT obstruction that is not present in all patients; however, a 
recent study observed prospectively 320 patients with HCM and their 
gradients.113 They found that 37% of patients had LVOT obstruction at 
rest and another 33% only with provocation. Symptoms usually appear 
in the second or third decade, but HCM is not a static disease, and left 
ventricular hypertrophy can occur at any age and increase or decrease 
dynamically throughout the person's life.110 The ECG is abnormal in 
most individuals showing increased QRS voltage, ST-segment and 
T-wave abnormalities, QRS axis shift, and left ventricular hypertrophy 
with strain pattern. There is little correlation between ECG voltages 
and the degree of left ventricular hypertrophy.110 A chest roentgeno-
gram may show left atrial enlargement or be normal.

Echo is the modality of choice for the evaluation of HCM. Two-
dimensional TTE usually allows the clinician to characterize the mor-
phology of the disease and location of the hypertrophy. Doppler and 
color-flow imaging have typical appearances in HCM. Continuous-
wave Doppler is used to quantify the gradient across the LVOT. The 
Doppler signal has a unique “dagger-shaped” appearance (Figure 22-14). 
The LVOT Doppler signal typically is obtained with an apical position 
of the transducer during TTE or from a deep transgastric view when 
TEE is utilized. If the LVOT gradient is less than expected, provocative 
maneuvers should be utilized in an effort to demonstrate an increased 
gradient. A Valsalva maneuver, by decreasing preload and ventricular 
filling, and inhalation of amyl nitrite are both noninvasive techniques 
that can be used in the conscious patient (see Figure 22-14). Mitral regur-
gitation usually accompanies LVOT obstruction when the obstruction 

is severe or symptomatic. The narrowing of the LVOT by septal hyper-
trophy necessitates an increase in flow velocity through the LVOT. This 
increase in flow velocity draws the anterior leaflet of the mitral valve 
into the LVOT, called the Venturi effect. The mitral leaflet and appara-
tus subsequently cause obstruction of flow through the LVOT, as well 
as mitral regurgitation. Temporally, mitral regurgitation occurs after 
LVOT obstruction: ejection  obstruction to left ventricular out-
flow  mitral regurgitation. The jet of mitral regurgitation typically 
is directed posterolaterally (Figure 22-15). It is important to note that 
if the mitral regurgitant jet is not posterolateral, there likely is another 
component to the mitral regurgitation such as mitral valve prolapse 
(MVP) or ruptured chordae. This has important ramifications in terms 
of planning a surgical repair. The diastolic filling pattern associated 
with HCM is that of severely impaired myocardial relaxation second-
ary to hypertrophy.110

Intraoperative TEE is essential in the care of patients undergoing 
septal myectomy.114 Before incision, TEE can identify the location of 
hypertrophy in relation to the aortic annulus, as well as the thickness 
of the ventricular septum, which assists the surgeon in planning the 
location and depth of the myectomy. The mitral valve should be closely 
evaluated for abnormalities that may contribute to mitral regurgita-
tion, particularly if the regurgitant jet is directed centrally or anterior. 
After the myectomy, TEE is used to assess the degree of residual mitral 
regurgitation and evidence of continued systolic anterior motion 
(SAM) and LVOT obstruction. The ventricular septum also must be 
closely evaluated for evidence of shunting via an iatrogenic ventric-
ular  septal defect (VSD). It is common to see small shunts into the 
area of the LVOT from transection of coronary vessels at the site of 
the myectomy (Figure 22-16). It is important that these are not con-
fused with shunting from a VSD. When an iatrogenic VSD occurs, the 
expected shunt would be from the LV into the RV, as opposed to the 
flow observed into the LV from transection of septal coronary artery 
branches. In addition, shunting through a VSD would be expected to 
occur predominantly during systole, whereas flow into the LV from 
septal perforators is predominantly during diastole.

Angiography may show a left ventricular pressure gradient, 
decreased ventricular volume, and increased left ventricular end-
 diastolic pressure. Coronary artery diseases may be absent angio-
graphically, but thallium redistribution scans demonstrate that 
HCM patients may experience myocardial ischemia often associated 
with atypical chest pain, not relieved with nitrates.115 Blunted coro-
nary perfusion despite angiographically normal coronary arteries is 
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Figure 22-14 Continuous-wave Doppler spectra obtained from 
the apex demonstrating dynamic left ventricular outflow tract (LVOT) 
obstruction. Note the typical late-peaking configuration resembling a 
dagger or ski slope (arrows). The baseline (left) velocity is 2.8 m/sec, 
 corresponding to the peak LVOT of 31 mm Hg (4 × 2.82). With the 
Valsalva maneuver (right), the velocity increased to 3.5 m/sec, corre-
sponding to a gradient of 55 mm Hg. (From Oh JK, Seward JB, Tajik 
AJ: The Echo Manual, 3rd ed. Philadelphia, 2006, Lippincott Williams & 
Wilkins, by permission.)
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 characteristic of a  coronary microvascular dysfunction that increases 
the risk for ischemia, especially in the subendocardium. More recently, 
the degree of LVOT obstruction and wall stress were found to exac-
erbate microvascular dysfunction.116 This may have implications for 
treatments that reduce left ventricular mass and wall stress instead of 
increasing diastolic filling time with medications such as -blockers 
and calcium channel blockers, and partially explain the benefit of 
myectomy. Thallium abnormalities may represent relatively under-
perfused myocardium with abnormal intramyocardial coronary arter-
ies that exist in patients with HCM. Abnormal coronary vasodilation 
in both nonhypertrophied and hypertrophied myocardium occur in 
HCM.117 This suggests that impaired coronary vasodilation has a major 
role in the pathogenesis of HCM and is not secondary to only myo-
cardial hypertrophy. However, a mismatch between myocardial oxygen 
demand resulting from systolic and diastolic abnormalities, increased 
ventricular mass, and coronary circulation may exacerbate myocardial  
ischemia. Thus, myocardial death and scarring may then serve as a 
 substrate for ventricular tachycardia and fibrillation.110

Two thirds of individuals with LVOT obstruction will become 
severely symptomatic, and there is a 10% mortality rate within 4 years 
of diagnosis. The LVOT is narrowed from septal hypertrophy and ante-
rior displacement of the papillary muscles and mitral leaflets, creat-
ing a dynamic left ventricular outflow obstruction. Elongation of the 
mitral leaflets results in coaptation of the body of the leaflets instead of 
the tips. The part of the anterior leaflet distal to the coaptation is sub-
jected to strong Venturi forces that provoke SAM, mitral septal contact, 
and ultimately, LVOT obstruction (Figure 22-17).111 However, studies 
suggest that the mechanism of SAM is more complex. SAM can occur 
before the opening of the aortic valve and the generation of maximum 
Venturi effect because of the position of the mitral leaflets on the LVOT, 
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Figure 22-15 Transesophageal long-axis view of the aortic valve and left ventricular outflow tract (LVOT) in a patient with hypertrophic 
obstructive cardiomyopathy (HCM). Left, Two-dimensional image. The septum is thickened (arrow). The aortic valve is opening indicating systole, 
and both of the mitral valve leaflets have been drawn into the LVOT. Right, Classic color Doppler image of a patient with HCM is displayed. Aliasing 
of the Doppler spectra begins at the base of the heart, the site of the septal hypertrophy (yellow arrow), and becomes more severe in the LVOT (white 
arrow). The mitral regurgitation signal (red arrow) is directed posterolaterally. The three color signals form a Y shape. AO, aorta; LA, left atrium; LV, 
left ventricle.
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Figure 22-16 Transesophageal image from a patient after a septal 
myectomy for hypertrophic obstructive cardiomyopathy. The probe 
is in the midesophagus in a modified long-axis view. Color Doppler 
imaging reveals two jets of blood flow into the left ventricular outflow 
(arrows) tract from small coronary perforators that were transected 
during the myectomy. It is important that these jets of blood flow are 
not confused with a ventricular septal defect. LA, left atrium; LV left 
ventricle.
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Figure 22-17 Depiction of the modern concepts of the mechanism 
of left ventricular outflow tract obstruction in hypertrophic cardiomyo-
pathy. In early systole (bottom left), abnormal flow around the hypertro-
phied septum pushes the mitral valve in the outflow tract and results in 
obstruction and mitral valve regurgitation (bottom right). (From Ommen 
SR, Shah PM, Tajik AJ: Left ventricular outflow tract obstruction in hyper-
trophic cardiomyopathy: Past, present and future. Heart 94:1276–1281, 
2008, by permission.)
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 reflecting its importance in SAM compared with traditional explana-
tions. Longitudinal flow in the ventricle may push the mitral valve into 
the LVOT.118 SAM of the anterior leaflet also may cause mitral regurgi-
tation that is unlike that seen with intrinsic structural abnormalities of 
the valve. The onset and duration of mitral leaflet-septal contact deter-
mine the magnitude of the gradient and the degree of mitral regurgita-
tion. The pressure gradient between the aorta and LV (Figure 22-18) is 
worsened by decreased end-diastolic volume, increased contractility, or 
decreased aortic outflow resistance (Figure 22-19).119 The cavity of the 
LV often is small in those with severe gradients (Figure 22-20).

Dynamic LVOT obstruction is not limited to HCM but may occur 
in cardiac tamponade or acute MI.119 It may be seen in the immediate 
postoperative period after aortic valve replacement for aortic stenosis or 
mitral valve repair. Importantly, dynamic pressure gradients do not nec-
essarily correlate with symptoms of HCM. Significant functional limita-
tion, disability, and sudden death may all occur even with no gradient. 
However, gradients exceeding 30 mm Hg are usually of physiologic and 

prognostic importance in HCM patients.111 The severity of symptoms 
is not worse once a gradient exceeds 30 mm Hg. LVOT obstruction is an 
independent predictor of death in HCM.120 Because LVOT obstruction 
is likely to be associated with increased wall stress, myocardial ischemia, 
cell death, and eventual fibrosis, treatment to relieve it is desirable.

The clinical course and treatment of HCM are best approached in 
relation to subgroups: sudden death, CHF, and atrial fibrillation with 
embolic stroke (Figure 22-21). Sudden death increases the annual mor-
tality rate from 1% to 5% overall.110 Often these patients are asymp-
tomatic or mildly symptomatic and constitute a small part of the HCM 
population. Sudden death is not age restricted but occurs more com-
monly in younger individuals, frequently in association with physical 
exertion. HCM is the most common cause of sudden death in other-
wise healthy young individuals, reaching up to 6% per year in those 
20 to 30 years of age.121 Risk stratification for sudden death is useful 
now that it has been found that ventricular tachycardia or ventricular 
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Figure 22-18 Simultaneous left ventricular (LV) and aortic pressure 
tracings from a patient with muscular subaortic stenosis (resting obstruc-
tion). (From Wigle ED, Sasson Z, Henderson MA, et al: Hypertrophic 
 cardiomyopathy: The importance of the site and extent of hypertrophy: 
A review. Prog Cardiovasc Dis 28:1, 1985, by permission.)
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Figure 22-19 Interventions that change the outflow gradient in hyper-
trophic cardiomyopathy (HCM), with resultant change in intensity of the 
systolic murmur in HCM. Outflow gradient is affected by changes in after-
load, preload, and contractility. Ao, aorta; LA, left atrium; LV, left ventri-
cle; MV, mitral valve; PW, posterior wall; VS, ventricular septum. (From 
Giuliani ER, Fuster V, Gersh BJ, et al: Cardiology: Fundamentals and 
Practice. St. Louis, Mosby, 1991, by permission of Mayo Foundation.)

Figure 22-20 Midventricular hypertrophy. Cross-sectional slices of the heart from a patient who was shown, by hemodynamic, angiographic, and 
echocardiographic techniques, to have midventricular obstruction. The site of the obstruction was at the level of the papillary muscles, where there 
was massive hypertrophy (second slice from left). The slice at left is from the base of the heart, and the two slices at the right are from the apex. The 
apex of the left ventricle was the site of extensive myocardial infarction and aneurysm formation that was evidenced in life by a dyskinetic apical cham-
ber on angiography and by persistent ST-segment elevation in leads V4 to V6 on the electrocardiogram. The coronary arteries revealed no significant 
luminal narrowings. The patient died of intractable ventricular arrhythmias. (From Wigle ED, Rakowski H, Kimball BP, et al: Hypertrophic cardiomyo-
pathy. Clinical spectrum and treatment. Circulation 92:1680, 1995, by permission.)
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 fibrillation is the culprit.110,122 High-risk individuals are more likely to 
have these characteristics: diagnosis by 30 years of age, prior cardiac 
arrest, symptomatic ventricular tachycardia per Holter monitor, and 
family history of sudden death or syncope.121 Additional risk factors 
include identification of a high-risk mutant gene, unexplained syn-
cope, abnormal blood pressure with exercise, resting LVOT obstruction 
of 30 mm Hg or greater, atrial fibrillation, and even coronary artery 
disease.111,121 Two or more risk factors are associated with a risk for  
sudden death of 4% to 5% per year.

The value of EP testing as it relates to prediction of sudden death is 
mixed.111,123,124 Recently, routine risk stratification with EP testing was 
abandoned in HCM patients.111 Extreme left ventricular wall thickness 
has been associated with greater incidence of spontaneous ventricu-
lar arrhythmias and sudden death. Myocardial ischemia also appears 
to be related to sudden death in younger patients.125 In the future, 
genotyping may be able to reliably define the risk for sudden death, 
but currently there is no ability to screen patients to determine risk 
stratification with clinical gene tests for characteristics such as sudden 
death.126 Septal myectomy reduces the risk for sudden death in patients 
compared with those with LVOT obstruction and no surgery and those 
with nonobstructive HCM. The mechanism for this improved survival 
is indeterminate.127

The only effective modality to prevent sudden death associated 
with HCM currently is the implantable cardioverter- defibrillator. 
Pharmacologic therapy for prevention of sudden death recently 
was shown to reduce symptoms but not risk for sudden death.128 
Symptomatic patients or those with a positive EP test appear to bene-
fit from implantable cardioverter-defibrillator placement. A retrospec-
tive study found that 25% of high-risk cohorts required termination 
of lethal ventricular arrhythmias and 60% experienced some type 
of intervention by an implantable cardioverter-defibrillator.122 The 
implantable cardioverter-defibrillator has been shown in a random-
ized, prospective trial to be superior to drug therapy.129 However, a 
long-term follow-up of patients receiving implantable cardioverter-
defibrillators for HCM has shown a worrisome rate of inappropriate 
(5.3%/year) versus appropriate (4%/year) shocks.130 The overall inci-
dence rate of device complications was concerning at 36% during a 
5-year period. Even though the implantable cardioverter-defibrillator 
saves lives in high-risk patients, the risk for complications should fac-
tor into the decision to implant it. Amiodarone is no longer the first 
line of antiarrhythmic therapy for patients at risk for sudden death as 
previous studies were nonrandomized case studies.63

Another subgroup is patients with CHF who develop progressive 
symptoms with preserved systolic function but quickly advance to 

Overall population with hypertrophic cardiomyopathy (HCM)
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Figure 22-21 Hypertrophic cardiomyopathy (HCM) clinical subgroups are not necessarily mutually exclusive; overlap or progression from one sub-
group to another may occur (thin solid and dashed arrows). Most patients with HCM who are at high risk for sudden death or who experience devel-
opment of atrial fibrillation are initially in the “None or Mild Symptoms” clinical subgroup. Asterisk indicates that patients with a positive genotype 
and negative phenotype may subsequently show morphologic conversion to the HCM phenotype with left ventricular hypertrophy (usually in ado-
lescence, but also in midlife or later). Dagger indicates that drug therapy may include -blockers, calcium channel blockers (particularly verapamil), 
disopyramide, as well as diuretic agents. Double dagger indicates that for major interventions, obstructive HCM is generally regarded as a left 
 ventricular outflow gradient of approximately 50 mm Hg at rest or with provocative maneuvers; in this context, nonobstructive HCM is regarded as a 
left ventricular outflow gradient of less than approximately 30 to 50 mm Hg at rest, as well as with provocative maneuvers. Width of the arrows from the 
overall HCM population represent the approximate relative proportion of patients with HCM within each major clinical subgroup. (Originally adapted 
from Spirto et al: The management of hypertrophic cardiomyopathy. N Engl J Med 336:775–785, 1997, by permission of the Massachusetts Medical 
Society; reprinted with permission from Maron BJ: Hypertrophic cardiomyopathy: A systematic review JAMA 287:1313, 2002.)
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end-stage CHF with impaired systolic function.111 Symptoms are 
primarily attributed to the diastolic abnormality; therefore, symp-
tomatic relief is achieved by improving ventricular relaxation. 
Medications with negative inotropic effect generally are successful 
in relieving symptoms of exercise intolerance and dyspnea associ-
ated with CHF,131 but symptoms may return in up to 60% of phar-
macologically treated patients.132 In general, -blockers have been a 
mainstay of therapy for years in adults and are preferred over cal-
cium channel blockers. High doses of -blockers usually are needed 
for therapeutic value. Verapamil may be given if -blockers are not 
tolerated or ineffective, but symptomatic improvement may be less 
than 50%.132 The combination of -blockers and calcium channel 
blockers has not proven beneficial. -Blockers relieve symptoms of 
angina and dyspnea and improve exercise tolerance by limiting the 
gradient associated with exercise. The gradient is not reduced at rest 
by these medications.111 Other beneficial effects of -blockers include 
heart rate reduction, lower myocardial oxygen demand, and longer 
diastolic filling times, but diastolic function is neither improved 
nor is long-term survival prolonged. Verapamil improves diastolic 
function and ventricular relaxation, causing improved filling and 
decreased obstructive features in 50% of HCM patients. Patients with 
obstructive symptoms may worsen with calcium channel blockers 
that contain strong vasodilator properties. Disopyramide, a negative 
inotrope that alters calcium kinetics and produces a vasoconstric-
tor effect, has been recommended instead of calcium channel block-
ers in obstructive HCM.111 Disopyramide is the most effective agent 
to reduce LVOT obstruction and gradient, as well as relieve symp-
toms.133 Combined with -blockers, disopyramide prolongs exercise 
times more successfully than verapamil.

Surgical correction of HCM is directed primarily at relieving symp-
toms of LVOT obstruction in the 5% of patients who are refractory 
to medication.111 In general, these are individuals with subaortic 
 gradients in excess of 50 mm Hg with or without provocation and 
frequently associated with severe CHF.63,110 A myotomy-myectomy 
through a transaortic approach is the primary method used to relieve 
the obstruction (Figure 22-22). The muscle is excised from the proxi-
mal septum extending just beyond the mitral valve leaflets that widens 
the LVOT. Currently, the classic Morrow technique has been replaced 
by a more extensive resection that is described in more detail else-
where.133,134 This is a technically challenging operation because of the 
limited exposure and precise area to excise the muscle. It usually is 
reserved for centers with considerable experience with myectomy. 
When myectomy is successful, the LVOT is widened and SAM, mitral 
regurgitation, and outflow gradient are all decreased. Mitral valve 
repair or replacement has accompanied myectomy when there is coex-
istent primary mitral valve structural abnormalities, but mitral valve 
replacement is not indicated for treating LVOT obstruction alone.118 If 
the valve is not repaired during myectomy, incomplete or temporary 
relief of obstruction may occur. Recently, Wan et al135 described the 
use of mitral valve repair in those with LVOT obstruction and degen-
erative mitral valve disease. Mitral valve repair was effective compared 
with replacement with low early mortality and successful treatment of 
both obstruction and mitral valve regurgitation. Mitral valve replace-
ment is rare.

Surgery provides persistent, long-lasting relief from symptoms 
that exceeds any form of current medical treatment.131 Five years after 
myectomy, 85% of patients have improved enough to advance one 
NYHA functional class.136 The concomitant reduction in left atrial size 
may partially account for the lower incidence of atrial fibrillation after 
myectomy.111 Septal myectomy results in reduction in left ventricu-
lar mass that exceeds the myocardium resected over time, indicating 
a relief of the pressure overload.137 Myectomy also is associated with a 
mortality rate of less than 1% in major institutions.132 This low mortal-
ity rate is even more noteworthy because surgical patients usually have 
more severe disease than those treated medically. Long-term survival 
rates at 1, 5, and 10 years are 98%, 96%, and 83%, respectively. Surgical 
patients have an overall survival rate that is equivalent to the age- and 
sex-matched general population.127 Complications of myectomy such 

as complete heart block or septal perforation (0% to 2%) are rare.133 
Similarly, recurrence of LVOT gradient or SAM requiring repeat myec-
tomy is less than 2%.118

Surgery is not recommended for HCM without an obstructive com-
ponent or if the individual is asymptomatic to mildly symptomatic for 
the following reasons: (1) Better survival with surgery versus medical 
therapy is not established; (2) operative mortality may exceed the risk 
of HCM in mildly affected patients; (3) LVOT obstruction may be com-
patible with longevity in selected individuals; and (4) no evidence exists 
that surgery halts the progression of HCM to end-stage.111 End-stage 
patients with nonobstructive HCM who have severely reduced systolic 
function are effectively treated with heart transplantation with 7-year 
survival rate of 90% that compares equally to those with DCM who 
require transplantation.138 Medical treatment for asymptomatic HCM 
patients is not clearly indicated.

Possible alternatives to surgery have included dual-chamber pacing 
and percutaneous alcohol septal ablation. Previously,  atrioventricular 
sequential pacing had been shown to decrease subaortic gradients, 
possibly by causing abnormal septal motion, and thus was consid-
ered a possible treatment even though the mechanism has not been 
proved.131 Pacing has become the most rigorously evaluated treatment 
of all therapies for HCM. A series of nonrandomized and randomized 
studies have shown reductions in the LVOT gradient and improve-
ment in symptoms, but others have found no differences in gradient, 
NYHA class, quality-of-life score, exercise duration, or maximal oxy-
gen uptake, reflecting a significant placebo effect.139 Within groups, 
there appear to be responders, but no variables that identified these 
patients.118 Consequently, the optimal use of pacing in HCM requires 
continued reevaluation.131 When pacing was compared with surgical 
therapy, LVOT gradient was reduced to less than 20 mm Hg in only 

A B
Figure 22-22 Two operative approaches for performing septal myec-
tomy in obstructive hypertrophic cardiomyopathy. A, Typical outflow 
tract morphology with predominant basal septal hypertrophy and sub-
aortic obstruction caused primarily by systolic anterior motion of the 
mitral valve. Endocardial thickening at the line of apposition of the 
 anterior mitral leaflet to the septum (friction lesion) can be seen (right 
insert). A standard rectangular myectomy trough (Morrow procedure) is 
created from 1 cm below the aortic valve apically to a point beyond the 
line of mitral-septal contact and intraventricular obstruction, allowing 
relief of the outflow tract gradient and preservation of sinus rhythm (left 
insert). B, In the presence of muscular midcavity obstruction caused by 
anomalous papillary muscles with direct insertion into the mitral valve 
or to extensive diffuse septal hypertrophy extending to the bases of 
the papillary muscles, a much more substantial myectomy is performed 
by combining the standard operation with an extended midventricular 
resection. The apical portion of the myectomy trough is much wider and 
includes the distal third of the right side of the septum. (From Dearani 
JA, Ommen SR, Gersh BJ, et al: Surgery insight: Septal myectomy for 
obstructive hypertrophic cardiomyopathy—the Mayo Clinic experience. 
Nat Clin Pract Cardiovasc Med 4:503–512, 2007, by permission.)
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26% of patients, compared with more than 90% of surgical patients,118 
creating drastically fewer indications for pacing. Furthermore, symp-
toms were improved in all patients with surgery compared with only 
50% with pacing. The role of pacing has been relegated to one in which 
there are absolute contraindications to other therapies.

Septal ablation with alcohol is a nonsurgical myocardial reduction 
first attempted in 1994 based on interruption of blood supply to the 
interventricular septum, causing infarction. This resulted in reduced 
septal thickness and LVOT modeling with resolution of symptoms in 
HCM.140 Alcohol is administered through an angioplasty balloon to 
the first major septal perforator of the left anterior descending coro-
nary artery. The success rate has been good as indicated by a recent 
systematic review of ablation incorporating 42 studies and nearly 
3000 patients.141 The study showed effective gradient reduction and 
improvement in NYHA class comparable with myectomy 12 months 
after ablation. However, 20% of patients required a second procedure, 
and some even required myectomy after alcohol ablation. A retrospec-
tive review of 375 patients who underwent alcohol ablation identified 
20 patients who underwent subsequent surgical myectomy for recur-
rent dynamic LVOT obstruction.142 The surgery was successful in all of 
the failed ablation patients, indicating myectomy as rescue therapy for 
failed alcohol septal ablation. There is concern about the incidences of 
complications and mortality accompanying alcohol ablation. Annual 
mortality rate with alcohol septal ablation in the best centers in the 
United States is 2%, with Canada reporting 4% to 10%.118 Besides mor-
tality, the incidence of nonfatal complications is a concern compared 
with surgical myectomy. Heart block necessitating pacemaker place-
ment has been reported in between 11% and 38% of patients.143 The 
toxic effect of alcohol on both the coronary circulation and the myo-
cardium has the potential to generate morbidity.131

Perhaps the greatest concern is that fewer surgeons are learning 
and performing myectomy because of the steep learning curve, but 
the relative ease of the septal ablation in comparison with myectomy 
has greatly increased the individuals performing ablation. Because the 
longest follow-up studies for alcohol ablation are 2 years, long-term 
benefit for this procedure is lacking. Retrospective studies do not per-
mit any conclusion regarding the superiority of septal ablation with 
myectomy, so clinicians are awaiting a long-term comparative study 
to define its role in HCM. Because management of HCM continues to 
be made based on experience and consensus to a large degree, surgi-
cal myectomy remains the first option for HCM with ablation as an 
alternative, especially if serious comorbidity exists.111 Treatment will 
continue to evolve as the proper patient selection and long-term effects 
are evaluated.

Anesthetic Considerations
Anesthetic management of individuals with HCM is based on similar 
principles for those having cardiac or noncardiac surgery. The char-
acteristic diastolic dysfunction makes the heart sensitive to changes 
in volume, contractility, and SVR. Because of this diastolic dysfunc-
tion, an acute increase in the pulmonary artery pressure may warn of 
the rapid onset of pulmonary congestion and edema. If the patient 
has LVOT obstruction, anesthetic management should minimize 
or  prevent any exacerbation of obstruction and the corresponding 
increase in the intraventricular gradient that will affect systolic blood 
pressure. Induction of anesthesia is a hazardous period because the 
preoperative fast will reduce preload combined with a rapid decline in 
the venous tone, provoking an increase in LVOT obstruction. Central 
venous pressure monitoring is recommended to optimize and main-
tain preload. Hypotension may be treated temporarily with position-
ing (Trendelenburg), volume replacement, and/or vasoconstriction. 
Vasoconstrictors rather than inotropes are preferred to maintain 
SVR.144 Intravenously administered agents, such as narcotics, have been 
used successfully in HCM for induction of anesthesia. For shorter sur-
gical procedures, propofol is popular, but its effect on hemodynam-
ics has not been fully established. The systolic blood pressure often 
decreases significantly with propofol during induction of anesthesia. 

The mechanism of this decline in blood pressure is not completely 
defined but is likely an interaction of baroreflex activity, direct periph-
eral vasodilation, blunting of the sympathetic nervous outflow, and 
possibly a decrease in the myocardial contractility.145 An experimental 
hamster with HCM received propofol, and the myocardium was found 
to be unaffected compared with the healthy muscle.100 In addition, a 
continuous propofol infusion has been used successfully in a patient 
with HCM for mitral valve replacement and myectomy.144

For anesthesia maintenance, the volatile agent, halothane, is advanta-
geous because it decreases contractility and heart rate but rarely is used 
today. However, halothane, in comparison with enflurane and isoflu-
rane, has the least effect on SVR and heart rate. The potential for severe 
myocardial depression with volatile agents in these patients is less than 
once believed. There is continuing evidence in hamster models with 
HCM that the negative inotropic effect in the affected myocardium 
compared with healthy myocardium is more severe with desflurane 
than either isoflurane or sevoflurane.101,103 Vecuronium is the preferred 
muscle relaxant because it does not have histamine-releasing proper-
ties or hemodynamic effects.

Arrhythmias may complicate the anesthetic management of indi-
viduals with HCM. Ninety percent of adults with HCM have complex 
ventricular arrhythmias on Holter monitoring irrespective of whether 
HCM is obstructive or nonobstructive.111 Nonsustained ventricular 
tachycardia occurs in 25% to 33% of patients, whereas sustained mono-
morphic ventricular tachycardia is rare.146 Asymptomatic, nonsustained 
ventricular tachycardia tends to be benign.122 Implantable cardioverter-
defibrillators need to be temporarily suspended in patients before use 
of cautery in the operating room (see Chapter 25).

Besides ventricular arrhythmias, there is a 30% to 50% incidence 
rate of paroxysmal supraventricular tachycardia in these patients.146 
Atrial fibrillation is the most common supraventricular tachycardia, 
occurring in 25% of individuals.110 New onset of atrial fibrillation is 
observed in 84% of patients who report worsening symptoms.131 The 
combination of worsening symptoms and new onset of atrial fibril-
lation may rapidly deteriorate to CHF.147 Prompt cardioversion may 
be necessary. Junctional rhythms also are poorly tolerated in HCM 
because of the loss of the atrial kick. Chronic atrial fibrillation can be 
controlled with -blockers and verapamil, although this combination 
may be deleterious to some individuals with severe LVOT obstruction 
and CHF.110 Amiodarone is especially effective in restoring normal 
sinus rhythm in HCM and reducing recurrences.

Restrictive Cardiomyopathy
RCM has included such entities as amyloidosis and eosinophilic 
endomyocardial disease. The 1995 WHO guidelines defined RCM as 
“restrictive filling and reduced diastolic volume of either or both ven-
tricles with normal or near-normal systolic function and wall thick-
ness.”59 Instead of being classified according to morphologic criteria, as 
are HCM and DCM, RCM is characterized by function. It may appear 
in the final stages of other cardiac conditions. Although a clinically 
challenging diagnosis to make, it is important to distinguish “restric-
tive” physiology from “constrictive” because management and treat-
ment are decidedly different. Restrictive/constrictive physiology is not 
solely limited to RCM, but occurs in mitral stenosis, tricuspid stenosis, 
and aortic stenosis.

RCM is much less frequent than DCM or HCM.148 It is classified as 
myocardial (infiltrative, noninfiltrative, and storage) or endomyocar-
dial (Box 22-1) according to cause. The compliance of the “restrictive” 
myocardium is reduced by one of these processes: extracellular infil-
tration, intracellular accumulation of abnormal substances, inflam-
mation, or endocardial disease.148,149 Restrictive myocardial disorders 
are characteristically atypical in presentation and hemodynamics at 
times, complicating perioperative management. With idiopathic RCM, 
the cause is entirely unknown and lacks any identifiable histopatho-
logic distinctiveness. Its occurrence is quite rare, with few actual series 
in adults.150 More extensive reviews of the many types of RCM are 
available.150–152
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Systolic function is minimally affected in RCM. Diastolic dysfunction 
is evident by abnormalities of ventricular relaxation and  compliance. 
Impaired ventricular relaxation occurs before abnormal compliance. 
Poor compliance of the ventricle causes rapid filling in early dias-
tole and the characteristic ventricular diastolic waveform of dip-and-
 plateau (square-root sign; Figure 22-23). However, the characteristic 
dip-and-plateau pattern may be absent in 50% of affected individuals 
because it depends on the degree of impaired ventricular relaxation 
and the level of atrial driving pressure.151 The atrial pressure waveform 
will have the appearance of an M or W pattern because of the rapid y 
descent combined with a slightly greater x descent. The rapid y descent 
is due to the rapid early decline of the atrial pressure corresponding to 
the early diastolic ventricular filling. Filling early in diastole is accentu-
ated and impeded during the rest of diastole because of reduced ven-
tricular distensibility. Pressure in the ventricle increases precipitously 
in response to small volume. Once ventricular filling is restricted, the 
prognosis is much worse. Both ventricles appear thick with small cavi-
ties. In contrast, the corresponding atria appear dilated despite normal 
left ventricular volumes. Cardiomegaly or ventricular dilation should 
not exist. The left-sided pulmonary venous pressures usually exceed 
the right-sided venous pressures by 5 mm Hg. The pulmonary artery 
systolic pressure also may be increased to 50 mm Hg.

Because one or both ventricles may be involved, symptoms may 
 predominate as right- or left-sided. The increased filling pressures that 
occur in early diastole of both ventricles lead to symptoms of right-
sided failure manifested by increased venous pressures, peripheral 
edema, and ascites, or left-sided failure manifested by CHF, progres-
sive dyspnea, and orthopnea. Both groups of symptoms may occur 
separately or simultaneously. Insidious onset of fatigue and exertional 
dyspnea are common. Symptoms and signs should be present without 
evidence of cardiomegaly. The jugular venous pulse fails to fall during 

inspiration and may even rise (Kussmaul's sign).152 Pulsus paradoxus 
is infrequent and nonspecific. The liver may be enlarged and actually 
pulsatile. The chest roentgenogram is nondiagnostic. Pulmonary con-
gestion and a normal or smaller than anticipated heart size suggest a 
diagnosis of RCM. Thromboembolic complications are common with 
the initial presentation of the disease. The ECG may reflect abnormali-
ties of depolarization such as bundle branch block, low voltage, and 
QR or QS complexes, but these are not specific to RCM and rarely are 
useful to distinguish RCM from constrictive pericarditis (CP). ECG 
evidence of biatrial enlargement may be present.149

It is important to distinguish between RCM and CP because man-
agement of the two diseases is very different. Important distinguish-
ing features of CP and RCM are listed in Table 22-4. Both conditions 
have rapid and early diastolic filling with increased filling pressures 
and normal filling volumes. In RCM, the impediment to filling is usu-
ally an infiltrative process involving the myocardium rather than the 
pericardium. Although not an absolute sign, the right ventricular and 
left ventricular end-diastolic pressures are increased and equal with 
 constrictive physiology, whereas in RCM, end-diastolic pressure is usu-
ally 5 mm Hg greater on the left than on the right side because of the 
unequal compliance between the two ventricles.150,153 Unfortunately, 
symptoms and physical signs do not reliably discriminate between 
RCM and CP.

Advances in echo and other noninvasive methods have been used to 
try to reliably discriminate between pericardial disease and RCM. The 
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Figure 22-23 Intracardiac pressure tracings from a patient with 
idiopathic primary restrictive cardiomyopathy. Top, Right ventric-
ular (RV) and right atrial (RA) tracings with a typical diastolic square-
root configuration in the RV tracing and a prominent y descent in the 
early diastolic period of the right atrial tracing. Bottom, Simultaneous 
left ventricular (LV)-RV pressures and LV-RA pressures, showing a 
square-root configuration in the LV tracing and equalization of pres-
sures during diastole in the three chambers. FA, femoral artery. (From 
Giuliani ER, Fuster V, Gersh BJ, et al: Cardiology: Fundamentals and 
Practice. St. Louis, Mosby, 1991, by permission of Mayo Foundation.)

BOX 22-1. CLASSIFICATION OF TYPES OF 
RESTRICTIVE CARDIOMYOPATHY ACCORDING 
TO CAUSE

Myocardial
Noninfiltrative

Idiopathic cardiomyopathy*
Familial cardiomyopathy
Hypertrophic cardiomyopathy
Scleroderma
Pseudoxanthoma elasticum
Diabetic cardiomyopathy

Infiltrative
Amyloidosis*
Sarcoidosis*
Gaucher disease
Hurler disease
Fatty infiltration

Storage diseases
Hemochromatosis
Fabry disease
Glycogen storage disease

Endomyocardial
Endomyocardial fibrosis*
Hypereosinophilic syndrome
Carcinoid heart disease
Metastatic cancers
Radiation*
Toxic effects of anthracycline*
Drugs causing fibrous endocarditis (serotonin, methysergide, 

ergotamine, mercurial agents, busulfan)

From Kushwaha SS, Fallon JT, Fuster V: Medical progress: Restrictive 
cardiomyopathy. N Engl J Med 336:268, 1997.

*This condition is more likely than the others to be encountered in clinical 
practice.
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usual 2D echo findings are those of normal size, thickness, and pre-
served systolic function of the ventricles with enlargement of the atria 
(Figure 22-24). Classic Doppler findings are described in Table 22-5. 
Doppler findings may indicate the severity of RCM once the diagnosis 
is certain. Because the pericardium is responsible for CP and a non-
compliant ventricle for RCM, some differences exist between RCM 
and CP regarding M-mode, 2D, and Doppler examinations.154 A peri-
cardial thickness of 3 mm measured by echo is indicative of CP. But 
overall, Doppler and echo have insufficient sensitivity and specificity 
to  provide a clinically significant differentiation between RCM and CP. 
More recently, tissue Doppler imaging has demonstrated some suc-
cess in providing differentiation between RCM and CP by measuring 
E velocity to determine ventricular relaxation with 89% sensitivity and 
100% specificity.155 Other noninvasive methods that may be helpful are 
the CT to determine the thickness of the pericardium and the MRI to 
diagnose infiltrative processes such as amyloidosis.149

Cardiac catheterization still is performed to differentiate between 
RCM and CP. During catheterization, increased left and right venous 
pressures with large A and V waves may be observed in RCM (see 
Figure 22-23). It is not uncommon to see right atrial pressures of 15 
to 20 mm Hg. The ventricular pressure curve may display the diastolic 
dip-and-plateau pattern (square-root sign) as described previously. 
Recently, more advanced catheterization criteria for differentiation of 
RCM and CP have been devised.156 This new measurement, systolic 

area index, assesses the dynamic changes in ventricular pressure area 
during inspiration and expiration to distinguish CP from RCM. In CP, 
there is a dissociation between intrathoracic and intracardiac pressures 
that causes decreased filling in the LV during inspiration. The con-
stricting pericardium also causes increased ventricular interaction so 
that the RV is better filled during inspiration. This new index has 97% 
sensitivity and 100% predictive accuracy in patients with documented 
CP compared with older catheterization indices that generated predic-
tive accuracy for RCM and CP that was less than 75%.

Endomyocardial biopsy may differentiate RCM from CP. The biopsy 
in RCM rarely is normal compared with CP. Although a biopsy may 
identify specific causes of restrictive physiology,148 more often, only 
patchy endocardial and interstitial fibrosis with some myofibril hyper-
trophy are found.150,153 If biopsy or tests such as radionuclide angio-
graphy, Doppler, or echo do not identify either RCM or pericardial 
disease, exploratory surgery may be needed. Surgery is the most defini-
tive method of differentiating RCM from CP, but the patient with RCM 
may not tolerate anesthesia and surgery well, so it is used sparingly.157

There is no specific treatment for RCM. Various regimens have 
been developed based on the specific cause of RCM158 (Table 22-6). 
It is important to rule out the presence of extracardiac diseases that 
may hamper effective treatment of RCM before it becomes intract able. 
Diuretics often are administered to reduce pulmonary and venous 
congestion, but low CO with severe hypoperfusion is a risk. With the 
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Figure 22-24 Apical four-chamber view of a typical case of restrictive cardiomyopathy with normal left ventricular (LA) size, normal LV ejection 
fraction, and marked biatrial enlargement. B, Patients with restrictive cardiomyopathy are frequently in atrial fibrillation. A mitral inflow pulsed-wave 
Doppler velocity recording shows a deceleration time (DecT) of 170 milliseconds and mild variation in E velocities. C, Mitral annulus tissue veloc-
ity recording demonstrating E  of 8 cm/sec and delayed relaxation (arrow), and a  related to atrial fluttering or fibrillating motion. E , mitral annulus 
early diastolic velocity; E/E , 100/8 = 13, consistent with a mild increase in filling pressures; LA, left atrium; RA, right atrium; RV, right ventricle; S , 
 systolic velocity of the mitral annulus. (From Oh JK, Seward JB, Tajik AJ: The Echo Manual, 3rd ed. Philadelphia, 2006, Lippincott Williams & Wilkins, 
by permission.)

CT, computerized axial tomography; LAP, left atrial pressure; MRI, magnetic resonance imaging; RAP, right atrial pressure.
From Hancock EW: Cardiomyopathy: Differential diagnosis of restrictive cardiomyopathy and constrictive pericarditis. Heart 86:343–349, 2001; and Chatterjee K, Alpert J: Constrictive 

pericarditis and restrictive cardiomyopathy: Similarities and differences. Heart Failure Monit 3:118–126, 2003.

Differentiation of Pericardial Constriction versus Myocardial Restriction

Characteristic Constrictive Pericarditis Restrictive Cardiomyopathy

Jugular venous waveform Increased with less rapid y-descent Increased with, more rapid y-descent
Large A waves

LAP > RAP Absent Almost always
Auscultation Early S

3
 high pitched; no S

4
Late S

3
 low pitched; S

4
 in some cases

Mitral or tricuspid regurgitation Frequently absent Frequently present
Chest roentgenogram Calcification of pericardium (20–30%) Pericardial calcification rare
Heart size Normal to increased Normal to increased
Electrocardiogram Conduction abnormalities rare Conduction abnormalities common
Echocardiogram Slight enlargement of atria Major enlargement of atria
Right ventricular pressure waveform Square-root pattern Square-root pattern; dip-and-plateau often less prominent
Right and left heart diastolic pressures (mm Hg) Within 5 of each other in almost all cases Seldom within 5 of each other
Peak right ventricular systolic pressure (mm Hg) Almost always < 60, sometimes < 40 Usually > 40

sometimes > 60
Discordant respiratory variation of peak 

ventricular systolic pressures
Right and left are out of phase with respiration In phase

Paradoxical pulse Often present Rare
CT/MRI Thickened pericardium Rarely thickened pericardium
Endomyocardial biopsy Normal or nonspecific changes Nonspecific abnormalities

TABLE  
22-4
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characteristic limited stroke volume, heart rate with atrial contrac-
tion is important to support CO. Enlarging atria may increase the risk 
for supraventricular arrhythmias. The lower CO and enlarging atria 
make chronic anticoagulation important in view of the risk for throm-
bin formation. A surgical option for RCM is rare with the exception 
of endomyocardial fibrosis with eosinophilic cardiomyopathy. The 
fibrotic endocardium may be excised in combination with mitral or 
tricuspid valve replacement.

Survival with RCM depends largely on the causative factor. True 
idiopathic RCM has a 5-year overall survival rate of 64%, but if increas-
ing signs of pulmonary venous congestion appear, the prognosis wors-
ens.150 Transplantation is not always an option for adults with RCM 
because the processes responsible for RCM would invariably affect the 
newly transplanted heart.

Anesthetic Considerations
Adults with RCM rarely require cardiac surgery for reasons other 
than mitral or tricuspid valve replacement and transplantation.159 
Occasionally, anesthesia will be administered for a scheduled peri-
cardiectomy only to discover RCM instead of CP. Despite essentially 

 normal ventricular systolic function, the diastolic dysfunction and 
filling abnormalities result in a poor CO and systemic perfusion.153 
Aggressive preoperative diuretic therapy may contribute hypotension 
secondary to inadequate circulating blood volume. In contrast, pul-
monary congestion resulting in increased airway pressures may impair 
oxygen delivery to the tissues.

Induction of anesthesia should avoid medications associated with 
decreased venous return, bradycardia, or myocardial depression. 
Fentanyl (30 g/kg) or sufentanil (5 g/kg) provides stable hemody-
namics for induction and maintenance in patients with poor myo-
cardial function. These anesthetics provide minimal hemodynamic 
fluctuation in patients undergoing cardiac surgery for valvular disease 
who have developed severe preexisting volume or pressure loads on the 
heart. Etomidate is an excellent alternative or adjuvant to fentanyl as 
an induction agent because it has minimal effect on contractility of the 
cardiac muscle as demonstrated in patients undergoing cardiac trans-
plantation.96 Similarly, ketamine has been advocated for induction in 
patients with cardiac tamponade or CP because sympathetic activ-
ity is preserved. Ketamine is an excellent choice to use with fentanyl 
for induction in patients with severe myocardial dysfunction and low 

E , early peak velocity; IVRT, isovolumic relation time; RVSP, right ventricular systolic pressure; S/D, systolic/diastolic; Vp, propagation velocity.
From Tam JW, Shaikh N, Sutherland E: Echocardiographic assessment of patients with hypertrophic and restrictive cardiomyopathy: imaging and echocardiography. Curr Opin Cardiol 

17:474, 2002.

Doppler and Echocardiographic Features Differentiating Restrictive Cardiomyopathy and Constrictive Pericarditis

Modality Restrictive Cardiomyopathy Constrictive Pericarditis

M-mode No septal notch Septal notch
2D No septal shudder Septal shudder
Pulsed-wave mitral and tricuspid inflow Less variation Prominent respiratory variation (> 10%)

Significant decrease in IVRT from inspiration to expiration (usually noted in the first 
beat after expiration)

Pulsed-wave pulmonary vein Less variation Significant increase (> 18%) in peak diastolic velocity from inspiration to expiration
S/D ratio < 0.4 S/D ratio  0.65 in inspiration

Pulsed-wave hepatic veins > 25% reduction in diastolic forward flow
Prominent late diastolic flow reversal after the onset of expiration

RVSP > 40 mm Hg < 40 mm Hg
Tricuspid regurgitation Less respiratory change Marked inspiratory increase in peak velocity, time-velocity integral, and duration of jet
Tissue-Doppler mitral annulus E  < 8 cm/sec

E/E  > 15
E   8 cm/sec
E/E  < 15

Color M-mode Vp < 45 cm/sec Vp  100 cm/sec

TABLE  
22-5

CCB, calcium channel blocker.
From Chatterjee K, Alpert J: Constrictive pericarditis and restrictive cardiomyopathy: Similarities and differences. Heart Failure Mont 3:125, 2003.

Treatment Strategies in Restrictive Cardiomyopathy

Etiology Specific Symptom Treatment

Idiopathic To relieve congestion Diuretics
Control of heart rate -Blockers, amiodarone, heart rate regulating CCBs
Atrial fibrillation:  

to maintain sinus rhythm 
paroxysmal or persistent

Amiodarone, dofetilide
Long-term anticoagulation

To control ventricular rate -Blockers, heart rate–regulating calcium channel blockers, amiodarone, digoxin, 
atrioventricular node ablation and pacemaker

Atrioventricular block Dual-chamber pacing
To enhance myocardial relaxation Calcium channel blockers (unproven), angiotensin inhibition (unproven)
Refractory heart failure Cardiac transplantation

Amyloidosis Melphalan, prednisone, and colchicine; stem cell implant (under investigation); heart and liver 
transplant (in rare instances)

Hemochromatosis Phlebotomy, desferrioxamine
Carcinoid heart disease Somatostatin analogs; serotonin antagonists; valvuloplasty for severe tricuspid and pulmonary 

stenosis; valve replacement for severe tricuspid and pulmonary regurgitation
Sarcoidosis Corticosteroids; pacemaker for heart block; implantable cardioverter defibrillator for ventricular 

arrhythmia; cardiac transplant for refractory heart failure
Eosinophilic endocarditis Initial stage: corticosteroids, hydroxyurea, vincristine
Endomyocardial fibrosis Endocardiectomy with repair or replacement of tricuspid and mitral valves

TABLE  
22-6



696 SECTION IV Anesthesia and Transesophageal Echocardiography for Cardiac Surgery

CO caused by cardiomyopathy. Concerns of exacerbating PAH with 
 ketamine are unfounded if ventilation is maintained. Shorter-acting 
narcotics such as remifentanil may be unsuitable for patients with RCM 
because of a greater incidence of bradycardia and severe hypotension.94 
Fentanyl-etomidate-isoflurane has been shown superior to remifen-
tanil-sevoflurane in terms of maintaining arterial pressure and heart 
rate.95 Propofol may have no direct myocardial depression, but indi-
rect inhibition of sympathetic activity and a vasodilatory property may 
cause hemodynamic instability in patients with RCM. Sevoflurane and 
desflurane are attractive agents for maintenance of anesthesia in this 
population because they have been shown not to adversely affect the 
ability of the LV to respond to increased work despite their negative 
inotropic properties.104

Invasive hemodynamic monitoring is important because both left 
and right filling pressures do not accurately reflect ventricular volumes, 
so small volume shifts may greatly impact CO. Inotropic support may 
be indicated to support hemodynamics because the risk for death from 
low CO is high. Despite chronic CHF, diuretics and vasodilators may 
be deleterious because greater filling pressures are needed to main-
tain CO. Some individuals may be sensitive to -blockers and cardiac 
 glycosides.153 Patients may be chronically taking amiodarone, which 
has a negative inotropic effect that interacts with volatile agents to fur-
ther reduce contractility and conduction, requiring careful  titration 
of  these anesthetic agents.108

Arrhythmogenic Right Ventricular 
Cardiomyopathy
Formerly called arrhythmogenic right ventricular dysphasia, arrhyth-
mogenic right ventricular cardiomyopathy (ARVC) was defined by 
the 1995 WHO as “progressive fibrofatty replacement of right ven-
tricular myocardium, initially with typical regional and later global 
right ventricular and some left ventricular involvement, with relative 
sparing of the septum.”59 Evidence of a more progressive involvement 
of not only the RV but LV with long-term follow-up convinced the 
WHO to classify ARVC as a “disease of the myocardium” that incor-
porates the many different clinical presentations and aspects of this 
condition.

ARVC is familial in 30% to 50% of cases, with primarily autosomal 
dominant inheritance with variable expressivity and reduced pene-
trance.65 The incidence and prevalence are uncertain, but it usually 
appears during adolescence, though it may occur in younger indi-
viduals. It presents most commonly with the onset of arrhythmias 
ranging from premature ventricular contractions to ventricular fibril-
lation originating from the RV. The disease is now known to proceed 
through three phases: (1) concealed phase without symptoms but 
some EP changes that place patients at risk for sudden death; (2) overt 
arrhythmias; and (3) advanced stage with myocardial loss, biventricu-
lar involvement with CHF.160 Diagnosis is rare in the early stages,161 
but not at autopsy.162 Distinguishing symptoms may be missing when 
the structural and functional changes are present or absent in the 
RV.163 Standard diagnostic criteria have continued to be revised.164 
Postmortem examination reveals diffuse or segmental loss of myo-
cardium, primarily in the RV, replaced with fat and fibrous tissue, and 
right ventricular dilation and thinning of the wall (Figure 22-25). The 
diagnosis also includes the functional changes associated with the 
RV beyond the structural alterations. These changes are believed to 
occur by three possible mechanisms: myoblasts differentiate to adi-
poblasts, apoptosis, or inflammation.161 An inflammatory process is 
evident within the myocardial tissue. The replacement of myocardium 
with fat and fibrous tissue creates an excellent environment for a fatal 
arrhythmia, possibly the first sign of ARVC.160 Although considered 
a disease of the RV, left ventricular involvement also can occur and 
even precede RV presentation.165 Sudden death occurs in up to 75% 
of patients, although it is difficult to accurately state in view of num-
ber of patients who go undiagnosed. Sudden death occurs most often 

during sports-related exercise, primarily from ventricular tachycardia/
fibrillation.166 Although a rare disease, it accounts for 20% of sudden 
deaths in the young.163

The electrical instability characteristic of ARVC is not solely respon-
sible for the natural history of the disease. Clinical presentation may 
range from asymptomatic myopathic involvement to overt clinical 
disease with diffuse biventricular involvement.160,166 Progressive right 
and left ventricular dysfunction can be appreciated with serial echo 
examinations. Echo findings from 29 patients with ARVC have been 
described (Figure 22-26).167 The systolic and diastolic right ventricu-
lar outflow tract dimensions were increased on 2D echo. Regional wall 
motion abnormalities of the RV were common, and more than half of 
patients had abnormal right ventricular systolic function. Right ven-
tricular trabeculations were also commonly found. Although there 
are typical echo features in ARVC, the disease may present before 
the appearance of these morphologic features. Recently, it has been 
shown that significant ventricular mechanical dyssynchrony is present 
in 50% of patients.168 This leads to a more dilated RV, as well as one 
with poorer function compared with those without it. Myocardial loss 
with progressive  ventricular dysfunction progresses ultimately to CHF, 
accounting for 20% of deaths. End-stage ARVC may be difficult to dis-
tinguish from DCM because the extent of left ventricular involvement 
only recently has been appreciated.

Diagnosis is based on ECG, structure, genetic studies, and arrhyth-
mias.161 The characteristic ECG includes inverted T waves in the right 
precordial leads, QRS prolongation > 110 milliseconds, and extra-
systoles with left bundle branch block. Diagnosis may depend on 
endomyocardial biopsy to reveal the distinctive changes of ARVC, 
yet is unrewarding if the biopsy is obtained from the septal area of 
the myocardium known for its lack of characteristic features.63 A new 
 immunohistochemical analysis of a biopsy sample has proved to be 
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Figure 22-25 A, Gross view of the RV outflow tract showing severe trans-
mural loss of the RV freewall and infundibular parchment-like aneurysm. 
B, Histologic view at high magnification of surviving degenerated RV 
myocytes in the setting of extensive fatty replacement and tiny interstitial 
fibrosis. C, Gross and (D) histologic sections of the anterior left ventric-
ular wall showing striking subepicardial fatty infiltration and fibrosis. (From 
Corrado D, Basso C, Thiene G, et al: Spectrum of clinicopathologic mani-
festations of arrhythmogenic right ventricular cardiomyopathy/dysplasia: 
A multicenter study. J Am Coll Cardiol 30;1517, 1997, by permission.)
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highly sensitive and  specific for the identification of ARVC.169 The 
importance of this test is that it has been used to differentiate those 
patients in the early stages of the disease from the more advanced 
state. A prospective longitudinal study examined 108 newly diag-
nosed patients over a 2-year period and found that their clinical pro-
file differed from the patient with the more advanced disease. This 
finding may offer some options for future treatments.163

Anesthetic Considerations
Two adolescents undergoing routine operations were reported to 
experience development of refractory arrhythmias and sudden death 
after general anesthesia.162 Autopsy demonstrated typical features of 
ARVC. A family history of sudden death or syncope at an early age 
should heighten the awareness for diagnosis of ARVC and merits fur-
ther evaluation.161 During the course of ARVC, arrhythmias of both a 
supraventricular and ventricular nature may occur at any time. Because 
arrhythmias are more likely in the perioperative period, noxious stim-
uli, hypovolemia, hypercarbia, and light anesthesia must be minimized 

intraoperatively and during recovery. However, general anesthesia 
alone does not appear to be arrhythmogenic. Houfani et al162 reported 
that more than 200 patients with ARVC underwent general anesthe-
sia without a single cardiac arrest. Anesthesia has been conducted 
 successfully with propofol, midazolam, and alfentanil.161 Acidosis may 
be especially detrimental because of its effect on arrhythmia generation 
and myocardial function.

Currently, there are no guidelines for arrhythmia prophylaxis. 
Amiodarone is the first line of antiarrhythmic medication during 
anesthesia. Empiric administration of antiarrhythmia agents is inef-
fective at preventing arrhythmias or sudden death in these patients.166 
Sotalol appears to be the only antiarrhythmic that may reduce 
arrhythmias. Placement of an implantable cardioverter- defibrillator 
is beneficial. Link et al170 identified 12 patients with ARVC who 
had implantable cardioverter-defibrillators placed and determined 
8 patients had appropriate discharges for ventricular tachycardia. 
Subsequently, it has been reported that placement of an implantable 
cardioverter-defibrillator is associated with an excellent prognosis in 
patients with ARVC.160
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Figure 22-26 Echocardiographic views 
from probands meeting Task Force Criteria 
for arrhythmogenic right ventricular (RV) 
dysplasia. A, Right ventricular outflow tract 
(RVOT) enlargement for the parasternal long-
axis view. B, RVOT enlargement from the 
parasternal short-axis view. C, apical four-
chamber view showing a focal RV apical aneu-
rysm (arrow). D, apical four-chamber view 
showing excessive trabeculations (arrows).  
E, apical four-chamber view showing a hyper-
reflective moderator band (arrow). AoV, aor-
tic valve; LA, left atrium; LV, left ventricle; RA, 
right atrium. (From Yoerger DM, Marcus F, 
Sherrill D, et al: Echocardiographic findings in 
patients meeting task force criteria for arrhe-
nogenic right ventricular dysplasia. J Am Coll 
Cardiol 45:860–865, 2005, by permission.).
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MITRAL VALVE PROLAPSE
MVP with severe mitral regurgitation is a common reason for cardiac 
surgery today. Knowledge about MVP has evolved greatly since the 
1960s. Unrecognized as a part of the midsystolic click and systolic mur-
mur known as Barlow disease until 1961, the finding of mitral regur-
gitation in 1963 by Barlow et al171 in conjunction with the ballooning 
of the posterior mitral leaflet on angiography resulted in the condition 
called Barlow syndrome or floppy-valve syndrome. It was during this time 
that the true cause of MVP was understood to be a degenerative condi-
tion with myxoid found on histologic examination that caused thicken-
ing, elongation, and a change in the chords. With the advent of echo in 
1970, eventually a diagnosis based on 3D echo parameters of the normal 
mitral valve was derived in 1987 for MVP.172 In essence, only the valve 
that displayed prolapse in the long-axis view had “true” MVP.173 This 
allowed the “true” prevalence of MVP to be determined, as well as the 
specific process associated with the corresponding mitral regurgitation. 
Carpentier was further able to differentiate the degenerative changes 
of MVP from another causative factor that did not cause billowing of 
the valve or excess tissue, now referred to as “fibroelastic deficiency.”174 
Currently, MVP is known to be a structural and functional disorder 
affecting less than 1% of the population depending on accepted criteria 
for diagnosis.

MVP is a multifactorial valvular abnormality that may be caused 
by histologic abnormalities of the valve structure and surrounding 
structures of the myocardium.175 It is most likely a genetically inherited 
disease, but the genetic defect has not been identified. Transmission 
appears to be in an autosomal dominant manner. As the most com-
monly diagnosed cardiac valve abnormality, it occurs in adults who are 
otherwise healthy or in association with many pathologic conditions 
and is equally distributed between men and women (Box 22-2).175

Mitral valve leaflets normally close just before ventricular systole, 
thus preventing regurgitation of blood into the LA. In patients with 

degenerative valve disease, there are two forms: Barlow disease and 
fibroelastic deficiency. Barlow disease is believed to result from myx-
omatous degeneration of the mitral valve, elongation and thinning of 
the chordae tendineae, and the presence of redundant and excessive 
valve tissue. The mechanism is unknown, but regulation of the extracel-
lular matrix components appears to be a primary issue. Normal mitral 
valve leaflets may billow slightly with closure; but in MVP, redundant 
mitral leaflets prolapse into the LA during mid-to-late systole as the 
ventricle is emptied (Figure 22-27). Superior arching of the mitral leaf-
lets above the level of the atrioventricular ring is diagnostic for MVP. 
Distortion or malfunction of any of the component structures of the 
mitral valve may cause prolapse and generate audible clicks or regurgi-
tation associated with a murmur. If the chordae tendineae are length-
ened, the valves may billow even more and progress to prolapse when 
valve leaflets fail to appose each other. The degree of these changes will 
determine the presence of mitral regurgitation. The degenerative valve 
changes that are responsible for progression from an asymptomatic 
state with murmurs and systolic clicks to dyspnea with severe mitral 
regurgitation occur over an average of 25 years.176

Another category of MVP that was first identified by Carpentier with 
no billowing or excess valve tissue was fibroelastic deficiency.174 In this 
situation, the chords were thin and possibly ruptured, often involving 
a segment of the posterior leaflet. The mechanism is impaired connec-
tive tissue production caused by a deficiency of collagens, elastins, and 
proteoglycans, but the cause is unknown. The leaflet tissue is preserved. 
Unlike Barlow disease, symptoms generally arrive with chordal rupture, 
frequently with advancing age. This is a much less pronounced, general-
ized degeneration of the mitral valve than Barlow disease. Surgical repair 
also is less complex. Finally, even histologically normal mitral valves 
may prolapse.175 Normal mitral valve function depends on a number of 
factors including the size of the LV and mitral leaflets. Changes in these 
components may cause “innocent” MVP.

There are no universal criteria for diagnosis of MVP. Physical 
diagnosis and echo are the requirements for diagnosis of MVP. 
Auscultatory criteria that are strictly applied are highly sensitive for 
the diagnosis but lack some specificity. Typical auscultatory features 
are midsystolic click and late-systolic murmur. The click is related to 
deceleration of blood on the undersurface of the valve prolapsing into 
the LA. The murmur is late, with progressively increasing regurgita-
tion that results in a crescendo systolic murmur. Certain maneuvers 
aid with the auscultatory diagnosis of MVP such as Valsalva, squat-
ting, or leg raises that change the left ventricular end-diastolic volume 
to move the timing of the click within systole.175 Auscultatory findings 
may be absent despite echo determination of MVP. MVP is diagnosed 
more often now with 2D echo because recognition and assessment of 
the severity are superior. Given the saddle-shaped nature of the mitral 
annulus, the diagnosis of MVP is typically made from the parasternal 
long-axis view using TTE. MVP is defined as more than 2-mm dis-
placement of one or both mitral leaflets into the LA during systole. If 
the mitral  leaflets appear thickened or myxomatous, the diagnosis is 

A B C
Figure 22-27 Diagrammatic representation of the functional 
pathology of the mitral valve mechanism. A, Mitral valve prolapse. 
Regurgitation is present. B, Billowing mitral valve without prolapse or 
regurgitation. C, Billowing and prolapsed mitral leaflets with regurgita-
tion. (From Barlow JB, Pocock WA: Mitral valve prolapse enigma—two 
decades later. Mod Concepts Cardiovasc Dis 53:13, 1984, by permission 
of American Heart Association.)

BOX 22-2. CONDITIONS ASSOCIATED WITH 
MITRAL VALVE PROLAPSE

Connective Tissue Disorders—Genetic
Mitral valve prolapse—isolated
Marfan syndrome
Ehlers-Danlos syndrome—types I, II, IV
Pseudoxanthoma elasticum
Osteogenesis imperfecta
Polycystic kidneys

Other Genetic Disorders
Duchenne muscular dystrophy
Myotonic dystrophy
Fragile X syndrome
Mucopolysaccharidoses

Acquired Collagen—Vascular Disorders
Systemic lupus erythematosus
Relapsing polychondritis
Rheumatic endocarditis
Polyarteritis nodosa

Other Associated Disorders
Atrial septal defect—secundum
Hypertrophic obstructive cardiomyopathy
Wolff-Parkinson-White syndrome
Papillary muscle dysfunction

Ischemic heart disease
Myocarditis

Cardiac trauma
Postmitral valve surgery
von Willebrand disease

From Robert A. O'Rourke (ed): Current Problems in Cardiology. 1991, p 333.
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more  certain. Color Doppler and continuous-wave Doppler imaging 
can quantify the degree of mitral regurgitation when it is present.

Most patients with MVP are asymptomatic, but symptoms may 
range from mild to severe. Altered autonomic function, catecholamine 
responsiveness, or possibly a combination of the two may account 
for complaints of chest pain, fatigue, palpitations, dyspnea, dizziness, 
syncope, and panic attacks among others. These symptoms and some 
clinical findings of thin body type, low blood pressure, and ECG repo-
larization abnormalities have been associated with MVP and termed 
MVP syndrome.175 However, controlled studies have identified palpi-
tations as the only symptom linked to MVP. Nearly 50% of patients 
describe palpitations.177 Neuropsychiatric symptoms are no lon-
ger considered a part of MVP. The possibility of a complex of unex-
plained cardiovascular symptoms associated with MVP has not been 
completely eliminated and may exist in a few patients. The cause may 
be abnormal autonomic activity that leads to symptoms of vasocon-
striction, enhanced -receptor activity, and decreased plasma volume; 
 however, a relation with MVP remains undefined.

The prognosis for most MVP patients is excellent with a normal 
life expectancy.175 Development of severe echo abnormalities is rare 
in patients with MVP. Although a benign course is typical for many 
patients with MVP, serious complications such as severe mitral regur-
gitation, infective endocarditis, sudden death, and cerebral ischemia 
may occur. The incidence rates of cardiovascular morbidity and mor-
tality in MVP are just under 1% per year.178 It is a subset of patients 
who appear to be at increased risk for serious complications that may 
be defined by echo and clinical findings. These risk factors vary from 
reduced left ventricular systolic function to valve thickening greater 
than 5 mm to others that have been described.175

Mitral regurgitation is the most serious complication associated 
with MVP. Severe mitral regurgitation develops in approximately 2% 
to 4% of patients with MVP, two thirds of whom are male.177 Most 
patients will have mild-to-moderate mitral regurgitation that does 
not require surgery. MVP is the most common cause of severe mitral 
regurgitation, and its onset signals the need for therapeutic interven-
tion. Irrespective of symptoms, the onset of severe mitral regurgita-
tion can result in reduced life expectancy. Patients are usually younger 
than 60 years with Barlow's form of MVP and mitral regurgitation. 
Mitral regurgitation in Barlow disease is not caused by the billowing 
of the leaflet body but from the marginal prolapse (Figure 22-28).174 
The annulus is severely dilated. The posterior leaflet is affected more 
 frequently than the anterior leaflet. Changes often are observed at the 
site of chordal insertion leading to rupture of the chordae and tether-
ing of the valve leaflet. With the onset of severe mitral regurgitation, 
PAH, left atrial enlargement, and atrial fibrillation frequently emerge. 
Early repair is recommended to preserve left ventricular function and 
reduce the likelihood of atrial fibrillation.

The management of MVP and mitral regurgitation without symp-
toms continues to be reconsidered in terms of the timing for cardiac 
surgery, especially in view of the risk for mitral valve repair and the 

improved outcomes associated with earlier surgery. Without overt 
symptoms, the degree of ventricular dysfunction may be worsening, 
unknowingly placing the patient at increased risk for permanent dys-
function and worse surgical outcome.175 Male individuals are three 
times more likely to require surgery than female individuals, even 
though there is no difference in the overall incidence of MVP between 
them. Noninvasive monitoring of mitral regurgitation and develop-
ing left ventricular dysfunction may help evaluate the optimal time for 
 surgery. Flail mitral leaflet is an especially important risk for a poor 
surgical outcome if not addressed immediately.

Mitral valve repair is widely recommended for treatment of MVP 
compared with replacement. It provides long-term benefit with either 
causes of MVP and a low rate of recurrence.179 Mitral valve repair 
confers a significantly improved operative survival, as well as 5- and 
10-year survival, compared with mitral valve replacement.180 The Cox 
maze procedure may be added to mitral valve repair safely to effec-
tively reduce late complications of mitral valve disease.181 Advantages 
of mitral valve repair compared with replacement include lower risks 
for thromboembolism, bleeding, and infectious endocarditis, tempo-
rary anticoagulation, and better ventricular function because the valve 
structure is preserved.182 Most patients with degenerative mitral disease 
(90%)183 are able to undergo repair with low morbidity and mortal-
ity with excellent long-term outcomes according to retrospective stud-
ies.184 Recently, there has been a prospective, observational study of 
patients who underwent mitral valve repair or replacement for mitral 
regurgitation (ischemic and degenerative causes), and it found a statis-
tically significant survival benefit in those who had repair.185 Notably, 
repair of the valve returns the patient to a similar life expectancy with 
a comparable noncardiac surgical patient.

Posterior leaflet prolapse is the most common defect in mitral 
 regurgitation.175 The posterior leaflet repair is very low risk, but the 
bileaflet repair is more technically challenging, requiring more skill and 
advanced techniques. The anterior prolapse repair has a greater rate 
of reoperation and decreased survival.184 Recently, the use of robotic 
technology has advanced to a point that allows safe and feasible mitral 
repair in these circumstances, although there is no long-term follow-
up.186 Surgical strategy does not involve annular plication and annu-
loplasty for annular dilation, but leaflet resection for excessive valve 
tissue to restore the normal valvular geometry (Figure 22-29). Once 
the repair is completed and the patient has separated from CPB, it is 
important to observe for SAM so it can be surgically corrected imme-
diately. All valves cannot be successfully repaired, whereon 10% with 
prolapse of a degenerative mitral posterior leaflet require mitral valve 
replacement (see Chapter 19).

The association of arrhythmias and sudden death with MVP is a 
long-held observation. Premature atrial and ventricular beats, atrio-
ventricular block, and supraventricular or ventricular tachyarrhyth-
mias are common during ambulatory monitoring in adults with 
MVP.187 The causes of these arrhythmias are multifactorial, probably 
combining an anatomic substrate with some form of dysautonomia.188 
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Figure 22-28 Left, Transesophageal long-axis view of the left ventricular (LV) outflow tract. Note the hypertrophy of the basal portion of the inter-
ventricular septum. Middle, Similar image during systole revealing bileaflet prolapse of the mitral valve. With color-Doppler imaging (right), at least 
three jets of mitral regurgitation (arrows) are noted. AV, aortic valve; LA, left atrium.
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Mechanisms that have been proposed for arrhythmias include ventric-
ular enlargement, hyperadrenergic states, electrolyte imbalances, and 
mechanical irritation of the ventricle because of traction of the chor-
dae tendineae. Arrhythmias may be secondary to mitral regurgitation, 
not MVP. According to a study of individuals with nonischemic mitral 
regurgitation, complex arrhythmias were common and equally preva-
lent regardless of whether the patient had MVP.189 Ventricular tachy-
cardia occurred in 35% of those subjects with mitral regurgitation, in 
contrast with only 5% of participants with MVP alone. Similarly, the 
risk for sudden death for patients with MVP may be related to mitral 
regurgitation in view of a reduction in ventricular arrhythmias that 
occurred with mitral valve repair or replacement.

The occurrence of sudden death with MVP in adults has been 
debated for years. The risk is low, with an estimated yearly rate of 40 
per 10,000, but this is twice the expected rate in the population.175 
Sudden death does occur within families of patients with MVP.187 The 
ECG is abnormal in approximately two thirds of persons with MVP, 

but  ambulatory ECG monitoring does not show an excess of atrial or 
ventricular arrhythmias unless accompanied by severe mitral regur-
gitation.175 EP testing has been unable to identify an arrhythmogenic 
focus or reliably identify those at increased risk, but it is useful in the 
pharmacologic management of patients with ongoing complex sus-
tainable arrhythmias. Patients with severe mitral regurgitation, flail 
 segment, and depressed LV appear to be at greater risk for sudden death. 
Prophylaxis has not averted sudden death in high-risk patients with 
severe mitral regurgitation. An implantable cardioverter- defibrillator 
is a consideration in patients with inducible ventricular tachycardia or 
ventricular fibrillation, but these patients are rare.190 In general, most 
low-risk patients do not require treatment for either their symptoms or 
prevention of sudden death.

MVP has been reported to be associated with cerebral ischemic 
events, especially in the young. Mitral cusp elongation and expansion 
that occur with MVP may generate thrombus, vegetation, and calcifi-
cation of the mitral valve. Mobile masses have been found in conjunc-
tion with cerebral events. However, a population-based cohort study 
involving 1079 patients found no difference in the incidence of strokes 
in patients younger than 45 years with MVP unless another cardiac 
disease process was present.191 In contrast, a more recent study of indi-
viduals in Olmsted County of Rochester, Minnesota, found the inci-
dence rate of stroke was 0.07%/year, almost twice the normal rate.192 
The strongest factors associated with increased risk in these patients 
with MVP included thick valves, mitral valve surgery, atrial fibrillation, 
and age (> 50 years). Factors that were independently associated with 
stroke were advanced age, coronary artery disease, CHF, and diabetes.

Bacterial endocarditis is an infrequent complication of MVP, but 
its incidence is three to eight times greater in these individuals than 
the general population.177 Male patients are three times more likely 
to experience development of endocarditis. Current guidelines from 
the American Heart Association are specific and do not recommend 
antibiotic prophylaxis for individuals without a prosthetic cardiac 
valve, complex congenital heart disease, postcardiac transplant valvu-
lar lesions, or a history of bacterial endocarditis.193 Patients with iso-
lated clicks probably do not benefit from antibiotic prophylaxis, but 
cost-effectiveness with MVP has been proved nonetheless.194 Patients 
at greater risk for development of endocarditis (previous bacterial 
endocarditis, systolic murmurs, thickened leaflets, or mitral regurgi-
tation) should receive antibiotics before undergoing procedures com-
monly associated with bacteremia because the risk increases to about 
0.05% per year.175 The turbulent flow from the mitral regurgitation and 
the thickened valve tissue may cause the increased risk for infection. 
Patients who may require oral endotracheal intubation or fiberoptic 
bronchoscopy do not require antibiotic prophylaxis.176 Unfortunately, 
as recommendations regarding antibiotic prophylaxis have continued 
to be modified over the years, there is still insufficient evidence to guide 
the physician on the issue of prophylaxis and MVP.

Anesthetic Considerations
It is important to understand the broad nature of the condition called 
MVP with respect to anesthetic considerations. Most individuals with 
MVP have an uncomplicated general anesthetic because they have MVP 
without serious complications, often referred to as “MVP syndrome.” 
These patients are usually younger than 45 years, with few risk factors 
for anesthesia. Invasive monitoring usually is unnecessary. Patients may 
be taking -blockers. Preoperative sedation is useful to suppress a pos-
sible increased sensitivity to catecholamines. Painful stimuli may exac-
erbate the autonomic system, possibly causing arrhythmias, although 
rarely malignant in nature. Significant decreases in left ventricular end-
diastolic volume and SVR, or increased contractility and tachycardia 
should be minimized because MVP may be enhanced such that CO and 
coronary perfusion are decreased. Intraoperative arrhythmias usually 
resolve spontaneously or respond to standard therapy. If an arrhythmia 
occurs, adequate oxygenation should be confirmed and other causes 
of intraoperative arrhythmias investigated. If -blockers are required 
perioperatively, esmolol will avoid the potential for prolonged block-
ade that might cause hemodynamically significant bradycardia.
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Figure 22-29 Mitral valve repair with sliding annuloplasty tech-
nique. A, Quadrangular section removed from the posterior leaflet, 
remainder of the leaflet freed from annulus. B, Middle scallop reapprox-
imated and sliding repair undertaken by suturing posterior leaflet to the 
annulus, shortening the leaflet. C, Finally, annuloplasty band applied 
to reinforce the posterior valve. (From Gillinov AM, Cosgrove DM 3rd, 
Shiota T, et al: Cosgrove-Edwards annuloplasty system: Midterm results. 
Ann Thorac Surg 69:717–72, 2000, by permission.)
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Anticholinergic preoperative medications are best avoided despite 
an increased vagal tone in MVP. A moderate anesthetic depth is desir-
able to minimize catecholamine levels and potential arrhythmias. 
Ketamine or drugs that have sympathomimetic effects must be admin-
istered with caution. Volatile anesthetics sensitize the heart to cate-
cholamines and, thus, potentially promote arrhythmias. Isoflurane is 
probably less sensitizing than halothane, but autonomic imbalance 
may actually be more important in arrhythmogenesis than any direct 
effect of volatile agents in patients with MVP. These patients with MVP 
syndrome have been shown to possess good left ventricular function 
if mitral regurgitation or coronary artery disease is absent195; there-
fore, myocardial depression from volatile agents will be well tolerated. 
Narcotics such as fentanyl will block sympathetic responses and pro-
mote hemodynamic stability; however, prolonged postoperative respi-
ratory depression is a disadvantage with higher doses. Shorter-acting 
narcotics such as alfentanil and remifentanil, as well as other intra-
venous agents such as propofol, are available to facilitate rapid extu-
bation.196 Hypercapnia, hypoxia, and electrolyte disturbances increase 
ventricular excitability and should be corrected. If muscle relaxation 
is desired, vecuronium is an excellent choice because it does not cause 
tachycardia.

Patients with MVP who have mitral regurgitation or are at greater 
risk for complications warrant a different anesthetic approach com-
pared with those with MVP syndrome. Patients with more severe 
forms of MVP may rapidly go into CHF unexpectedly and require car-
diac surgery. The severity of mitral regurgitation will strongly influence 
anesthetic management. Routine monitoring for patients undergoing 
cardiac surgery should be utilized in these patients even if it is a non-
cardiac operation. Intraoperative TEE is placed after induction. Opioid 
agents provide excellent hemodynamic stability without depressing 
myocardial function.93 Although avoidance of ketamine has been rec-
ommended by some for patients with MVP syndrome, dosing less than 
0.5 mg/kg ketamine preserves hemodynamic stability in patients who 
are severely ill, especially used in combination with opioids such as 
fentanyl. Ketamine will better preserve sympathetic activity and blood 
pressure in hemodynamically compromised patients. More extensive 
review of anesthetic management of valvular disease is provided in 
Chapter 19.

Case Study 1
Mitral Valve Regurgitation and Septal Hypertrophy
The patient was an otherwise healthy 48-year-old woman referred for 
mitral valve surgery because of severe mitral regurgitation. She was 
thin and fit. Chest auscultation revealed regular rate and rhythm with a 
3/6 systolic murmur. Her preoperative TTE was remarkable for bileaf-
let prolapse, and an left ventricular ejection fraction of 68%. The sur-
geon reviewed the TEE and noted that the basal ventricular septum 
appeared hypertrophied. The surgeon was experienced in complex 
valve repair and believed the valve was repairable but was concerned 
that the septal hypertrophy would result in significant postoperative 
SAM of the mitral leaflet. He requested further evaluation with TEE 
before CPB was initiated.

The prebypass TEE confirmed the TTE findings. The basal ven-
tricular septum measured 21 mm (see Figure 22-28). At rest, there 
was no evidence of SAM or LVOT obstruction. It was decided to chal-
lenge the patient with isoproterenol. With 4 mg isoproterenol the heart 
rate increased from 70 to 135 beats/min, and the aortic blood pres-
sure decreased from 126/52 to 77/45. Under these conditions, the TEE 
showed a significant amount of SAM and turbulent flow in the LVOT 
with obstruction (Figure 22-30). Needles placed in the aorta and LV 
were transduced and revealed a gradient across the LVOT of 67 mm Hg. 
Based on these findings, the surgical plan was altered.

CPB was instituted and the heart arrested. The aorta was opened 
and myectomy was performed through the aortic valve. The mitral 
valve was repaired with a posterior leaflet resection, and neochordae 
were placed to the anterior leaflet. The patient was weaned from CPB. 

On TEE, a residual shelf of septal hypertrophy was seen. In addition, 
there was mild-to-moderate mitral regurgitation that was posteriorly 
directed and assumed because of tethering of the anterior leaflet by the 
neochordae. CPB was reinstituted; a second myectomy was  performed 
and the neochordae removed. After weaning from CPB there was no 
mitral regurgitation and the ventricular septum appeared adequately 
myectomized. With an isoproterenol challenge achieving similar hemo-
dynamics to those seen before CPB, there was no evidence of SAM or 
LVOT obstruction by TEE. There was no gradient when needles were 
placed in the aorta and LV. The patient had an uneventful postopera-
tive course.

In this instance, TEE was absolutely essential in guiding this complex 
mitral repair. It was able to determine the hemodynamic significance 
of the septal hypertrophy, the inadequacy of the initial myectomy, and 
the need to release the neochordae to the anterior leaflet. An alterna-
tive operation would have been mitral valve replacement. However, 
under TEE guidance, the patient received a mitral valve repair, which 
is superior to replacement for the reasons indicated earlier.

PATENT FORAMEN OVALE
A patent foramen ovale (PFO) is the most common congenital anom-
aly. It was first recognized as a causal relation with stroke in 1877197 and 
has since been proved one of the mechanisms of stroke.198 Air, throm-
bus, or fat may travel from the RA to the LA into the systemic circula-
tion, causing a paradoxic embolus that may affect cerebral or coronary 
circulations. For years, a PFO was identified in the catheterization lab-
oratory, surgery, or autopsy. The advent of echo with its availability and 
diagnostic capability has increased considerably the number of PFOs 
that are identified inside the operating room and in the outpatient set-
ting. The ability to so readily and safely close a PFO without surgery 
has created the need to develop guidelines to address the management 
of PFO.199

The foramen ovale is present during fetal circulation to direct better 
oxygenated blood from the umbilical veins through the Eustachian valve 
selectively into the LA. At birth, pulmonary vascular resistance declines 
dramatically, increasing left atrial blood return that increases the left 
atrial pressure more than the right atrial pressure, causing a functional 
closure of the foramen ovale. If the flaplike covering from the septum 
primum does not fuse with the septum secundum over a period of a 
year, there is anatomic failure of closure forming a PFO (Figure 22-31). 
Any condition that results in right atrial pressures exceeding left atrial 
pressures after birth causes a right-to-left shunt. A left-heart condition 
that results in left atrial pressures exceeding right atrial pressures causes 
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Figure 22-30 Midesophageal long-axis view of the left ventricular out-
flow tract (LVOT) after administration of isoproterenol. The heart rate 
has increased and the blood pressure has decreased. The mitral regur-
gitation (yellow arrow) has worsened, and now there is aliasing of the 
color-Doppler signal in the LVOT (white arrow) indicating turbulence of 
blood flow. AO, aorta; LV, left ventricle.
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a left-to-right shunt. An individual may remain asymptomatic for years 
with a PFO depending on the size of the shunt.

The incidence of PFO in the population has varied depending on 
the study and diagnostic technique. Hagen et al200 reported a 27% inci-
dence rate of PFO in nearly 1000 autopsies. This study is considered 
by many to be the definitive data on incidence of PFO. Subsequent 
studies involving various modes of echo have reported the incidence 
rate of PFO in the population to be between 3% and 45%.201 A recent 
retrospective study reviewing more than 10 years of cardiac surgery in 
13,000 patients reported an incidence rate of PFO as 17% with TEE.202 
TTE is now recognized as less sensitive than TEE, possibly account-
ing for such variation in previous studies regarding the incidence of 
PFO. TEE, with its higher image resolution than other methods and 
100% sensitivity and specificity with autopsy findings, has become the 
gold standard for diagnosis of PFO (Figure 22-32).201 Because TEE is 
more invasive, additional technical advances in both TEE and transcra-
nial Doppler have improved their sensitivity, and when combined, they 
may be adequate for PFO screening purposes.203

Although a number of conditions are associated with PFO (Box 22-3) 
that may merit consideration for therapy, stroke receives the most atten-
tion. Approximately 700,000 strokes occur each year in the United States, 
with 20% considered cryptogenic. A PFO is present in 40% to 50% of 
those strokes.204 In those individuals with a history of cerebral events, 
the prevalence rate of PFO ranges from 7% to 40% depending on the 

 diagnostic technique.205 Several studies show a strong relation between 
cryptogenic stroke and PFO based on epidemiologic evidence,198 but 
others dispute it. Petty et al206 conducted a population-based study 
observing TEE in patients with cerebral ischemic events compared with 
control subjects who had TEE, but not for cerebral ischemic events, 
to eliminate bias present in other studies regarding PFO. They found 
that PFO was not an independent risk factor for stroke even when 
 considering the size of the shunt. Although some recognize the PFO as 
an increased risk for cryptogenic stroke, it remains inconclusive.

The decision to close a PFO will include individual risk factors for 
stroke or other complications such as hypoxia that may occur with 
PFO. Paradoxical embolus is more common if atrial septal aneurysm, 
large Eustachian valve, migraines, and older age (  50 years) are present. 

View from Right Sagittal Side Coronal View

Septum secundum
(upper limb)

Septum secundum
upper limb

Foramen secundum
Foramen ovale

Foramen ovale

Valve foramen ovale
from septum primum

Septum
lower limb secundum

Septum secundum
lower limb

Remnant of
foramen secundum

Degenerating part of
septum primum

Foramen ovale closed
(by valve of 

foramen ovale)

Superior vena cava

Inferior vena cava

Foramen ovale open
Valve of

foramen ovale

Figure 22-31 Embryologic development of the interatrial septum. 
(From Hara H, Virmani R, Ladich E, et al: Patent foramen ovale: cur-
rent pathology, pathophysiology, and clinical status. J Am Coll Cardiol 
46:1768–1776, 2005, by permission.)
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Figure 22-32 Transesophageal image from the midesophagus at 
75 degrees focusing on the interatrial septum. Color-Doppler imag-
ing readily reveals a moderate-sized shunt from the left atrium (LA) to 
the right atrium (RA) through a patent foramen ovale.

BOX 22-3. DISEASES AND RISKS ASSOCIATED 
WITH PATENT FORAMEN OVALE

Proved Causal Relation
Stroke
Transient ischemic attack
Myocardial infarction
Eye infarction
Visceral infarction
Arterial limb embolism
Economy class stroke syndrome
Platypnea orthodeoxia
Fat embolism in major orthopedic surgery
Air embolism in brain surgery in sitting position
Decompression illness

Presumed Causal Relation
Migraine (particularly with aura)
Transitory global amnesia
High-altitude pulmonary edema
Sleep apnea syndrome
Excessive snoring
Increased risk for systemic embolism in:

Deep sea divers
Brass musicians
Glass blowers
Professionals working in squatting position
Supersonic jet pilots
Astronauts

From Meier B: Catheter-based closure of the patent foramen ovale. Circulation 
120:1837–1841, 2009, by permission.
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Medium-to-large shunts in combination with any coagulation abnor-
malities are highly correlated with PFO and paradoxic embolus,199 and 
thrombus has been identified at the atrial septum in association with 
cryptogenic stroke.198 However, others found no relation to the size of 
the shunt with PFO and stroke.206

It is essential to perform a correct provocative measure to ensure 
right-to-left movement of air or contrast to diagnose a paradoxical 
embolus (Figure 22-33). Agitated saline directed through a central 
catheter with a Valsalva maneuver most commonly is used to confirm 
the diagnosis. The increased intrathoracic pressure from the Valsalva 
maneuver will lead to a temporary increased return of venous blood 
after the Valsalva has ended, so the right atrial pressure will exceed 
left atrial pressure briefly to allow contrast administered into the right 
internal jugular vein to pass to the LA.203 False-negative results may 
occur if the left atrial pressure is very increased so that the provocative 
measure does not cause right-to-left shunting.

Management of a PFO is very dependent on the circumstances. 
Medical therapy basically consists of various anticoagulation regi-
mens that may suffice for some; however, most observational and 
meta-analysis studies comparing medical therapy with percutaneous 
closure shows it to be inferior.207 Percutaneous closure of the PFO is 
indicated especially in those patients with recurrent paradoxic emboli. 
There is a reduction in the incidence of stroke.199 Another advantage 
over medical therapy is the lack of chronic anticoagulation.198 There 
are no randomized, prospective trials comparing medical therapy with 
percutaneous PFO closure to sufficiently answer the question of supe-
riority between options; however, in nonrandomized trials, short-term 
complications appear to slightly favor medical treatment over percuta-
neous closure.207

Closure of PFO is performed either surgically or percutaneously. 
Although available in the late 1980s, percutaneous closure of PFO really 
became popular in 1992 after a report describing successful closure of 
36 PFOs in patients with known right-to-left shunt and presumed 
paradoxical emboli.208 Percutaneous closure generally is performed 
in a catheterization laboratory with conscious sedation. Success rates 
( incidence of no residual shunting) have been good initially, but the 
methods used to evaluate success may have been flawed, accounting 
for the wide range of success rates between 50% and 100%.205 Recently, 
using transcranial Doppler to assess PFO closure, researchers found 
9% of patients to have significant shunting after only 1 year after per-
cutaneous closure.209 There are no data concerning the success rate of 
surgical compared with percutaneous closure. Although the percuta-
neous closure is being done routinely, complications occur in about 
1.5% of cases. They include cardiac perforation, air embolism with 
placement, thrombus formation, and even death.209

Currently, it is rare to surgically close an isolated PFO, with the safety 
and availability of percutaneous closure. However, use of intraoperative 
TEE during cardiac operations has increased the number of incidentally 
diagnosed PFOs. A recent retrospective look at more than 10 years of 
cardiac operations in 13,000 patients found 17% of cases with PFO.202 
Looking at the incidence of PFO year by year from 1995 to 2010, the 
incidence remained relatively static each year; however, the percentage 
of PFOs that were closed surgically increased to a maximum of 39% 
over that period. Not only are more PFOs closed as a percentage, but 
more surgeons as a percentage are choosing to close them over time.199 
The causes for these trends are not certain, but a PFO diagnosed inci-
dentally during surgery creates a dilemma for the surgeon. A majority of 
surgeons examine the circumstances, size of the PFO, and other criteria 
to decide on closure during the ongoing surgery.

The decision to close an incidental PFO during cardiac surgery is 
not always evident based on short- and long-term risk to the patient. 
Because the finding was incidental, recurrent paradoxic emboli and 
neurologic injury usually have not occurred. Certain conditions would 
almost mandate closure of the PFO, such as the insertion of a left ven-
tricular assist device that would promote paradoxic embolus203 or the 
onset of severe hypoxia because of increased right-sided pressures 
causing a large right-to-left shunt. Surgical PFO closure does not con-
fer additional morbidity or mortality based on retrospective review of 
all surgical closure of isolated PFOs from one institution that demon-
strated no mortality and minimal morbidity. Recent data have con-
firmed that adding PFO closure during cardiac surgery did not increase 
mortality.202 Surgical PFO closure is done routinely through a sterno-
tomy, but the use of new techniques of minimally invasive surgery also 
allow the incision to be a right thoracotomy. Closure requires CPB and 
cardioplegic arrest. Certain operations such as tricuspid or mitral valve 
repair or placement that include CPB and atriotomy require mini-
mal deviation from the originally planned procedure to close the PFO 
and, thus, incur little risk. In contrast, CABG performed without CPB 
would entail the risk of going on CPB, aortic cross-clamping, and other 
complications associated with extracorporeal circulation. The decision 
to close the incidental PFO may depend on the long-term risk of not 
closing it.

Based on a survey of cardiac surgeons, 27.9% of respondents always 
closed PFOs if detected during CABG.203 However, there really is no evi-
dence to indicate all PFOs found incidentally during a cardiac operation 
merit closure.202 A retrospective study looking at those with and with-
out PFOs showed no differences between stroke, hospital and intensive 
care unit (ICU) duration, MI, and death when propensity matching was 
applied for the comparison.202 Long-term follow-up for 10 years also 
did not demonstrate any difference between those who had PFOs and 
those without PFOs. Outcome for those who had PFOs repaired versus 
not repaired found no differences in outcome except for a slight but 
significantly increased incidence of stroke after surgery in the repaired 
group that could not be explained. Other than the concern for stroke, 
the risk for severe desaturation after surgery if there was no PFO closure 
was possible, but a case series of 11 off-pump CABG with incidental 
PFOs that were not closed showed no adverse problems perioperatively 
with desaturation.210 A subset of patients may exist who do not behave 
well perioperatively with off-pump CABG because of a PFO.

Anesthesia
Anesthesia management for PFO closure percutaneously requires only 
conscious sedation in most patients. Anesthesia management for clo-
sure of an incidental PFO requires little deviation from the original 
anesthetic management of the scheduled original cardiac operation. 
However, once the PFO has been identified, there are some consider-
ations specifically for a PFO.

Routine care for preventing venous air should be standard for car-
diac surgery. Obviously, there is a great need to be diligent with the 
injection of medications to remove extraneous air from entering the 
venous system. It is important to appreciate the potential for para-
doxic embolus with any patient who requires mechanical ventilation. 
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Figure 22-33 Transesophageal image from the midesophagus at 72 
degrees focusing on the interatrial septum. Agitated saline (double 
asterisk) is being used for contrast and can be seen in the right atrium 
(RA). With the release of a Valsalva maneuver, the contrast is seen to 
enter the left atrium (LA) through a small patent foramen ovale.
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In  situations in which the pulmonary vascular resistance may increase, 
such as during hypercapnia or with positive end-expiratory pres-
sure greater than 15 mm Hg, the potential for right-to-left shunting is 
increased.211 Choice of anesthetic seems to have little impact on man-
agement of PFO because the patients will tolerate most regimens.

Case Study 2
Incidental Patent Foramen Ovale Found during 
Coronary Artery Bypass Grafting Surgery
A 60-year-old man with a medical history of hypertension presented 
with angina on exertion. Specifically, he had bouts of recurring chest 
pain after jogging for 15 minutes on a treadmill. Previously, he had 
been able to jog for 30 minutes without difficulty. On physical exam-
ination, he appeared thin and fit. The heart was regular in rate and 
rhythm without a murmur, and the lungs were clear to auscultation. 
A stress echo was positive for ischemia and coronary angiography 
showed severe triple-vessel disease, so CABG was scheduled.

In the operating room, a TEE probe was placed for the purposes 
of monitoring ventricular function and evaluation of regional wall 
motion abnormalities. The prebypass examination revealed an ejection 
fraction of 65%, normal valves, and no regional wall motion abnor-
malities. The interatrial septum appeared redundant. Agitated saline 
was injected into the central line. After the release of sustained positive 
pressure ventilation, contrast was seen to enter the LA via a small PFO 
(see Figure 22-33). No shunt was detected by color-Doppler imaging.

The surgeon was informed of the previously undiagnosed PFO. 
A discussion ensued regarding the implications of repairing the PFO 
compared with leaving it undisturbed. The surgeon previously had not 
repaired a small PFO during CABG surgery, finding the patient had 
suffered a stroke, presumably because of a paradoxical embolism, 2 
years later. Given the patient's young age and previous experience, the 
surgeon elected to repair the PFO that altered the surgical planning. 
The cannulation strategy was changed from a single right atrial venous 
cannula to bicaval cannulation. A right atriotomy was performed, and 
the PFO was closed with two stitches. The patient was easily weaned 
from CPB and had an uneventful postoperative course.

PULMONARY HEMORRHAGE
Pulmonary hemorrhage occurs in about 1.5% of patients with hemop-
tysis,212 but mortality may reach 85%.213 The definition of mas-
sive hemoptysis varies but commonly is characterized as more than 
600 mL of expectorated blood over 24 hours or recurrent bleeding 
of greater than 100 mL per day for several days. Four hundred mil-
liliters of blood in the alveolar space seriously impairs oxygenation. 
Pulmonary hemorrhage may stabilize only to worsen again without an 
obvious explanation reflecting its unpredictable nature. Notably, death 
is not attributable to hemodynamic instability with hemorrhage but to 
excessive blood in the alveoli that causes hypoventilation and refrac-
tory hypoxia. Moreover, one clot may obstruct an entire lobe of the 
lungs. Mortality is related to the amount of bleeding that occurs over 
time.213,214 If more than 600 mL blood is lost over 16 hours, the mortal-
ity rate is 45%, whereas it is only 5% if blood loss totals 600 mL over 
48 hours. A delay in initiating treatment because of difficulty in isolat-
ing the location of bleeding contributes greatly to the high mortality of 
pulmonary hemorrhage.

Hemoptysis may occur with various diseases and circumstances 
(Table 22-7). In the United States, chronic inflammatory lung disease 
and bronchogenic carcinoma are the most common causes of hemop-
tysis.215 Of these causes, bronchitis (26%), lung cancer (23%), pneumo-
nia (10%), and tuberculosis (8%) are most frequent. The inflammatory 
response is an important factor in the occurrence of bleeding.216 The 
combination of chronic infection, inflammation, and vascular growth 
result in hypervascularization of the bronchial circulation that ulti-
mately erodes into the alveoli.217 Pulmonary hemorrhage also may 
result from vigorous suctioning of the lungs, surgery, and improper 

positioning of a PAC.218 Massive hemoptysis usually is an emergency 
because the underlying pulmonary disorder minimizes the patient's 
ability to tolerate it.

It is helpful to appreciate the anatomy of the pulmonary circulation 
to understand the pathogenesis of pulmonary hemorrhage. The lungs 
have a dual blood supply. The pulmonary arterial circuit is a high-flow, 
low-pressure circuit. The nutritive supply of the pulmonary structures 
is the bronchial arteries, which originate from the aorta. Bronchial 
arteries extend into many areas around the lymph nodes, esophagus, 
and lungs, ultimately penetrating the bronchial wall to supply the 
bronchial mucosa. The bronchial and pulmonary circulations anas-
tomose at several locations. Massive pulmonary hemorrhage usually 
involves bleeding caused by disruption of the high-pressure bronchial 
circulation.212 These high-pressure, tortuous bronchial arteries are 
found throughout the thoracic cage. They become dilated and rup-
ture or erode or feed into the lower pressure pulmonary veins that 
may easily rupture. The bronchial circulation accounts for 98% of 
 pulmonary hemorrhage, and the pulmonary circulation accounts for 
the remainder.214

Diagnosis of hemoptysis requires a few simple tests. Visual inspec-
tion usually can distinguish gastrointestinal bleeding from pulmo-
nary hemorrhage. Hemoptysis often is bright red with some sputum. 
Hemoptysis caused by pulmonary artery rupture usually is copious 
(200 to 2000 mL).218 Treatment begins with conservative management 

*Most common causes.
From Thompson AB, Tescheler H, Rennard SI: Pathogenesis, evaluation, and therapy 

for massive hemoptysis. Clin Chest Med 13:69, 1992.

Causes of Massive Hemoptysis

Tracheobronchial disorders

Amyloidosis
Bronchial adenoma
Bronchiectasis*
Bronchogenic carcinoma
Broncholithiasis
Bronchovascular fistula
Cystic fibrosis
Foreign body aspiration
Tracheobronchial trauma
Cardiovascular disorders
Congenital heart disease
Mitral stenosis
Pulmonary arteriovenous fistula
Septic pulmonary emboli
Ruptured thoracic aneurysm
Arteriovenous malformation
Localized parenchymal diseases
Amebiasis
Aspergilloma*
Atypical mycobacterial infection*
Coccidioidomycosis
Lung abscess
Mucormycosis
Pulmonary tuberculosis*
Diffuse parenchymal diseases
Goodpasture syndrome
Idiopathic pulmonary hemosiderosis
Polyarteritis nodosa
Systemic lupus erythematosus
Wegener's granulomatosis
Other
Pulmonary artery rupture from a pulmonary artery catheter
Iatrogenic (e.g., bronchoscopy, cardiac catheterization)
Pulmonary hypertension
Pulmonary edema
Pulmonary infarction

TABLE  
22-7
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and simultaneous efforts to locate the bleeding site. A chest roentgen-
ogram may reveal an infiltrate, but neither chest roentgenogram nor 
physical examination has been reliable in localizing the affected lung. 
Recently, better noninvasive technology such as the multidetector-row 
CT is capable of determining rapidly and accurately the site of bleed-
ing.215 Flexible bronchoscopy of the airways may be limited by severe 
bleeding that obscures the view and attempts should not persist, delay-
ing other therapies. Rigid bronchoscopy is better suited for identifica-
tion of bleeding during massive hemoptysis and the removal of any 
large clot that may be obstructing the airway. However, the view of the 
upper lobes is limited and requires general anesthesia. Instillation of 
epinephrine in the bronchi may facilitate better visualization by slow-
ing the bleeding. Ultimately, angiography of the pulmonary and bron-
chial arteries may be necessary to localize the source of the bleeding.213 
Imaging for bronchial artery bleeding begins with a thoracic aorto-
gram to localize all the main systemic arteries to the lungs that may 
be bronchial or nonbronchial. Once the feeding arteries are localized, 
selective bronchial arteriography is then used to identify the bleeding 
vessels.219

Therapeutic options for bleeding depend on the extent of bleed-
ing. Conservative treatment may suffice. Once the bleeding patient has 
been placed in the ICU and antibiotics administered, flexible bron-
choscopy may be able to identify the source of bleeding, as well as per-
form techniques to minimize hemorrhage such as epinephrine flush, 
cold-saline lavage, and possible balloon bronchial blockers to tam-
ponade any bleeding.220 Advancements in bronchoscopy have seen the 
successful use of topically applied agents consisting of oxidized regen-
erated cellulose mesh injected at the site of bleeding.215 In addition, 
the use of topically applied factor VIIa (FVIIa) has been reported in 
massive hemolysis secondary to a medical cause, although its use in 
this manner is off-label.217 FVIIa has been anecdotally reported benefi-
cial with massive hemoptysis despite low platelet count, trauma, vas-
culitis, and bone marrow transplant. Other medications that have been 
recommended for increasing clotting to reduce bleeding are Premarin, 
 desmopressin, vasopressin, and tranexamic acid.221

If bleeding continues to be heavy, a double-lumen endotracheal tube 
(ETT) is beneficial to isolate the bleeding from the unaffected lung, 
although placement may prove difficult in the midst of active bleeding. 
Misplacement of a double-lumen ETT occurs in 45% of patients after 
the initial attempt and 54% after patient positioning.222 If the patient 
was anticoagulated, airway manipulation in connection with double-
lumen ETT placement may incite further mucosal damage and bleed-
ing. A Fogarty catheter, as described by Larson and Gasior,223 may be 
passed within an existing ETT under bronchoscopic guidance to the 
affected bronchus, minimizing additional trauma to the airway caused 
by reintubation and protecting the uninvolved lung. The Univent ETT 
is an alternative to a double-lumen ETT but requires exchanging the 
existing ETT for the Univent tube. A single-lumen ETT should not be 
advanced into the right main bronchus if bleeding is believed to be in 
the right lung, because of the proximal location of the right upper lobe 
bronchus (see Chapter 24).

Continued bleeding after stabilization and conservative therapy 
necessitates bronchial artery embolization. First used in 1974 to stop 
massive hemoptysis,219 it is considered the first-line therapy for massive 
hemoptysis. It may stop the bleeding 75% to 98% of the time, but 16% 
to 20% of patients will rebleed in the following year.224–226 Bronchial 
artery embolization often is done simultaneously with the thoracic 
aortogram to identify the bleeding vessels. The offending vessels are 
injected with a form of polyvinyl alcohol particles, Gelfoam, and pos-
sibly dextran microspheres. A recent study found 88% of patients 
who underwent bronchial artery embolization had bleeding con-
trolled immediately and another group of patients (81%) had bleed-
ing stopped by 48 hours.227 Bronchial artery embolization has greatly 
advanced the success of dealing with pulmonary hemorrhage. It may 
require more than one procedure to be effective. Immediate recurrence 
of hemoptysis after embolization may be because of arteries that were 
not identified and not embolized. Latent hemoptysis is due to reca-
nalization or collateralization. Although it has proved effective, it is 

not without  complications, especially vascular complications such as 
coronary artery syndrome, spinal cord ischemia, and esophageal wall 
necrosis.219

The ability to use an array of treatment options in a multidisciplinary 
approach to this life-threatening condition will increase survival and 
reduce complications.220 Efforts to control bleeding for at least 48 hours 
with nonsurgical alternatives before surgery have reduced surgical mor-
tality and postoperative complications compared with earlier imple-
mentation of surgery for massive hemoptysis in the past. If bleeding 
continues unabated, exsanguination may be unavoidable, so surgery 
is the definitive treatment. A localized bleeding site and sufficient lung 
function are essential to determine before surgery because resection 
may extend to a pneumonectomy. Postoperative mortality rate varies 
tremendously from 1% to 50%.212 Surgery is contraindicated in those 
with lung carcinoma invading the trachea, mediastinum, heart or great 
vessels, terminal malignancy, and progressive pulmonary fibrosis.

Introduction of the PAC enabled physicians to obtain CO, SVR, and  
estimates of left ventricular performance and to detect early myocardial 
ischemia perioperatively, greatly increasing their use. Unfortunately, 
with more use, a rare but often fatal cause of pulmonary hemorrhage, 
rupture of the pulmonary artery by the PAC in patients undergoing 
cardiac surgery, emerged.218 The incidence rate ranges from 0.06% to 
0.2% of cases, with a corresponding mortality rate of 45% to 64% and 
serious morbidity.228 With respect to cardiac surgical patients, death 
may occur within minutes of pulmonary artery rupture or over a 
period of 1 to 14 days after surgery.229 The diagnosis may be initially 
missed because patients may be asymptomatic or only mildly symp-
tomatic. A small amount of hemoptysis may herald the onset of severe 
pulmonary hemorrhage.230 If a patient is anticoagulated, bleeding may 
be profuse. Other signs of pulmonary artery rupture are hypoten-
sion, decreased arterial oxygenation, bronchospasm, pleural effusion, 
hemothorax, and pneumothorax. Pulmonary hemorrhage rarely occurs 
during cardiac surgery; however, when it does, it is life- threatening 
not only because of anticoagulation, but because of the severity of the 
patient's cardiovascular disease.

Certain factors predispose patients to pulmonary artery rupture such 
as age older than 60, anticoagulation, and distal migration of the PAC.218 
Although PAH often is present with pulmonary artery rupture, it is not 
a risk factor229 but simply may promote distal migration of the PAC. 
Chronic PAH weakens the pulmonary artery and veins; thus, a patient's 
susceptibility to rupture is increased. The mechanism of pulmonary 
artery rupture is multifactorial, but the balloon of the catheter is instru-
mental.231 Maximal pressures for balloon inflation are approximately 
1700 mm Hg and easily reach 1000 mm Hg with the start of inflation. 
PACs that reside distally will reduce the inflation pressures necessary to 
rupture the pulmonary artery, particularly in the elderly. Distal migra-
tion of the PAC also occurs more easily in patients undergoing hypother-
mic CPB because hypothermia stiffens the PAC. Eccentric inflation of 
the PAC balloon contributes to pulmonary artery rupture, as evidenced 
in both cadavers and patients.232 Inflation that distorts the balloon drives 
the catheter tip through the vessel wall (Figure 22-34). Manipulation of 
the heart also may perforate the pulmonary artery.

The extent of bleeding after pulmonary artery rupture will determine 
treatment. If rupture occurs during CPB, then it should be maintained to 
ensure adequate oxygenation and identify the site of rupture under con-
trolled conditions. Mild bleeding may require positive end- expiratory 
pressure once anticoagulation is neutralized.229,233 Similarly, the balloon 
of a PAC may tamponade a bleeding site in the bronchus. These pre-
ceding measures are meant to be only temporary until definitive treat-
ment is instituted. If anticoagulation has been neutralized, blood loss 
of 1000 mL or more over 24 hours should merit consideration for early 
surgical intervention if the patient has the respiratory reserve to toler-
ate it.213,214 If there is concern about tolerating surgery, treatment should 
progress to bronchial artery embolization and,  ultimately, pulmonary 
lobectomy if bleeding is refractory.

To reduce the possibility of pulmonary artery rupture, placement or 
migration of a PAC distally in the pulmonary artery should be avoided. 
It is not advisable to advance the PAC more than 5 cm beyond the 
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 pulmonary valve. The balloon should not be inflated against increased 
resistance, particularly if the patient is anticoagulated or after separa-
tion from CPB. The pulmonary artery waveform should always be care-
fully observed with inflation and deflation of the balloon. Retracting 
the PAC into the RV on the initiation of CPB or withdrawing the PAC 
5 cm immediately before CPB is advisable.

PERICARDIAL HEART DISEASE
The pericardium is a two-layer sac that encloses the heart and the great 
vessels. Its inner layer is a serous membrane (visceral pericardium) 
covering the surface of the heart. Its outer layer is a fibrinous sac (pari-
etal pericardium), which is attached to the great vessels, diaphragm, 
and sternum. The parietal pericardium is a stiff collagenous membrane 
that resists acute expansion. The space between the two layers is the 
pericardial space. The pericardial space normally contains up to 50 mL 
clear fluid that is an ultrafiltrate of plasma. It gradually can dilate to 
accept large volumes of fluid if slowly accumulated, but if accumu-
lated rapidly will lead to cardiac tamponade. The two layers of the 
pericardium are joined at the level of the great vessels and at the cen-
tral  tendon of the diaphragm caudally, and a serous layer extends past 
these junctions to line the inside of the fibrinous sac (parietal pericar-
dium). The vagus nerve, left recurrent laryngeal nerve, and esophageal 
plexus innervate the pericardium, together with sympathetic contribu-
tions from the stellate ganglion, first dorsal ganglion, and other ganglia. 
The lateral course of the phrenic nerve on either side of the heart is an 
important anatomic relation because this nerve is encapsulated in the 
pericardium and, thus, easily can be damaged during pericardiectomy 
(Figure 22-35). The pericardium is not essential for life, and pericar-
diectomy causes no apparent disability, but it has many subtle func-
tions that are advantageous. Foremost, it acts to minimize torsion of the 

heart and reduce the friction from surrounding organs. Recently, it has 
been shown that the pericardium also has immunologic, vasomotor, 
paracrine, metabolic, and fibrinolytic activities.234

Acute Pericarditis
Acute pericarditis is common, but the actual incidence is unknown 
because it often goes unrecognized. It generally is self-limited, last-
ing 6 weeks. Acute pericarditis has many causes (Box 22-4); the most 
common is viral (30% to 50%).235 Only 25% of cases have a defined 
cause, although this is improving.236 Unfortunately, acute pericarditis 
resembles many other conditions. Anesthesiologists encounter patients 
with acute pericarditis in situations of malignancy, MI, postcardiotomy 
 syndrome, uremia, or infection when surgery is required because symp-
toms are incapacitating and medical therapy has failed.

Figure 22-35 Approach for pericardiectomy through a fifth left inter-
costal space for anterolateral thoracotomy. The phrenic nerves are pre-
served on pedicles. The lateral course of the phrenic nerves and the 
pericardial attachment make the phrenic nerves easily damaged dur-
ing removal of the pericardium. (From Tuna IC, Danielson GK: Surgical 
management of pericardial disease. Cardiol Clin 8:683, 1990, by 
permission.)

BOX 22-4. CAUSES OF ACUTE PERICARDITIS

Idiopathic
Infectious

Viral
Bacterial
Fungal
Parasitic

Immunologic
Postmyocardial infarction (Dressler syndrome)
Postcardiotomy syndrome
Still's disease
Rheumatoid arthritis
Systemic lupus erythematosus
Polyarteritis

Neoplastic
Radiation
Traumatic
Renal failure
Drug induced

From Oakley CM: Myocarditis, pericarditis and other pericardial diseases. Heart 
84:449–454, 2000.

PROPOSED MECHANICS:
PULMONARY ARTERY PERFORATION

Tip perforation

Tip propelled by
eccentric balloon

Small branch

Occlusion of catheter tip
by overdistended balloon

Balloon perforation

DESIGN MODIFICATIONS
Pressure
release valve

Temperature
insensitive material

Malleable
end

Low-
pressure
balloon

Figure 22-34 Possible mechanisms of pulmonary artery perforation 
with balloon-tipped flow-guided catheter. These problems require 
modifications in catheter design. (Reprinted from Barash PG, Nardi D, 
Hammond G, et al: Catheter-induced pulmonary artery perforation: 
Mechanisms, management, and modifications. J Thorac Cardiovasc 
Surg 82:5, 1981.)
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Acute pericarditis is characterized by fibrin deposits localized on 
the pericardial surface. A serous effusion may accompany the fibrin-
ous inflammation. Consequently, the mesothelial cell layer is replaced 
by a fibrin membrane that has white blood cells scattered throughout 
it. Pericardial fluid may suggest a bacterial, neoplastic, or viral and 
inflammatory cause.235 Pericarditis occurs in about 20% of patients 
who suffer an MI, primarily within the first week.237 A distinction 
is made between pericarditis that occurs during the first week and 
Dressler syndrome, which usually appears 2 to 3 months after an MI. 
With acute pericarditis, pleuritic chest pain is described in the center 
of the chest radiating to the back and left trapezius muscle. This pain 
is more continuous than the intermittent pain of myocardial isch-
emia. Some degree of dyspnea may be present with acute pericarditis. 
Occasionally, pericarditis may present as right-heart failure because 
large and rapid accumulations of pericardial fluid will increase intra-
pericardial pressure sufficiently to obstruct right ventricular filling 
through the superior and inferior vena cava, resulting in tamponade. 
Atrial arrhythmias also may occur.

In general, acute pericarditis can be differentiated from MI by mea-
surement of serum cardiac enzymes, but myocardial enzymes are 
sometimes found in the serum of patients with pericarditis. It also is 
common to see the early onset of a low-grade fever that lasts for days 
to weeks and the presence of a friction rub after the onset of chest pain. 
Pericardial friction rub is pathognomonic of pericarditis but may be 
heard only intermittently. Early ECG changes typical of pericarditis 
are ST-segment elevation in 2 or 3 standard limb leads and in most of 
the precordial leads. ST-T wave elevation often is present but may be 
confused with MI (Figure 22-36). Acute pericarditis generally results 
in diffuse ST-T changes, whereas MI usually is associated with more 
localized ST-T changes. T-wave inversions follow the acute ST-segment 
abnormalities as pericarditis enters the subacute phase. Q waves usu-
ally do not appear during progression of ECG changes. The echo find-
ings in a patient with suspected acute pericarditis are variable. There 
may be a pericardial effusion present, the pericardium may be thick-
ened, or it may appear completely normal. If an effusion is present, 
tamponade physiology must be excluded. If the pericardium appears 

thickened, additional evidence for constrictive physiology should 
be sought (see later). The chest roentgenogram may reveal a slightly 
enlarged cardiac silhouette with a pericardial effusion that indicates 
the effusion is at least 250 mL. A rapid accumulation of pericardial 
fluid may cause tamponade. Conversely, if it accumulates slowly, a 
liter or more of pericardial fluid may collect without symptoms of car-
diac tamponade. Pericardial fluid also may be found with CHF, valvu-
lar disease, or endocarditis. Pericardiocentesis is performed in acute 
pericarditis, either to confirm the diagnosis or to relieve tamponade. 
It may be associated with serious complications, even cardiovascular 
collapse and shock. Echo should evaluate ventricular contractile func-
tion before pericardiocentesis. If repeated aspirations are required for 
relief of tamponade, pericardiectomy may be necessary.

Detection of myocardially directed serum antibodies in Dressler syn-
drome and in postpericardiotomy syndrome suggests that these syn-
dromes are immune-related responses. Postpericardiotomy syndrome 
consists of acute nonspecific pericarditis that usually begins between 
10 days and 3 months after cardiac surgery or trauma. In a prospective 
study of 944 adult patients who underwent cardiac surgery, the inci-
dence rate of postpericardiotomy syndrome was 17.8%, although it has 
been reported as high as 50% of postoperative cardiac patients.238

Treatment of acute pericarditis consists of symptomatic relief and 
treating the underlying systemic illness. Symptomatic relief involves 
support, bed rest, and nonsteroidal anti-inflammatory agents for anal-
gesia. Left stellate ganglion block has been used to relieve unremitting 
pain.

Constrictive Pericarditis
CP is a dense fusion of the parietal and visceral pericardium that lim-
its diastolic filling of the heart irrespective of cause. The changes in the 
pericardium can be caused by scarring, induced by a single episode of 
acute pericarditis or by a prolonged exposure to a recurrent or chronic 
inflammatory process. CP is a progressive disease. Tuberculosis was a 
major cause of CP, but currently most cases (33%) are idiopathic.239 
The leading identifiable causes of CP are pericarditis, cardiac surgery, 
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Figure 22-36 Acute pericarditis: Note the upward-concavity ST elevations in limb leads I, II, aVF, and aVL, and in precordial leads V3, V4, V5, and V6 (light 
arrows) and the PR-segment elevation in aVR (bold arrow). Acute myocardial infarction: Note the concavity-downward ST elevation in leads I, aVL, V1, 
V2, V3, V4, V5, and V6 (light arrows), indicating a large anterior myocardial infarction. (Aikat S, Ghaffari S: A review of pericardial diseases: Clinical, ECG and 
hemodynamic features and management. Cleve Clin J Med 67: 907, 2000, by permission.)
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and mediastinal irradiation in the developed world.240 Table 22-8 lists 
some of the causes of chronic CP. Idiopathic, neoplastic, postirradia-
tion, or uremic pericarditis account for most cases of CP that require 
surgery. Eighteen percent of pericardiectomies are attributed to previ-
ous cardiac surgery,239 which may explain the increase in the number of 
cases of CP since the middle 1990s.241

CP clinically resembles the congestive states of myocardial and 
chronic liver disease.234 The most frequent physical signs are jugular 
venous distention, hepatomegaly, and ascites suggestive of heart fail-
ure. Symptoms are nonspecific and progress over years unless the 
cause is radiation, cardiac surgery, or trauma that can instead develop 
over months. The normal filling phases of the jugular venous pulse 
are shown in Figure 22-37. Venous pressure waves in pericardial con-
striction are characterized by a prominent y descent. Kussmaul's sign 
(a paradoxical increase in venous pressure with inspiration) may be 
present. Systemic venous congestion accounts for some of the classic 
symptoms of CP such as hepatic congestion and peripheral edema.151 
A significant paradoxical pulse occurs in only one third of patients 
with chronic CP.

Characteristic ECG changes are P mitrale (broadened P wave), low 
QRS voltage, and T-wave inversion.241 One fourth of patients have 

atrial fibrillation. Cardiomegaly on chest roentgenogram is nonspe-
cific. Pericardial calcification sometimes is apparent in lateral chest 
roentgenograms (< 30%),240 although less common than in the past 
because the incidence of tuberculosis has declined so greatly in devel-
oped nations. Although calcification is very specific for CP, it is not 
very sensitive. CT and MRI may demonstrate the typically thickened 
pericardium of CP; however, patients with surgically proven CP may 
have a normal-appearing pericardium with imaging tests in 28% of 
individuals.156

A comprehensive echo examination including 2D and Doppler 
imaging is an essential part of the diagnostic workup and often 
 adequate for diagnosis. The 2D findings may include a thickened peri-
cardium, abnormal motion of the ventricular septum, inferior vena 
cava dilation, and flattening of the left ventricular posterior wall dur-
ing diastole.33 A key diagnostic finding in constriction is ventricular 
interdependence. Diastolic filling of the ventricles is reliant on each 
other because the overall cardiac volume is fixed by the stiffened peri-
cardium. With inspiration, intrathoracic pressure declines, as does the 
pressure in the pulmonary vasculature. The thickened pericardium 
prevents transmission of this pressure decrease to the ventricles. Thus, 
filling of the LV decreases just after inspiration because of the decline 
in pressure within the pulmonary vasculature. Because the interperi-
cardial space is fixed, a decrease in filling pressure to the LV allows 
increased filling in the RV. The result is a shift in the ventricular sep-
tum into the LV during inspiration, as well as an increase in hepatic 
vein diastolic flow.33 With expiration, intrathoracic pressure increases, 
the pressure in the pulmonary vasculature increases, and left ventricu-
lar filling is augmented with a shift of the ventricular septum into the 
RV during diastole. Right ventricular filling is now decreased because 
of the positive intrathoracic pressure, and flow reversals occur during 
diastole in the hepatic veins. When several cardiac cycles are viewed 
consecutively, the ventricular septum appears to “bounce” between 
the LV and RV.

Ideally, a respiratory variation of 25% or more in mitral inflow E 
velocity will accompany the diastolic flow reversals in the hepatic veins 
during expiration and support the diagnosis of pericardial constric-
tion (Figure 22-38). However, this finding is present in only approx-
imately 50% of patients with constriction.242,243 More recently, tissue 
Doppler imaging of the mitral annulus has become a valuable tool 
in the diagnosis of constriction. In myocardial disease, such as RCM, 
relaxation is impaired and the mitral annular velocity is low (< 7 cm/
sec).33 However, in constriction, relaxation is normal or increased. This 
can be a  valuable tool in differentiating between restrictive and con-
strictive disease, but there is no uniform acceptance of Doppler indices 
that differentiate CP from RCM.234 Right and left cardiac catheteriza-
tion are necessary to confirm hemodynamic abnormalities in cases that 
are seen with Doppler imaging.151,241 Even with the Doppler echo, cli-
nicians must be aware of the loading conditions and respiratory effort 
of the patient during the Doppler examination. Doppler features in CP 
have been more extensively reviewed.151,156,240

TEE is not tremendously helpful in patients presenting for pericar-
diectomy. When it is utilized, right ventricular function and degree of 
tricuspid regurgitation can be evaluated before and after the procedure. 
However, it is important to remember that the diagnosis of  constriction 
relies on the Doppler findings in spontaneously breathing individuals. 
These findings have never been evaluated in patients undergoing pos-
itive-pressure ventilation, and the operating room is not the correct 
place to confirm or refute a suspected diagnosis of constriction.

The hemodynamic changes of CP are primarily related to the isola-
tion of the cardiac chambers from respiratory effects on thoracic pres-
sure and a fixed end-diastolic ventricular volume.240 The pericardium 
limits the filling of the LV during inspiration, which leads to increased 
filling in the RV because the pericardium is so noncompliant. With 
expiration, the opposite is seen as the LV is overfilled and the RV is 
limited. Limitation of right ventricular diastolic filling occurs when the 
cardiac volume approximates the pericardial volume, usually in mid 
and late diastole characterized by the square-root or dip-and-plateau 
sign (Figure 22-39). Filling is limited by the noncompliant  pericardium. 
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Figure 22-37 Schematic depiction of normal jugular venous pres-
sure waves in relation to the electrocardiogram (ECG). The A wave 
is a result of atrial contraction; the prominent negative x descent occurs 
during ventricular systole and is a result of downward displacement of 
the base of the heart and tricuspid valve, as well as continued atrial 
relaxation. The small C wave, which interrupts the x descent, is probably 
caused by the bulging of the tricuspid valve into the right atrium. The 
V wave represents right atrial filling while the tricuspid valve is closed. 
Finally, the y descent occurs after opening of the tricuspid valve and dur-
ing rapid inflow of blood from the right atrium into the ventricle. (From 
Legler D: Uncommon diseases and cardiac anesthesia. In Kaplan JA 
[ed]: Cardiac Anesthesia, 2nd ed. Philadelphia, WB Saunders Company, 
1987, p 785, by permission.)

CABG, coronary artery bypass grafting.
From Kabbani SS, LeWinter MM: Diastolic heart failure, constrictive, restrictive and 

pericardial. Cardiol Clin 18:505, 2000.

Causes of Constrictive Pericarditis

Cause Percentage

Idiopathic pericarditis 40%
Post-CABG 30%
Tuberculosis 10%
Radiation induced  5%
Collagen vascular disease  5%
Others (malignancy, uremia, purulent)  5%

TABLE  
22-8
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The square-root sign occurs because the constricting pericardium is 
essentially part of the ventricular wall. When the ventricle contracts, 
the pericardium is deformed like a spring. As diastole begins, the spring 
is released and the ventricle fills rapidly, decreasing the ventricular 
pressure and creating the dip of the dip-and-plateau wave. As cardiac 
filling approaches the limit set by the fixed pericardium, the plateau 
of the ventricular filling curve arrives. There are marked increases of 
right atrial and left atrial and ventricular filling pressures. Pulmonary 
artery diastolic pressure, pulmonary capillary wedge pressure, and 
right atrial pressure are equal and elevated (“pressure plateau”) in CP 
because of the limitation of the pericardium. Pulmonary artery systolic 
and right ventricular systolic pressures range from 35 to 45 mm Hg, 
although PAH is rare. Most importantly, the myocardium is unaffected 
in CP. The systolic and early diastolic functions are normal. Differences 
between CP and RCM have been reviewed previously.
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Figure 22-38 A, Diagram of a heart with a thickened pericardium to illustrate the respiratory variation in ventricular filling and the corresponding 
Doppler features of the mitral valve, tricuspid valve, pulmonary vein (PV), and hepatic vein (HV). These changes are related to discordant pressure 
changes in the vessels in the thorax, such as pulmonary capillary wedge pressure (PCWP) and intrapericardial (IP) and intracardiac pressures. B, Typical 
mitral inflow and hepatic vein pulsed-wave Doppler recordings in constrictive pericarditis together with simultaneous recording of respiration (bot-
tom) (onset of inspiration at upward deflection and onset of expiration at downward deflection). Left, The first mitral inflow is at the onset of inspira-
tion, and the fourth mitral inflow is soon after the onset of expiration. Mitral inflow E velocity is decreased with inspiration (first and sixth beats). Right, 
With expiration there is a marked diastolic flow reversal (arrow) in the hepatic vein (sixth beat soon after the downward deflection of the respirometer 
recording). Hatched area under curve indicates reversal of flow; thicker arrows denote greater filling; D, diastolic flow; exp, expiration; Insp, inspira-
tion; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; S, systolic flow. (From Oh JK, Seward JB, Tajik AJ: The Echo Manual, 3rd ed. 
Philadelphia: Lippincott Williams & Wilkins, 2006, by permission.)
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Figure 22-39 Right ventricular (RV) and right atrial (RA) pressure trac-
ings recorded with a fluid-filled system from a patient with chronic con-
strictive pericarditis. (From Shabetai R: Pathophysiology and differential 
diagnosis of restrictive cardiomyopathy. Cardiovasc Clin 19:123, 1988, 
by permission.)
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Pericardiectomy is performed for recurrent pericardial effusion 
and CP. Pericardial dissection for effusive pericarditis is straightfor-
ward; however, pericardiectomy for CP is a surgical challenge with an 
operative mortality rate of 5.9% to 11.9%.244 The 5-year survival rate is 
78%.157,245 The occurrence of tricuspid regurgitation may present simi-
lar to CP with signs of right-heart failure and volume overload. In fact, 
a recent review found one fifth of patients presenting to surgery for 
CP with significant tricuspid regurgitation.244 Unfortunately, surgical 
treatment of tricuspid regurgitation with CP had no effect on long-
term survival, but also did not increase the risk for surgery. The pres-
ence of tricuspid regurgitation may identify a subset of patients with 
CP who have more advanced disease and may need special attention 
during anesthetic management.

Persistent low CO immediately after pericardiectomy is the primary 
cause of morbidity and mortality, occurring in 14% to 28% of patients 
in the immediate postoperative period.246 The pathophysiologic 
mechanism of early death after pericardiectomy remains unsolved. 
Examination of patients who had pericardiectomy for CP with pre-
operative cardiac catheterization utilizing a micromanometer catheter 
was performed recently.246 The specialized catheter allowed nonejec-
tion indices of cardiac function to be obtained. The study compared 
patients with abnormalities with those with normal nonejection mea-
surements. The most important finding was that a significant num-
ber of patients with CP had abnormal left ventricular contractility and 
relaxation abnormalities based on a high-fidelity manometer. More 
importantly, they incurred the greatest risk for operative and long-
term mortality. This finding is in contrast with the accepted notion 
that the pericardium is the problem in these patients and the LV should 
be normal. Myocardial function is important as a determinant of out-
come and even inotropic support. This is consistent with the clinical 
behavior of patients after pericardiectomy. Although patients with 
cardiac tamponade usually improve clinically once the pericardium is 
opened, improvement is not always apparent immediately after peri-
cardiectomy. Instead, noticeable improvement in cardiac function may 
take weeks, but 90% of patients ultimately experience relief of symp-
toms with surgery.239

Median sternotomy provides excellent exposure and access for 
pericardiectomy, but thoracotomy in the left anterolateral position 
also is an option. Opinions vary regarding the extent of pericardial 
resection for alleviation of cardiac constriction and the need for 
CPB. Recently, total pericardiectomy was found to result in superior 
outcomes compared with partial pericardiectomy in a retrospective 
review.247 Removal of adherent and scarred pericardium to release 
both the RV and LV involves extensive manipulation of the heart and 
hemodynamic instability. The decision to use CPB is influenced by 
the surgeon's confidence in being able to achieve complete pericardial 
excision with hemodynamic stability. More aggressive approaches to 
pericardiectomy with CPB have increased over the years as survival 
has improved, and the trend may continue.244 However, good results 
have been reported with and without CPB.247 The use of CPB entails 
full heparinization and may exacerbate blood loss from the many 
exposed cardiac surfaces. Furthermore, prolonged CPB in debilitated 
patients contributes to early mortality associated with pericardiec-
tomy. An especially high-risk group of patients undergoing pericar-
diectomy are those with postradiation CP. They suffer not only from 
the effects of radiation on the myocardium that may create a more 
sustained restrictive effect even after pericardiectomy, but also from 
radiation injury to the lungs.244

Anesthetic Considerations
Anesthetic goals for managing patients with CP for pericardiectomy 
include minimizing bradycardia and myocardial depression, and mini-
mizing decreases in afterload or preload. Monitoring considerations 
include arterial and central venous pressures. A femoral arterial cath-
eter in patients with uremic pericarditis may preserve future poten-
tial arteriovenous fistula sites in the upper extremities. One groin site 
should be reserved for femoral cannulation if necessary to emergently 

initiate CPB. PAC monitoring is recommended because of the occur-
rence of low CO syndrome after surgery. Low CO syndrome develops 
in a subset of patients with CP irrespective of the approach or extent of 
pericardiectomy.247 Low CO, hypotension, and arrhythmias (atrial and 
ventricular) are common during chest dissection. Because of limited 
ventricular diastolic filling, CO is rate dependent. If myocardial func-
tion or heart rate is depressed, -agonists or pacing will improve CO. 
Catastrophic hemorrhage can occur suddenly if the atrium or ventricle 
is perforated, so sufficient venous access is imperative. Damage to coro-
nary arteries also may occur during dissection, so careful monitoring of 
the ECG for signs of ischemia is prudent. Pericardiectomy via left ante-
rior thoracotomy requires close monitoring of  oxygenation because 
the left lung is severely compressed during dissection. Currently, the 
anesthetic technique is based on achieving early extubation similar 
to other cardiac surgical cases; however, patients who undergo peri-
cardiectomy for CP may benefit from remaining intubated for at least  
6 to 12 hours to assess bleeding and the possibility of low CO syndrome 
occurring.

Cardiac Tamponade
Cardiac tamponade occurs in a variety of clinical situations, but most 
often in malignancies with medical patients and after pericardiocen-
tesis.248 It is a continuum of physiologic changes that necessitate rapid 
diagnosis and treatment. It may be easily missed in the early stages as 
the signs and symptoms are subtle until it is critical. Decompensated 
cardiac tamponade is an emergency that requires either immediate 
pericardiocentesis or surgery to maintain viability.

Tamponade exists when fluid accumulation in the pericardial 
sac increases to an intrapericardial pressure that limits filling of the 
heart. The rate of fluid accumulation is the critical factor rather than 
the absolute volume of fluid that creates the urgency of the condi-
tion. The suspicion for cardiac tamponade must exist to increase the 
chance for a good outcome. Mild tamponade often is asymptomatic. 
One of the reasons for greater delay in the appreciation of tamponade 
today than 10 years ago is the tendency of clinicians to overestimate 
the sensitivity of clinical signs such as hypotension, pulsus paradoxus, 
and jugular venous distention.249 In several studies, dyspnea is the ear-
liest and most sensitive symptom to indicate tamponade,249 and severe 
tamponade is accompanied by both dyspnea and chest discomfort.234 
If an ECG is obtained, tamponade may show low-voltage QRS com-
plexes, electrical alternans, and T-wave abnormalities (Figure 22-40).250 
Sinus rhythm usually is present in tamponade. The chest roentogram 
requires at least 200 mL fluid to accumulate in the pericardium before 
the silhouette, known as the “water-bottle” effect, is seen.251 The classic 
diagnostic triad, known as Beck's triad, of acute tamponade consists 
of (1) decreasing arterial pressure; (2) increasing venous pressure; and 
(3) a small, quiet heart. It is observed in only 10% to 40% of patients.251 
Pulsus paradoxus may be present (Figure 22-41). It is a decline in sys-
tolic blood pressure of more than 12 mm Hg during inspiration caused 
by a reduced left ventricular stroke volume generated by increased fill-
ing of the right heart during inspiration. It is not sensitive or  specific 
for tamponade because it may be present in those with obstructive 
 pulmonary disease, right ventricular infarction, or CP. It may be absent 
if there is left ventricular dysfunction, positive-pressure breathing, 
atrial septal defect, or severe aortic regurgitation.

Hemodynamic monitoring may aid in the diagnosis of cardiac tam-
ponade. As diastolic filling begins to disappear, the jugular venous 
pulse loses a prominent y descent. A prominent x descent remains by 
the decrease in intrapericardial pressure that occurs during ventricu-
lar ejection. Eventually, the pericardial pressure-volume curve becomes 
almost vertical, so any additional fluid greatly restricts cardiac filling and 
reduces diastolic compliance.252 Ultimately, the right atrial pressure, pul-
monary artery diastolic pressure, and pulmonary capillary wedge pres-
sure equilibrate (Figure 22-42). Equilibration of these pressures (within 
5 mm Hg of each other) merits immediate action to rule out acute tam-
ponade. Echo is the current method of choice and most reliable noninva-
sive method to detect pericardial effusion and exclude tamponade.



 22 Uncommon Cardiac Diseases 711

The major hemodynamic changes and compensatory mechanisms 
of tamponade are outlined in Figure 22-43. Increased intrapericar-
dial pressure on the heart during the cardiac cycle except for ejection 
is responsible for the hemodynamic changes of cardiac tamponade. 
Hemodynamic manifestations are due mainly to atrial rather than ven-
tricular compression. Initially, with mild tamponade, increased atrial 
and pericardial pressures limit diastolic filling. Even though the intrac-
ardiac pressures are increased with tamponade, the effective preload 
is greatly reduced, causing lower stroke volume and CO. Sympathetic 
reflexes are stimulated to increase heart rate and contractility to main-
tain CO.241 The increasing right atrial pressure also reflexly stimulates 
tachycardia and peripheral vasoconstriction. Blood pressure is main-
tained by vasoconstriction, but CO begins to decline, as well as blood 
pressure, as pericardial fluid continues to increase. Once venous pres-
sures are unable to increase to equal pericardial pressures, the decline 
in blood pressure is so precipitous that coronary perfusion pressure 
and blood flow cause ischemia, especially subendocardially.252 This 
resembles hypovolemic shock and will respond to fluid resuscitation, 
initially further confusing the diagnosis, but deterioration will soon 
occur if tamponade is not treated and can become fatal.234

Echo features of tamponade have been reviewed.241 Echo usually 
reveals an exaggerated motion of the heart within the pericardial sac 
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Figure 22-40 Electrical alternans in pericardial tamponade caused by the swinging of the heart within the pericardial space. (From Aikat S, Ghaffari S: 
A review of pericardial diseases: Clinical, ECG and hemodynamic features and management. Cleve Clin J Med 67:909, 2000, by permission; originally 
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pressure declines by more than 12 mm Hg. EXP, expiration; INSP, inspi-
ration. (From Reddy PS, Curtiss EI: Cardiac tamponade. Cardiol Clin 
8:627–637, 1990, by permission.)
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in conjunction with atrial and ventricular collapse (Figure 22–44). 
Fluid accumulation greater than 25 mL will identify an echo-free space 
throughout the cardiac cycle.33 Specific 2D echo findings that support 
cardiac tamponade include diastolic collapse of the RV, inversion of the 
RA during diastole, abnormal ventricular septal motion, and variation 
of ventricular size with the respiratory cycle.253 Diastolic collapse of the 
right-sided chambers occurs because of pericardial pressure exceeding 
intracardiac pressure during diastole. Right atrial collapse is a  specific 
finding during echo examination if it is present for more than one 
third of the cardiac cycle.

Normally, a decrease in intrathoracic pressure during inspiration is 
transmitted to the pulmonary vasculature, as well as the intrapericardial 
and intracardiac spaces. In tamponade, this decrease in pressure during 
inspiration does not occur within the pericardium because of the pres-
ence of fluid. Thus, the gradient for left-sided filling is decreased and 
the mitral inflow E velocity will decrease with inspiration. In addition, 
right and left ventricular filling display interdependence similar to that 
seen in pericardial constriction.

Bedside echo can be used to direct needle or catheter placement for 
pericardiocentesis. Indeed, in some centers, the bulk of pericardiocen-
tesis is performed under echo guidance.254 Removal of no more than 
50 mL fluid may be therapeutic for severe tamponade because of the 
steepness of the pericardial pressure-volume curve. Typically, a pigtail 
catheter is left in the pericardial space for several days until drainage 
becomes minimal. Tamponade is a clinical diagnosis, so echo alone 
is not an indication for treatment. Failure to recognize the insidious 
nature of tamponade and anticipate the progression of hemodynamic 
changes may lead to delay in using echo to confirm the diagnosis 
and begin treatment. Examples include unstable hemodynamics that 
accompany a penetrating chest injury or an abrupt decrease in bleed-
ing after cardiac surgery; both require rapid confirmation of tampon-
ade and possibly emergency sternal opening.

Hemorrhagic tamponade in excessively bleeding patients after CPB 
is increasingly common and may be fatal. Depending on the diagnostic 
techniques, cardiac tamponade occurs in up to 8.8% of patients after car-
diac surgery. However, almost 75% of postcardiac surgical tamponade 
occurs late (5 to 7 days), especially with patients who have undergone 
valve procedures in contrast with CABG.255 The causes of early tampon-
ade are attributed primarily to coagulopathy secondary to CPB, whereas 
the causes of late tamponade are multifactorial, with aspirin and anti-
coagulants increasing the risk for bleeding.255 Persistent poor CO and 
hypotension with increased and equalized right atrial and left atrial pres-
sures strongly suggest tamponade. However, the multitude of causes of 
hypotension in the postoperative cardiac surgical patient complicates 
the diagnosis of tamponade. The classic features of tamponade may be 
absent or blunted after surgery.256 Arterial hypotension, pulsus para-
doxus, and increased jugular venous pressures were absent in 30%, 40%, 
and 50%, respectively, in one series of cardiac surgical patients.257 A delay 
in diagnosis contributes greatly to mortality in late cardiac tamponade.

With postoperative cardiac surgical patients, no one finding, hemo-
dynamic, clinical, or echo, is sufficient to make a diagnosis of tampon-
ade, but all require consideration together.258 Although echo is capable 
of identifying the size of pericardial effusions after surgery, it does not 
necessarily reflect its likelihood to cause tamponade. Most patients 
after cardiac surgery will have evidence of pericardial effusions, but less 
than 1% will develop hemodynamically significant tamponade.255 TTE 
may be unable to provide a complete examination in the postoperative 
cardiac surgical patient because of interference of chest tubes, patient 
positioning, and other factors, so TEE may be more effective. TTE may 
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Figure 22-44 Cardiac tamponade. A subcostal transthoracic view 
with the liver seen at the apex of the image. The large echolucent space 
seen in the pericardium (white dot) is acute accumulation of fluid. Note 
the collapse of the right side of the heart (arrowhead) during diastole. 
This patient underwent urgent pericardiocentesis under the guidance 
of echocardiography.



 22 Uncommon Cardiac Diseases 713

have 20% false-negatives compared with TEE, in part because of the 
formation of clot and thrombus in the pericardium that is difficult to 
differentiate with TTE but not TEE.

Pericardiocentesis is indicated for life-threatening cardiac tampon-
ade in conjunction with a fluid infusion to maintain filling pressures. 
Hemodynamics will improve immediately after pericardiocentesis. 
Although it does provide immediate relief of the symptoms of tam-
ponade, definitive therapy requires drainage of the pericardial space. 
In contrast, after cardiac surgery, tamponade caused by hemorrhage 
requires immediate mediastinal exploration to determine bleeding site 
and stabilize hemodynamics. Major complications of pericardiocente-
sis include coronary laceration, cardiac puncture, and pneumothorax.

Anesthetic Considerations
Severe hypotension or cardiac arrest has followed induction of general 
anesthesia in patients with tamponade. The causes include additional 
myocardial depression, sympatholysis, decreased venous return, and 
changes in heart rate. Resuscitation requires immediate drainage of peri-
cardial fluid. Pericardiotomy via a subxiphoid incision with only local 
anesthetic infiltration or light sedation is an option. If intrapericardial 
injury is confirmed, general anesthesia can be induced after decompres-
sion of the pericardial space.259 Ketamine, 0.5 mg/kg, and 100% oxygen 
have been used with local anesthetic infiltration of the preexisting sterno-
tomy to drain severe pericardial tamponade.260 Spontaneous respiration 
instead of positive-pressure ventilation will support CO more effectively 
until tamponade is relieved. Correction of metabolic acidosis is man-
datory. Volume expansion has been recommended for years and even 
recently, until more definitive treatment is available, but this is only evident 
in dogs.261 A prospective study of patients with “medical” causes of cardiac 
tamponade had their hemodynamic response to a  500-mL bolus stud-
ied.262 They found that volume infusion was not consistently associated 
with improved hemodynamics and should be directed toward patients 
with low blood pressure to achieve a favorable response. Catecholamine 
infusions or pacing may be used to avoid bradycardia. In a dog model of 
pericardial tamponade, dobutamine infusion delayed the onset of lactic 
acidosis by maintaining CO and tissue oxygen delivery.263

Case Study 3
Tamponade
A 65-year-old man with a history of chronic venous insufficiency was 
hospitalized for a venous stasis ulcer that ultimately required skin graft-
ing. On the day of his planned discharge, he was found to have multiple 
pulmonary emboli and a large lower extremity deep venous thrombosis. 

Anticoagulation was initiated, a filter was placed in the inferior vena cava, 
and lower extremity venous catheters were placed for catheter-directed 
thrombolytic therapy. Two days later, mechanical extraction of the lower 
extremity thrombus was undertaken without any known complications.

When he returned to his hospital room after the thrombus extrac-
tion, the patient quickly became hemodynamically unstable. He 
received fluid boluses and required intubation and mechanical ventila-
tion for respiratory distress. Ultimately, he required a short period of 
CPR and epinephrine boluses. An emergent TTE revealed a large peri-
cardial effusion (Figure 22-45).

Because of the urgency of the situation, a bedside pericardiocentesis 
was undertaken using echo guidance (Figure 22-46). A large amount of 
blood was removed from the pericardium and the effusion appeared to 
resolve (Figure 22-47). The patient's hemodynamics rapidly improved. 
He required a period of mechanical ventilation but was ultimately dis-
charged from the hospital in good condition.

COMBINED CAROTID AND CORONARY 
ARTERY DISEASE
Patients with concomitant symptomatic coronary and carotid disease are 
few, but they comprise a much higher risk group than either group of 
patients with carotid or coronary disease alone.264–266 CABG is proven 
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Figure 22-45 Transthoracic echocardiogram in parasternal four-
 chamber view. There is a large echo-lucency in the pericardium (dou-
ble asterisk) indicating a large pericardial effusion. The right side of the 
heart completely collapses in diastole (arrow), indicating hemodynami-
cally significant tamponade physiology. LV, left ventricle.
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Figure 22-46 Two transthoracic echocardiograms; short-axis views of the heart showing a needle (arrows) advanced into the pericardial space (double 
asterisks) under echocardiographic guidance.
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therapy for ischemic heart disease.267 Advancements in myocardial 
preservation, CPB technology, and perioperative care over the last 
three decades have reduced morbidity and mortality associated with 
cardiac surgery. However, stroke remains the major noncardiac com-
plication of CABG, impacting quality of life, economic well-being, 
and survival. Although the overall incidence of stroke associated with 
CABG is approximately 2%, the role of extracranial carotid disease in 
the occurrence of stroke remains indeterminate.

The combination of carotid endarterectomy (CEA) and CABG 
was first proposed by Bernhard et al268 in 1972 to reduce morbidity 
and mortality from coexistent carotid and coronary disease. Renewed 
interest in this approach now stems from recent controlled trials that 
demonstrated the benefits of isolated CEA for both symptomatic and 
asymptomatic severe carotid stenosis.269 During the time period from 
2000 to the end of 2004, there were 27,084 combined CEA and CABG 
procedures performed according to the Nationwide Inpatient Sample 
database.270 According to the same database, the proportion of com-
bined CABG and CEA increased from 1.1% to 1.58% of all CABG per-
formed from 1993 to 2002.271 As the population ages, the number of 
patients with carotid bifurcation stenosis greater than 70% will con-
tinue to increase. The result is more patients with combined carotid 
and coronary disease,269 but no consensus regarding their treatment. 
A large, multicenter, randomized trial will be necessary to resolve the 
management of these patients. Unfortunately, the complexities of such 
a study with the heterogeneity of patients, varying degrees of coronary 
and carotid disease, and differing institutional preferences for carotid 
revascularization decrease its likelihood.

Neurologic injury associated with CPB largely is embolic in ori-
gin,272 causing cerebral hypoperfusion and ischemia. Emboli origi-
nate primarily from aortic cannulation, aortic cross-clamp release, 
and  cardiac manipulation based on transcranial Doppler ultrasonog-
raphy. Less common causes of cerebral emboli are left ventricular 
thrombus and air. However, the cause of stroke after CABG is multi-
factorial. Univariate analysis of systematic review of stroke associated 
with CABG has identified the following risk factors for stroke: carotid 
stenosis of 80% or more, carotid occlusion, prior stroke or transient 
 ischemic attack, peripheral vascular disease, postinfarction angina, 
female sex, prolonged duration of CPB, age (older), previous CEA, dia-
betes, smoking, hypertension, left main disease, and carotid bruit.273–275 
Carotid bruits may be present in 9.93% of patients undergoing CABG 
and increase the risk for stroke by a factor of four. Differentiating sig-
nificant stenosis by auscultation is unreliable.276 Carotid bruits may be 
audible with minimal carotid stenosis and silent with a carotid lumen 
of 1 to 2 mm in diameter. The combination of ultrasonography of the 

carotid arteries and risk factors is very predictive of patients likely to 
have a stroke in association with CABG (Figure 22-48).

Carotid artery disease should be considered in all individuals with 
ischemic heart disease. Severe carotid disease increases the risk for 
stroke with CABG by a factor of four.273 Early estimates of the incidence 
of hemodynamically significant carotid stenosis in patients needing 
CABG varied between 2% and 16%.277 Faggioli et al278 confirmed the 
occurrence of severe carotid disease, defined as carotid stenosis greater 
than 75%, in patients older than 60 years, to be 11% in patients who 
underwent CABG. More recently, noninvasive ultrasonography has 
shown the percentage of persons with severe carotid and coronary dis-
ease to be greater than in prior studies.275 Patients undergoing CABG 
were prospectively evaluated for carotid disease with ultrasonography, 
and approximately 20% had significant carotid stenosis unilaterally 
or bilaterally. Large systematic reviews of stroke and CABG point to a 
relation between an increased incidence of stroke with higher degree 
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Figure 22-47 A, Photograph of the catheter and syringe used for the pericardiocentesis. B, Transthoracic echocardiogram; parasternal four- chamber 
view showing resolution of the pericardial effusion. The right side of the heart is now well filled in diastole. LA, left atrium; LV, left ventricle.
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of carotid stenosis.273,279 The frequency of stroke with cardiac surgery 
was less than 2% in those with no carotid disease (0% to 49% stenosis), 
increased to 3% with asymptomatic disease (unilateral stenosis 50% 
to 99%), 5% in those with bilateral stenosis (50% to 99%), and 7% 
to 11% in those with carotid occlusion. These data would support the 
potential benefit of CEA in either a staged or combined manner with 
CABG to reduce the chance of stroke in these patients.

It generally is accepted that patients with symptomatic carotid 
disease undergoing CABG are at a significantly increased risk for 
stroke and merit revascularization of the carotid and coronary arter-
ies as a combined or staged procedure.275 However, the management 
of  unilateral or bilateral asymptomatic carotid stenosis continues to 
evolve. Asymptomatic severe carotid stenosis is a risk for ipsilateral 
hemispheric stroke with cardiac surgery and CPB,266,275,280 but identify-
ing it in the asymptomatic patient hinders determination of this “true” 
risk assessment. This is important because, recently, isolated CEA was 
shown to reduce risk for stroke not only in patients with symptomatic 
carotid stenosis greater than 70%,271 but also in asymptomatic patients 
with severe high-grade carotid stenosis.269 With the incidence of neu-
rologic injury ipsilateral to the carotid artery comprising 40% to 50% 
of strokes associated with cardiac surgery,281 prophylactic measures to 
prevent strokes merit consideration.270

In most patients, the degree of either carotid or coronary disease will 
not limit the ability of the patient to undergo the higher priority oper-
ation, CEA or CABG, safely. In contrast, treatment options for those 
with active concomitant carotid disease and ischemic heart disease are 
a combined, synchronous, or staged approach. The staged approach 
does not include CEA and CABG in one anesthetic but two separate 
ones. Many surgeons support the combined CABG and CEA, whereas 
others believe the risk exceeds the benefit.279,282

The sequence of CEA and CABG is important regarding the out-
come with either the combined or staged approach. In 1989, Hertzer 
et al264 found a lower incidence of stroke if CEA was performed before 
rather than after CABG as a combined approach in one of the few 
 randomized, prospective trials involving this issue. Since then, CEA 
commonly has been performed first. Rizzo et al266 confirmed the ben-
efit of performing CEA before CABG by reporting the risk for stroke 
may reach 14% if CABG is performed before CEA. More recently, a 
systematic review of synchronous and staged CEA and CABG oper-
ations demonstrated that reverse-staged procedures (CABG–CEA) 
were associated with the greatest ipsilateral and global stroke rate 
compared with staged or combined procedures performed with the 
CEA first.279 Less than 10% of staged operations currently are per-
formed as CABG – CEA.

The sequence of performing CEA – CABG is more common than 
the reverse order but is not without disadvantages. Myocardial mor-
bidity may reach 20% if CEA is performed before CABG in a staged 
approach.266 MI has been recognized for years as the major cause of 
mortality with isolated CEA. Surgically uncorrectable coronary dis-
ease may exist in 40% of those undergoing CEA.277 CEA in patients 
with severe, symptomatic coronary disease has been associated with 
a 17% and 20% incidence rate of MI and mortality, respectively. Most 
importantly, 20% of the MIs accounted for 60% of deaths.274 A recent 
systematic literature review of combined and staged CEA – CABG con-
firmed that the incidence of MI was greatest if the CEA was performed 
before the CABG (6.5%) rather than after CABG (0.9%).279 Differences 
in standards for reporting MI since the 1980s challenge the accuracy of 
the incidence of MI after CEA being 6.5%. Without well-defined car-
diovascular risks for either the staged or combined approach, the cor-
rect decision for the patient is difficult.

The recommendation to perform a combined or staged CEA and 
CABG for those with concomitant carotid and coronary disease contin-
ues to evolve. In a prospective trial, Hertzer et al264 found a lower inci-
dence of perioperative stroke with combined rather than staged CABG 
and CEA. A comparative analysis of studies that included 50 patients 
or more who underwent CABG with unoperated major carotid disease 
found the risk for stroke averaged 5.5% for patients with unoperated 
carotid disease and CABG versus 3.1% for patients who underwent 

combined procedures. However, the role of carotid disease as a direct 
cause of perioperative stroke after isolated CABG is not always clear. It 
is relatively simple to diagnose the likely cause of a perioperative stroke 
associated with isolated CEA.

Individual studies involving concomitant carotid and coronary dis-
ease suffer from great variation in the definition of a stroke, selection 
bias, patient demographics, and surgical techniques that limit the wide-
spread application of study recommendations. To make up for these 
deficiencies, large, systematic reviews of the studies have attempted to 
provide insight into the optimal practice for concomitant carotid and 
coronary artery disease. Recently, a review found no advantage in out-
comes for staged or combined procedures.279 Staged procedures had 
lower rates of stroke (2.7% vs. 4.6%) and death but were not statisti-
cally significant. Others have found combined surgery not only unnec-
essary but also potentially detrimental. Gerraty et al282 prospectively 
studied a series of 358 patients undergoing peripheral vascular proce-
dures or CABG who underwent ultrasonography before surgery. If the 
carotid stenosis was asymptomatic, the risk for stroke was so low that 
it did not merit prophylactic CEA. An audit of one institution's last 
5 years with combined CEA-CABG for asymptomatic carotid stenosis 
(> 50%) found no perioperative strokes at 30 days after surgery in the 
61 patients who had unilateral stenosis that were not revascularized. 
This led to an institutional halt to the performance of combined pro-
cedures.281 Unfortunately, their studies can do no more than challenge 
the hypothesis that a combined or staged CEA-CABG will reduce the 
risk for stroke in asymptomatic, unilateral carotid disease.

A major concern for those who do not support the combined or 
staged approach for carotid and coronary disease is that some data 
demonstrate a stroke rate for combined CEA and CABG of approxi-
mately twice the stroke rate of each operation alone.266 Safety of the 
combined CEA-CABG recently was evaluated in 277 patients (3.34%) 
with carotid stenosis greater than 70% unilaterally or bilaterally that 
underwent some form of combined CEA and CABG compared with 
a control of 8000 isolated CABGs.283 There was no statistical differ-
ence in the mortality or incidence of stroke in those undergoing com-
bined procedures compared with those undergoing CABG alone. The 
increased risk for stroke or even death found in some studies regard-
ing combined CEA-CABG may be related to the overall severity of the 
atherosclerotic disease and likelihood of embolic plaque in the aorta 
in this particular population of patients. Ricotta et al265 were able to 
define a stroke model through multivariate logistic regression analy-
sis in patients undergoing CABG without carotid stenosis greater than 
80%. The risk factors for stroke were age, CPB duration, aortoiliac dis-
ease, ECG evidence of left ventricular hypertrophy, and an extensively 
calcified aorta. Examination of patients who underwent combined 
CEA-CABG found them to have three of the four risk factors for post-
operative stroke. Although the stroke rate for the combined group was 
3.9% compared with 1.7% for control, it was not different from the 
expected stroke risk based on the inherent risk factors of the patients. It 
could be concluded that patients with combined disease are at greater 
risk for stroke not caused by the combination of CEA and CABG but 
from the individual preoperative risk factors. The high-grade carotid 
disease may be a marker for greater cardiovascular morbidity in these 
patients and less related directly to the carotid disease.

The risk for mortality and morbidity associated with combined 
CEA-CABG procedure also was compared with patients undergoing 
isolated CABG in New York State for control.269 Surprisingly, once pro-
pensity scores could be matched between isolated CABG and com-
bined CEA-CABG, no significant differences were found in occurrence 
of stroke, MI, or death between combined and isolated CABG. Another 
important factor in looking at patients for combined procedures is 
that, although as a group the mortality may be greater in the combined 
compared with isolated CABG, the risks for combined patients vary 
greatly within their own group.283 In a comparison of isolated CABG 
with combined procedures, the stroke, mortality, and MI rates were 
very low in patients who had either unilateral or bilateral carotid steno-
sis, but those with previous stroke and more advanced age or contral-
ateral internal carotid artery occlusion were at significantly greater risk 
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for stroke, mortality, and MI compared with the other patients under-
going combined procedures. In conclusion, the intrinsic risk  factors of 
patients who undergo combined procedures contribute more to post-
operative stroke than the addition of CEA. The important issue is that 
the data indicate that combined procedures can be safely  performed 
without increases in complications because of the combination of 
procedures.

The use of carotid artery stenting (CAS) has gained popularity in 
recent years as a substitute for CEA in a staged approach but currently 
represents only a small part of prophylactic carotid revascularization 
(3.3%) compared with CEA for patients scheduled for CABG.270 In a 
comparison with combined CEA-CABG using a Nationwide Inpatient 
Sample database including 5 years of patients, the postoperative stroke 
rate for CAS-CABG was significantly less (2.4%) compared with CEA-
CABG (3.9%; P < 0.001), but no difference in the incidence of death 
was found. It was significant that symptomatic patients undergoing 
both prophylactic procedures before cardiac surgery instead reported 
a fivefold increase in stroke associated with CAS-CABG versus CEA-
CABG. When CAS was used as the only form of prophylactic treatment 
of carotid stenosis before CABG in 52 patients in a staged manner, the 
combination of minor stroke, major stroke, and death rate for this study 
was 19.2%.284 Increased stroke rates with CAS-CABG may be because 
of inadequate anticoagulation without clopidogrel to minimize post-
operative bleeding after CABG. CAS-CABG has been performed with 
acceptable stroke and death rates if the patient is neurologically asymp-
tomatic; however, Timaran et al270 found a fivefold increase in the risk 
for CAS with CABG compared with CEA for neurologically symptom-
atic patients.

A benefit of CAS is that myocardial events may occur less frequently 
than with CEA, perhaps because CAS can be performed with conscious 
sedation and is less invasive. A serious disadvantage with CAS is the 
need for multiple antiplatelet therapy and occasional hemodynamic 
depression associated with CAS that may limit its role in those with 
unstable coronary artery disease. Complications from stenting can be 
as high as 5.7%, and the delay in CABG may be responsible for deaths 
that occurred, so more frequent future use of CAS may depend on 
additional studies. It may be that CAS-CABG necessarily will be less 
risky if performed as a staged procedure instead of a combined one.

Anesthetic Considerations
Anesthetic management of patients with carotid and coronary dis-
ease must provide optimal conditions for the brain and myocardium. 
Beyond the routine monitoring for cardiac surgery, electroencephalog-
raphy or other modalities to assess neurophysiologic integrity are useful 
but have a high false-positive rate. For the anesthesiologist, it is helpful 
to know that the majority of strokes cannot be ascribed to an adverse 
intraoperative event such as hypotension or low flow.273 However, it is 
more difficult to differentiate a “true” stroke from other states of tem-
porary neurologic impairment associated with CABG such as heavy 
sedation, residual muscle weakness from a paralyzing agent, or enceph-
alopathy secondary to cerebral edema. By using general anesthesia 
for CEA, clinical methods to determine neurologic integrity, as well 
as treatment, are delayed. In contrast, use of mild sedation with local 
anesthesia for CEA has proved to be a more reliable means to detect 
intraluminal shunting during CEA than other measures of neurologic 
testing.285 The sensitivity and specificity of CEA with local anesthesia to 
detect neurologic deficit have been established. The use of local anes-
thetic for CEA in the combined procedure has proved to be valuable in 
reducing exposure to anesthesia and reduction of shunt-related com-
plications, allowing repair with less risk for damage.286 The use of local 
anesthesia for the CEA instead of one continuous general anesthetic 
has become more popular in recent years. The added ability to identify 
the timing of the neurologic insult may prove valuable compared with 
general anesthesia. This is especially true because the neurologic exam-
ination in the conscious patient is more reliable than other methods 
such as stump pressure and electroencephalogram. However, anxiety 
and pain must be controlled to minimize myocardial ischemia during 
CEA with local anesthesia.

Mean arterial pressure should be maintained in the middle-to-
upper-normal range without large increases in afterload or heart 
rate. Normocapnia is recommended. Techniques often used during 
 anesthesia for cerebral protection such as barbiturates, inhalation 
anesthetics, benzodiazepines, or propofol to decrease cerebral meta-
bolic rate have not been proved beneficial in clinical trials. Attempts to 
provide cerebral protection should not be used at the expense of myo-
cardial perfusion and function. Usually, if the CEA is performed before 
CABG, the site of the CEA will be left open until cardiac surgery is 
completed to ensure that bleeding at the site of the CEA is minimal.

Early extubation is desirable to allow earlier neurologic evaluation 
in combined cases. Fast-track anesthetic management to achieve early 
extubation is routine. Prompt tracheal extubation after cardiac surgery 
with CPB may be accomplished with various anesthetic agents. Shorter-
acting opioids have been characterized as achieving more rapid extu-
bation than fentanyl.287 However, Engoren et al288 found no difference 
in the time to extubation with sufentanil or remifentanil compared 
with fentanyl, with the median time to extubation of 4.75, 3.90, and 
2.78 hours, respectively. The combination of remifentanil and propofol 
was associated with mean extubation times of 163 minutes after arrival 
in the ICU.289

Extubation in the operating room is possible with high-thoracic 
epidural,290 but early risks for hypothermia, bleeding, and hemody-
namic instability may outweigh any benefit of prompt neurologic 
examination. Furthermore, the need for rapid institution of CPB dur-
ing an awake CEA may prove challenging. Another possibility is the 
use of general anesthesia for the CEA followed by a wake-up test.291 
This would allow evaluation and treatment of any apparent neurologic 
injury before initiation of CPB. This approach may be more feasible in 
the lower risk CABG patient who is less likely to have more labile hemo-
dynamics on waking. Aggressive vasoactive management frequently is 
required to treat hypertension and tachycardia resulting from reduced 
opioids. Shorter-acting muscle relaxants than pancuronium also have 
been considered to shorten duration of intubation; however, a large, 
multicenter trial of more than 1100 patients undergoing CABG did 
not demonstrate a difference in the duration of mechanical ventila-
tion with either vecuronium or pancuronium in a fast-track anesthetic 
regimen.287 After surgery, hypertension should be aggressively treated 
to avoid hyperperfusion syndromes leading to transient seizures or 
intracerebral hemorrhage and avoid exacerbating bleeding at the site 
of the CEA.

CORONARY ARTERIOVENOUS FISTULA
Coronary arteriovenous fistula is an abnormal communication between 
a coronary artery and another cardiac chamber or venous structure, 
bypassing the myocardial capillary network. Common sites include 
coronary sinus, cardiac vein, pulmonary artery, superior vena cava, 
pulmonary vein, or any one of the cardiac chambers. The incidence 
rate in the overall population is 0.002%.292 Coronary artery fistula is 
the most common significant coronary artery anomaly and occurs in 
0.3% to 0.8% of angiographic series.293 Coronary arteriovenous fis-
tula usually is congenital but also may occur from acquired (coronary 
atherosclerosis, Takayasu arteritis), traumatic, or iatrogenic causes. 
Interestingly, 10% to 30% of patients with coronary fistula may have 
another congenital anomaly such as tetralogy of Fallot, atrial septal 
defect, and partial anomalous pulmonary venous connection. It is not 
sex-specific. Most congenital arteriovenous fistulas (60%) involve the 
right  coronary artery, are small, and have no clinical significance. The 
left coronary artery is the site of the fistula in 35% of cases, although 
more recent studies have suggested that asymptomatic coronary fistu-
lae originate from the left coronary system.294 Multiple coronary fistulae 
occur in 5% of patients.295 The most common distal connection of the 
fistula with the right coronary artery is the RV, which represents 41% 
of the distal fistula sites. Low-pressure structures are the most common 
connections for coronary fistula, with left-sided connections occurring 
rarely.292 Most fistulae are single connections. The most proximal part 
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of the fistula does develop some aneurysmal dilation and is often up to 
three times the normal diameter of the coronary artery.294

The clinical importance generally is associated with adulthood in 
which larger fistulae cause significant left-to-right shunts and CHF. 
Fistulae that connect to the left side do not shunt but cause an effect 
similar to mitral regurgitation. However, it is rare to find the degree 
of shunting significant enough to see an oxygen step-up effect dur-
ing right-sided catheterization. Fifty percent of patients with large 
fistulae experience development of complications.292 The most com-
mon symptom is dyspnea, which occurs in 30% of patients. Most 
adults are thought to be asymptomatic, but more recent reports sug-
gest that nearly 50% are symptomatic at the time of presentation. The 
average age of symptoms is 18 years. Other problems that may lead 
to the diagnosis are arrhythmias, infective endocarditis, and myo-
cardial ischemia. Usually myocardial blood flow is not compromised 
because the shunt is so small, but coronary arteriovenous fistulae may 
cause angina pectoris by stealing blood from the normal coronary 
 circulation. This situation is usually limited to exercise.296 Additional 
complications of coronary fistulae such as thrombosis, embolization, 
PAH, aneurysmal dilation of the involved vessel, and even sudden 
death may occur in patients diagnosed at later ages. Coronary fistulae 
rarely lead to aneurysmal rupture. Coronary arteriovenous fistulae 
can occur after penetrating injury to the chest and present as peri-
cardial tamponade.

A continuous murmur with diastolic accentuation suggests an arterio-
venous fistula. The murmur is continuous in a crescendo- decrescendo 
manner that persists through both systole and diastole. The murmur 
does not peak at the second heart sound as most of the other continuous 
murmurs do. The site where the murmur is the loudest is the site of entry 
into the heart for the fistula. Discovery of a continuous murmur along 
the upper left sternal border after CABG is an indication for angiogra-
phy to verify proper placement of a saphenous vein graft into a coro-
nary artery. Angiography is useful to differentiate this condition from 
other causes of continuous murmurs, such as patent ductus arteriosus, 
VSD, and atrial septal defect. Many of these fistulae are found inciden-
tally during angiography. If the coronary artery is significantly enlarged, 
echo may be diagnostic. TEE is useful to identify drainage sites of a 
 coronary arteriovenous fistula. More recently, MRI and CT angiogram 
have contributed to the diagnostic process because, although angiogra-
phy is the gold standard for imaging the coronary arteries, it may not 
provide the course and relation to other structures, as well as an MRI 
and CT angiogram.293

The majority of small symptomatic fistulae do not require inter-
vention.296 Often, with infants who do not demonstrate CHF, medical 
management may reduce symptoms. With growth, the size of the fis-
tula and shunt will become smaller and less symptomatic. The natu-
ral history of these fistulae is variable. Spontaneous closure has been 
reported but is rare and mostly in infants.292 In some asymptomatic 
patients, the size of the shunt may reach Q

p
/Q

s
 of 1.5 but rarely more 

than 2, leading to severe fluid overload.
Management is controversial, in part because of treatment based 

on anecdotal reports or small case series. Some will start antiplatelet 
medication, but others oppose it.292 Symptoms are the primary impe-
tus for closure of the coronary fistula. Asymptomatic patients may be 
considered for treatment, but the concern is the possibility of future 
complications. Treatment options to close the fistula include the long-
standing therapy of surgery or a variety of percutaneous techniques 
such as coils, balloons, double-umbrella devices, and vascular occlu-
sion devices. With either technique, long-term follow-up of the patient 
is necessary because recanalization is possible.

Surgical treatment of coronary fistula with direct endocardial liga-
tion has proved safe, with no morbidity or mortality, and effective, 
with excellent long-term results of 10 years without problems.297 
Fistulae can be closed either from external plication on a beating heart 
or from an intracardiac location using CPB. The distal end of the fis-
tula is closed from within the recipient cavity during CPB to eliminate 
the fistulous tract.298 Selected fistulae may be ligated without CPB. 
The use of coronary revascularization without CPB may be effective 

to protect the myocardial territories subtended by the  fistula.296 In 
about 50% of cases, when fistulae are corrected with  surgery, CPB is 
used.294 Cardioplegic arrest may be difficult with aortic cross-clamp-
ing of the aorta, so the option for temporarily clamping the fistula is 
acceptable unless the fistula is calcified. Intraoperative TEE can local-
ize fistulae, verify complete repair, and monitor ventricular function 
to avoid ischemic complications of ligation.299 It is rare to encounter 
major problems with surgery for coronary fistulae, but MI, arrhyth-
mias, and stroke occur.

The first successful transcatheter closure of a coronary fistula occurred 
in 1983.293 This catheter-based technique of closing coronary fistulae 
has enjoyed good success. Although many techniques are available to 
close the fistula, most have been done with coils.300 The use of the coils 
results in thrombosis of the fistula to the level of the first branch, reduc-
ing the left-to-right shunt and returning myocardial blood flow. This 
technique has compared favorably with the surgical option in terms 
of morbidity, mortality, and effectiveness.293,294 Series have noted that 
leaks may develop from transcatheter closure in approximately 10% 
of patients.294 Long-term follow-up has not been as rigorous or able to 
determine problems, but nearly half of these follow-ups are associated 
with persistent abnormalities.

Anesthetic Considerations
Anesthetic management of arteriovenous fistulae is similar to anes-
thetic management for CABG. ECG monitoring for detection of isch-
emic changes is invaluable for ligation of coronary arteriovenous 
fistulae. The use of echo is extremely valuable to determine myocardial 
ischemia, as well as the degree of shunt.

Case Study 4
Coronary Artery Fistula
A 56-year-old woman with a history of hypertension presented with 
new-onset dyspnea on exertion. Her physical examination was unre-
markable with the exception of a continuous, soft murmur heard on 
auscultation of the chest. A preoperative TTE revealed normal valves, 
normal ventricular function, and no regional wall motion abnormali-
ties. There was an area of turbulent flow in the RV, raising concern for 
the presence of a right coronary artery fistula communicating with the 
RV. This finding was confirmed with a preoperative angiogram, and 
surgery was recommended. In the operating room, the site of commu-
nication between the fistula and the RV was identified with TEE. Using 
color-Doppler imaging, a site of turbulent flow was identified entering 
the RV. Turbulent flow also was seen outside of the ventricle, presum-
ably occurring within the fistula. The surgeon placed a suture around 
the coronary fistula at its site of entrance to the RV. As the suture was 
tightened, the turbulent flow entering the RV was no longer seen on 
TEE. The result was considered acceptable and the surgeon proceeded 
to ligate the fistula. The right coronary artery was assumed to remain 
intact.

After a short period of observation, it was noted that the ST 
 segments in the inferior leads had become elevated. Ischemia was con-
sidered but could not be confirmed as the source of mild ST elevation. 
When the heart was reimaged with TEE, right ventricular function 
was described as normal. However, there clearly were new regional 
wall motion abnormalities in the inferior wall of the LV. Given these 
new wall motion abnormalities combined with ST-segment elevation, 
it was believed that the right coronary artery had been compromised. 
CPB was instituted and a vein graft was placed from the aorta to the 
distal right coronary artery, followed by easy separation from CPB. 
Biventricular function was normal and the wall motion abnormalities 
were no longer present. The patient had an uncomplicated postopera-
tive course.

In this case, TEE not only guided ligation of the fistula, but also 
confirmed damage to the coronary artery requiring CABG during 
the ongoing anesthetic and avoiding another separate procedure and 
anesthetic.
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CARDIAC SURGERY DURING PREGNANCY
Heart disease is a major risk factor for maternal and fetal death during 
pregnancy, with an incidence rate of 1% to 3%.301 It is the most com-
mon cause of nonobstetric mortality during pregnancy, accounting for 
10% to 15% of maternal mortality. Although maternal cardiac disease 
represents only 15% of obstetric ICU admissions, it accounts for 50% 
of the obstetric ICU deaths.302 Obstetric patients with heart disease 
are at great risk for serious complications because of hemodynamic 
changes associated with pregnancy and delivery. If cardiac surgery is 
required during or immediately after pregnancy, anesthetic manage-
ment demands an appreciation for the many changes of pregnancy and 
their impact on the corresponding heart disease and well-being of the 
fetus.

Certain physiologic changes of pregnancy negatively impact the 
female patient with heart disease. Heart rate and stroke volume are 
each increased by 25% by the end of the second trimester. Early in the 
third trimester, intravascular volume has expanded by nearly 50%.303 
These three changes during pregnancy cause a 50% increase in CO 
that is aggravated by physiologic anemia and aortocaval compression. 
Labor contractions can rapidly increase the already increased CO. Such 
increases in blood volume and CO are especially difficult for a parturi-
ent with valvular heart disease. Increased CO will increase myocardial 
oxygen demand, exacerbating CHF, and low SVR will worsen coronary 
perfusion, causing myocardial ischemia. Low SVR also may compro-
mise maternal pulmonary blood flow or alter shunt physiology with 
certain congenital heart defects. It is not uncommon to see a nonpreg-
nant woman with well-compensated cardiac disease acutely or gradu-
ally decompensate as cardiac demands increase during pregnancy.

Cardiovascular morbidity and mortality strongly are associated with 
maternal functional status. Four major risk factors predict poor mater-
nal outcomes according to a prospective evaluation of more than 600 
pregnancies complicated by maternal cardiac disease: CHF, transient 
ischemic attacks, stroke, or arrhythmias; prepregnancy NYHA Class > 
2; left-heart obstruction; and ejection fraction less than 40%.302 The 
likelihood of complications increases to 75% if more than one risk fac-
tor is present. Most commonly, the complication takes the form of pul-
monary edema or arrhythmias.

Rheumatic heart disease accounts for nearly 75% of maternal heart 
disease, but congenital heart disease continues to increase its share as 
more women with congenital heart disease are reaching childbearing 
years. Native valve disease and prosthetic valve dysfunction comprise 
most of the operations during pregnancy. Dissecting or traumatic rup-
ture of the aorta, pulmonary embolism, closure of a PFO, and car-
diac tumors comprise only a small percentage of cases.304 Mitral valve 
 disease is the most common valvular disorder that requires surgery in 
pregnancy. Chronic mitral or aortic regurgitation actually may be asso-
ciated with a small symptomatic improvement secondary to the normal 
physiologic changes of pregnancy. In contrast, stenotic valvular lesions 
tolerate these changes poorly.301 Aortic and mitral stenosis are common 
problems that may lead to hemodynamic deterioration, forcing emer-
gency delivery before cardiac surgery. The most frequent indication for 
emergency cardiac surgery during pregnancy is decompensation from 
CHF because of mitral stenosis.305 New onset of atrial fibrillation with 
mitral stenosis causing severe hypotension and decreased CO is one of 
the more common potentially life-threatening situations to the mother 
and fetus.

Because cardiac surgical morbidity and mortality are greater in the 
parturient than the nonpregnant patient undergoing the same cardiac 
operation, every effort is made to manage the patient without  surgery. 
Extensive exposure to radiation may, however, limit therapeutic inva-
sive catheterization procedures. If nonsurgical therapy is not feasible 
or conflicts with fetal interests, cardiac surgery and CPB are reason-
able because delaying surgery until after delivery carries a greater 
maternal mortality risk than proceeding with surgery.301 If the fetus 
is 24 weeks gestation, the obstetrician may perform a cesarean sec-
tion just before CPB, because of the greater fetal mortality associated 
with cardiac surgery. Although general anesthesia is recommended for 

patients  requiring cesarean section before CPB, volatile agents may 
induce uterine atony, resulting in serious bleeding; therefore, total 
intravenous anesthesia merits consideration.

Since 1958, when Leyse and colleagues described the first cardiac 
surgery requiring CPB in a pregnant patient, maternal morbidity has 
decreased from 5%304,305 to less than 1%.306 Fetal mortality remains 
high, ranging from 16% to 33%.304,305,307 Unfortunately, fetal mortal-
ity is related to the use of CPB, duration of surgery, and hypothermia. 
The nonphysiologic nature of CPB combines with the changes of preg-
nancy for an uncertain response and tolerance by mother and fetus.

CPB exposes the fetus to many undesirable effects that may have 
unpredictable consequences. Initiation of CPB activates a whole-
body inflammatory response,308 with multiple effects on coagulation, 
autoregulation, release of vasoactive substances, hemodilution, and 
other physiologic processes that may adversely impact both the fetus 
and mother. Maternal blood pressure may decline immediately after 
or within 5 minutes of initiation of CPB, decreasing placental perfu-
sion secondary to low SVR, hemodilution, and release of vasoactive 
agents.305 Fetal heart rate variability often is lost, and fetal bradycar-
dia (< 80 beats/min) also may occur at this time.309 Because uterine 
blood flow is not autoregulated and relies on maternal blood flow, 
decreases of maternal blood pressure cause fetal hypoxia and brady-
cardia. Increasing CPB flows (> 2.5 L/m2/min) or perfusion pressure 
(> 70 mm Hg) will raise maternal blood flow and usually return the 
fetal heart rate to 120 beats/min.310 A compensatory catecholamine-
driven tachycardia (170 beats/min) may ensue that suggests an oxy-
gen debt existed.309 Nonetheless, increasing CPB flow and mean arterial 
pressure do not always correct fetal bradycardia, and if not, then other 
causes must be considered.

Problems with venous return or other mechanical aspects of extra-
corporeal circulation also may limit systemic flow, causing reduced 
placental perfusion. If acidosis persists throughout CPB, other factors 
may be responsible for it rather than low maternal blood pressure, such 
as maternal hypothermia, uterine contractions, or medications that are 
transferable to the fetus. Monitoring the fetal heart rate is important 
to assess fetal viability and subsequent therapeutic initiatives. Fetal 
monitoring reduces mortality partially by early recognition of prob-
lems.305 Immediately after delivery, the CO increases suddenly because 
of mobilization of extracellular fluids and removal of aortocaval com-
pression to greatly burden the diseased cardiovascular system.301

Hypothermia has been used for years in cardiac surgery but is not 
 recommended for the pregnant patient. There are reports of fetal sur-
vival with maternal core temperatures of 23° C to 25° C, and fetal survival 
is even documented after 37 minutes of hypothermic (19° C) circulatory 
arrest.311,312 However, when hypothermic versus normothermic CPB 
was examined retrospectively in 69 pregnant patients who underwent 
cardiac surgery during 1958 to 1992, hypothermia was associated with 
an embryo fetal mortality rate of 24% compared with 0% for normo-
thermia (Table 22-9). The fetus appears to maintain autoregulation of 
the heart rate with mild hypothermia, but most functions are reduced 
with severe hypothermia.309 Maternal mortality was not influenced by 
differences in CPB temperature.

Beyond the effect of hypothermia on acid-base status, coagulation, 
and arrhythmias, it may precipitate uterine contractions that limit pla-
cental perfusion and risk fetal ischemia and survival. The explanation 
for hypothermia-induced contractions may be related to the severe 
dilution that accompanies CPB and reduces progesterone levels, thus 
activating uterine contractions. Contractions are more likely to occur 
the older the gestational age of the fetus.307,313 Accordingly, uterine 
monitoring is strongly recommended if CPB is required during preg-
nancy. If uterine contractions should begin during CPB, it is vitally 
important for fetal survival to stop them. Treatment includes ethanol 
infusion, magnesium sulfate, terbutaline, or ritodrine. Many of these 
tocolytic agents have potential side effects and toxicities that can be 
especially detrimental to patients with heart disease.314 However, toco-
lytic agents may be necessary if the contractions are associated with 
marked fetal decelerations indicative of severe oxygen debt. Infants 
have died of protracted contractions.315 Prophylactic measures to 
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 prevent  contractions, such as progesterone, have been of indetermi-
nate value. Pulsatile CPB may lessen the risk for contractions as fewer 
premature contractions were noted, but the mechanism is unclear and 
has not gained popularity.316

As noted previously, the initiation of CPB is accompanied by mod-
erate hemodilution. It has been recommended that the hematocrit 
remain greater than 28% to optimize oxygen-carrying capacity for 
mother and fetus.301 The Paco

2
 should be slightly hypercapnic because 

this increases uterine blood flow. Anticoagulation and its neutralization 
for CPB should be consistent with routine management for nonma-
ternal patients, as unfractionated heparin does not cross the placenta 
and can be used safely. Anticoagulation during pregnancy has been 
extensively reviewed.317 A cesarean section has been advised for neo-
nates with a gestational age of more than 28 weeks, immediately after 
heparinization and cannulation but before commencement of CPB,318 
because at 24 to 28 weeks, organogenesis is complete and neonates do 
well. If avoidance of CPB with the fetus is not possible, the appropriate 
management to achieve optimal outcome for the mother and fetus is 
not firmly established with prospective randomized trials.

Approximately 30 to 60 minutes after separation from CPB, the 
fetus experiences development of a severe and progressive respiratory 
acidosis.309 Although correctable, hours later a more severe metabolic 
acidosis ensues with the potential for fetal death. It has been postu-
lated that catecholamines and the fetal stress response may be respon-
sible for poor CO secondary to significant vasoconstriction, reflected 
in a persistent acidosis.307 The effects of vasopressors and inotropic 
agents on uterine blood flow in pregnant patients with cardiac disease 
are indeterminate. Angiotensin-converting enzyme inhibitors and 
 angiotensin-converting enzyme receptor antagonists are contraindi-
cated during pregnancy.301 Current guidelines are based on animal 
data, not the intact human maternal-fetal unit. Uterine blood flow is 
directly proportional to mean perfusion pressure and inversely propor-
tional to uterine vascular resistance. The uterine vascular bed is maxi-
mally dilated during pregnancy. Stimulation of -adrenergic receptors 
increases uterine vascular resistance and potentially decreases uterine 
blood flow. However, improvements in maternal CO, blood pressure, 
and uterine blood flow by certain vasopressors may outweigh any det-
rimental effect on uterine vascular resistance. Ephedrine has been the 
vasopressor of choice for maternal hypotension for years. Ephedrine 
and phenylephrine are safe when treating maternal hypotension 
 during cesarean section after spinal or epidural anesthesia.319,320 In 
pregnant ewes, the effect of dopamine on uterine blood flow is mixed. 
Epinephrine has been associated with decreased uterine blood flow, 
although in one clinical report, an infusion of epinephrine improved 
maternal hemodynamics after CPB and resolved fetal bradycardia.321 
Overall, the use of these agents during CPB appears to have few nega-
tive effects.309

Anesthetic Considerations
Medications for anesthesia must be considered in the context of the 
maternal heart disease, influence of CPB, and effect on the fetus. 
Maternal safety must be ensured, as well as optimal fetal outcome. It is 
important to be aware of the safety of the more commonly used drugs 
in cardiac anesthesia during pregnancy. The risk for teratogenesis with 

a myriad of medications and exposures of the fetus during cardiac sur-
gery and CPB is high, but most infants successfully have avoided these 
effects.312,313 No anesthetic agent has been shown to be teratogenic in 
humans. Fetal teratogenicity is always a concern of anesthetic man-
agement, especially during the first trimester when fetal organogen-
esis occurs. Commonly used induction agents and sedatives, such as 
 thiopental, ketamine, etomidate, propofol, midazolam, and diazepam, 
rapidly cross the placental barrier to the fetal circulation.41,322–324 Animal 
studies show that halothane, enflurane, isoflurane, and sevoflurane 
appear to be safe anesthetics and lack teratogenic effects.325,326 Despite 
concerns about the action of nitrous oxide on DNA synthesis, human 
and animal studies indicate that it is safe to use nitrous oxide for anes-
thesia during pregnancy. Fentanyl and sufentanil decrease beat-to-beat 
variability and may mask fetal distress but do not produce teratogenic 
effects. Both depolarizing and nondepolarizing muscle relaxants cross 
the placenta to different degrees. Pancuronium, atracurium, and pipe-
curonium have been administered either intramuscularly or intrave-
nously directly to the human fetus in utero without apparent adverse 
sequelae.

Many medications administered during cardiac anesthesia do not 
provide anesthesia. -Blockers such as propranolol, esmolol, and 
labetalol cross the placenta but appear safe for acute and chronic 
use.327 Nitroprusside, nitroglycerin, and hydralazine appear to be safe 
for treating maternal hypertension. Nitroprusside rapidly crosses the 
placental membrane in pregnant ewes, but infusion rates of less than 
2 g/kg/min do not generate toxic levels of cyanide in fetal lambs.318 
Mannitol and furosemide cross the placenta and induce fetal diuresis 
but have no apparent adverse fetal consequences. Regional anesthesia 
carries considerable risk in view of the degree of anticoagulation neces-
sary for CPB, although it has been used successfully.

A team approach with anesthesiologist, surgeon, neonatologist, and 
obstetrician is critical for the care of mother and fetus, especially if 
optimal management for the mother does not necessarily coincide 
with fetal interests. The decision to operate needs to be made in the 
context of the potential survivability of the fetus outside the uterus 
should delivery of the baby become probable.

RISKS OF HUMAN IMMUNODEFICIENCY 
VIRUS TRANSMISSION
In the United States, 1.2 million people are infected with human immu-
nodeficiency virus (HIV), representing 2.5% of the global infections.328 
More than 50,000 new cases occur annually in the United States.329 
Concern exists among health care workers about the risk for infection 
with HIV. Only 57 cases of documented occupational HIV infection 
in health care workers in the United States have been reported between 
1981 and 2001.328 Cardiac surgery is one of the greatest risk settings 
for occupational HIV transmission because of the considerable blood 
exposure that often occurs with excessive bleeding after CPB. This risk 
is not expected to improve greatly in the foreseeable future. However, 
the pattern of HIV transmission is changing to include more hetero-
sexual and progressively older individuals. New therapies and a delayed 
incubation time to development of AIDS after infection have extended 

From Pomini F, Mercogliano D, Cavalletti C, et al: Cardiopulmonary bypass in pregnancy. Ann Thorac Surg 61:265, 1996.

Fetal and Maternal Mortality and Morbidity after Cardiopulmonary Bypass

Variable No. of Patients Embryofetal Mortality, n (%) Maternal Mortality, n (%) Embryofetal Morbidity, n (%) Maternal Morbidity, n (%)

Total cases 69 14 (20.2) 2 (2.9) 5 (7.2) 3 (4.3)
1958–1974 29 9 (31.0) 2 (6.9) 1 (3.4) 0
1975–1991 40 5 (12.5) 0 4 (10.0) 3 (7.5)
< 15 wk 24 3 (12.5) 1 (4.2) 4 (16.6) 1 (4.2)

16 wk 41 9 (21.9) 0 1 (2.4) 2 (4.9)
Hypothermia (< 35°C) 25 6 (24.0) 0 4 (16.0) 1 (4.0)
Normothermia ( 36°C) 13 0 0 0 2 (15.3)

TABLE  
22-9
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life expectancy of those with HIV.330 However, since the introduction 
of the highly active antiretroviral therapy, reduction in deaths has been 
slipping in response to potential resistance to combination drug thera-
pies. Currently, the number of cases has stabilized in the United States. 
As patients with HIV live longer and reach ages when the likelihood 
of cardiac surgery is greater, the number of HIV patients who require 
 cardiac surgery also will increase.

The risk for exposure to HIV for the health care worker continues to 
evolve. Earlier studies show transmission risks from patients were over-
all minimal. Henderson et al331 prospectively studied 1344 healthcare 
workers over a 6-year period to assess the risk for HIV transmission 
during occupational activities. The authors combined data from mul-
tiple sources and stated, “The risk for HIV-1 transmission associated 
with percutaneous exposure to blood from an HIV-1 infected patient 
is approximately 0.3% per exposure.” The risk after mucous membrane 
and cutaneous exposure to an HIV patient is 0.09%. Transmission of 
HIV has been reported after nonintact skin exposure, but the risk is less 
than mucous membrane transmission.332 A Centers for Disease Control 
and Prevention prospective surveillance project found a 0.36% HIV 
seroconversion rate in health care workers who sustained percutaneous 
exposure to HIV-contaminated blood.333 No seroconversions occurred 
in health care workers who had mucous membrane or cutaneous expo-
sure to HIV-infected blood.

Rates of exposure are subject to the study methods, types of proce-
dures, and the precautions of the individuals involved; consequently, the  
stated risk for transmission with a single exposure may be greater than 
initially suspected. Factors that have been identified to alter rate of con-
version are a deep injury contact, injury by a device visibly contami-
nated with a patient's blood, or injury by a device placed in the artery 
or vein. These factors are associated with a higher titer of viral expo-
sure, so the rate of conversion is greater than the rate of 0.5% noted 
previously.334 The risk for transmission also is greater with exposure 
to a larger quantity of blood or an HIV-infected person with a termi-
nal illness.332 Rates of conversion in surgical settings are known to vary  
widely.335 The specific occupational risk of blood-borne infections in the 
health care setting primarily depends on three factors: (1) the prevalence 
of infected patients within the patient population, (2) the probability 
of acquiring a specific infection after a single occupational exposure, 
and (3) the frequency of at-risk exposures.330 In a study examining the 
risk for transmission of HIV by surgical subspecialties and occupation, 
 cardiothoracic surgery had the greatest rate. The rate of mucocutaneous 
contamination by blood splashing during surgery has been estimated 
to be greater, approximately 50% for cardiothoracic surgery. It appears 
that almost 60% of exposures in cardiac surgery occur in the operating 
room, with suture representing one third of the contacts. However, HIV 
infection accounts for only 5% of these exposures compared with 78% 
for hepatitis C. Blood-to-hand contacts represent many of the expo-
sures in the operating room for the cardiac surgical setting.335 Contact 
of blood with the body increases the risk for infection dramatically as 
blood loss exceeds 500 mL.

The best way to prevent occupationally related HIV infection is to 
prevent exposure to HIV-contaminated bodily fluids, most notably 
blood. Greene et al,336 using data confined to anesthesia personnel and 
obtained in 1991 to 1993, found that the majority of percutaneous inju-
ries were from contaminated needles, usually hollow bore, and were 
preventable. Hollow-bore needles that have been used in venous or 
arterial puncture appear to have a greater incidence of HIV transmis-
sion than solid needles. Needleless or protected needle infusion devices 
and revised anesthesia practice protocols have reduced the incidence 
of percutaneous injuries.337 All anesthesia personnel should routinely 
wear face shields or eye protection and gloves to prevent cutaneous and 
mucous membrane contamination.

The safety of blood transfusion regarding infection has been 
 confirmed.338 All donated blood undergoes HIV antibody screening, 
but a “window period” of approximately 22 days exists when antigen 
may exist in a donor's blood without antibody. As of 1995, there are 
only 29 documented cases of AIDS attributed to receiving HIV sero-
negative blood, although the actual number may be greater. Lackritz 

et al339 evaluated the American Red Cross blood system and estimated 
that 1 blood donation in 360,000 occurred during the “window period.” 
Furthermore, 15% to 42% of this blood was discarded because of other 
laboratory abnormalities. They also estimated that 1 in 2,600,000 
donations was HIV positive, but because of laboratory error it was 
missed. The American Red Cross defined the risk for the adminis-
tration of HIV-infected blood as 1 in 450,000 to 660,000 donations. 
Extrapolating their data nationwide to all 12 million annual donations, 
approximately 18 to 27 HIV-infected donations are available for trans-
fusion. Schreiber et al340 estimated that 1 in 493,000 donated units of 
blood would result in HIV transmission. They also estimated the risks 
for transmitting human T-cell lymphotropic virus, hepatitis C virus, 
and hepatitis B virus to be 1 in 641,000, 1 in 103,000, and 1 in 63,000, 
respectively. Despite the appropriate concern about HIV transmission 
during blood transfusion, similar attention should be directed toward 
the transmission of hepatitis B and C.

The effectiveness of postexposure prophylaxis has been difficult 
to prove in view of the small number of exposures that prevent an 
 adequate statistical analysis of the rate of seroconversion after con-
tact. In case-controlled trials, zidovudine is the only drug that has been 
shown to reduce the rate of seroconversion.341 Table 22-10 outlines the 
recommendations of the U.S. Public Health Service for postexposure 
prophylaxis. Postexposure chemoprophylaxis with two drugs is indi-
cated when health care workers are at risk for acquiring HIV via per-
cutaneous exposure. The two-drug combination of nucleoside reverse 
transcriptase inhibitor agents is recommended if significant exposure 
occurs. Possible combinations include zidovudine-lamivudine, lami-
vudine-stavudine, or didanosine-lamivudine.332 A third drug is recom-
mended if the risk is believed to be even greater or the HIV titer is 
higher in the exposure. Therapy should be initiated as soon as pos-
sible because there is a “window” before the systemic infection occurs. 
Earlier exposure to the antiretroviral therapy permits a better chance to 
preserve immune function and alter the course of the disease. Current 
recommendations suggest at least 1 to 2 hours from the time of expo-
sure for initiation of prophylaxis to be successful, but this has not 
been proved. In some cases, prophylaxis has been successfully admin-
istered 36 hours after exposure.337 It has been shown that those who 
are exposed to HIV through their occupation who do not seroconvert 
may still develop markers of T-cell–mediated response to the virus. 
However, the risk for this is lower if the exposed person has received 
antiretroviral prophylaxis.337

All patients at any stage of infection with HIV, even the “window of 
opportunity,” are at risk for transmission.342 To date, only 22 patients 
have had HIV seroconversion after prophylaxis, with 6 of those 
patients receiving combination therapy. Follow-up for the occurrence 
of side effects should start after 4 weeks and continue for at least 6 
months after exposure.337 Serologic testing for conversion should occur 
6 weeks, 3 months, and 6 months from time of exposure. If hepatitis C 
was confirmed, testing for seroconversion should continue for another 
12 months because of the effect of hepatitis C delaying HIV serocon-
version. Zidovudine has potential complications, so its administration 
should be carefully considered because most exposures to HIV do not 
result in seroconversion. In addition, zidovudine has been associated 
with several failures and complications.335

With the recent rise of resistant strains, prophylaxis therapy for 
occupational exposure should involve investigation into the source of 
the exposure to carefully design the optimal regimen. It is critical to 
determine the HIV serology of the source for infection as soon as pos-
sible to minimize any exposure to prophylaxis if the source is found 
to be HIV negative. Prophylaxis is not indicated if the patient is nega-
tive for HIV. If there is delay in testing the infecting source, at least 
one dose of prophylactic agents should be administered.329 The viral 
load for prophylaxis differs greatly if the donor is chronically infected 
and the postexposure prophylaxis will be influenced by it. The proper 
prophylaxis is important because incremental toxicity increases as the 
number of antiretroviral agents is increased.

Since new therapies for HIV have become more widespread,343 
patients undergoing cardiac surgery may be receiving these newer 
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medications. Triple-drug therapy is now the standard of care. The 
complexity of medications that these patients may receive certainly 
increases the possibility of drug interactions. The nucleoside analog 
reverse transcriptase inhibitors are primarily secreted by the kidneys, so 
fewer drug interactions are likely. However, the non-nucleoside analog 
reverse transcriptase inhibitors and protease inhibitors are metabolized 
by the liver with the cytochrome P450 mechanism so that many drug 
interactions are possible, especially with anesthetic agents. Ritonavir, a 
potent protease inhibitor, can increase the blood concentration levels 
of amiodarone, midazolam, diazepam, and meperidine. Drug interac-
tions should be considered if a patient is taking these medications and 
requires cardiac surgery.

RENAL INSUFFICIENCY AND CARDIAC 
SURGERY
In recent years, the number of individuals with chronic renal failure 
(CRF) undergoing cardiac surgery has increased to 2% to 3% of the 
cardiac surgical population.344 Patients with CRF may not necessarily be 
dialysis dependent before surgery but are more likely to develop wors-
ening renal function after CPB than those with normal preoperative 
renal function.345 Morbidity and mortality are especially high in long-
term dialysis patients undergoing cardiac surgery and CPB, ranging 
from 17% to 77% and 8% to 31%, respectively.346 Because CRF accel-
erates the development of atherosclerosis, myocardial revascularization 
is common in these patients. Irrespective of whether the patient with 
CRF is dialysis dependent, this patient is an anesthetic challenge, espe-
cially in regard to fluid management, electrolyte status, and hemostasis. 
The ability to avoid dialysis in the patient with nondialysis-dependent 
CRF is important to hospital stay and long-term mortality. A collab-
orative effort by the cardiac surgeon, anesthesiologist, nephrologist, and 
cardiologist is instrumental in the care of these patients. Unfortunately, 
long-term survival is still appreciably diminished even with minimal 
perioperative morbidity.

Patients with CRF are more prone to fluid overload, hyponatremia, 
hyperkalemia, and metabolic acidosis. Optimal hemodynamic and 
fluid status before surgery are important. Hemodialysis should be 

strongly considered the day before surgery, especially in those who are 
strictly dialysis dependent. Chronic dialysis patients tend to arrive for 
surgery with worsened left ventricular function, possibly from ineffi-
cient waste and toxin removal. CHF can occur as a result of hyperv-
olemia and poor left ventricular function manifesting as pulmonary 
edema and respiratory distress. Dialysis and medical therapy directed 
at improving cardiac function may be required to optimize the patient 
before surgery. Chronic medications should be carefully reviewed to 
ensure that certain medications were given, such as antihypertensive 
agents. The importance of preoperative preparation for patients with 
CRF is evident by the significantly higher mortality associated with 
urgent surgery.344

Perioperative mortality of patients with CRF undergoing cardiac 
surgery is associated with several risk factors. A preoperative creatinine 
concentration of 2.5 mg/dL is associated with greater mortality, even 
in those patients with nondialysis-dependent CRF.346 Late mortality 
rates may range from 8.3% to 55% if dialysis is ongoing for more than 
60 months.344 Pulmonary dysfunction also increases the perioperative 
mortality of patients with CRF.

Patients with CRF differ from those with normal renal function in a 
variety of ways that influence anesthesia management. A normochro-
mic, normocytic anemia is common, primarily because of decreased or 
absent erythropoietin secretion for which the kidney is the predomi-
nant source. Anemia now is treated with recombinant human eryth-
ropoietin therapy instead of blood. The cardiovascular benefits are 
especially noticeable with correction of anemia. However, treatment 
is costly and requires multiple injections weeks before surgery, which 
may not always be possible.

Efforts to find renoprotective agents for patients either at high risk 
for renal failure or those with CRF have been unfulfilling. Recently, 
a randomized, double-blind, prospective trial looking at the use of 
N-acetylcysteine for patients undergoing CPB with CRF found no dif-
ference in renal parameters.347 N-acetylcysteine is an antioxidant and 
vasodilator with the ability to increase cyclic guanosine monophos-
phate and nitric oxide and has shown promise in contrast-related 
renal failure. Fenoldopam, a new dopamine-1 receptor agonist, was 
studied in patients undergoing CPB with preoperative creatinine levels 
greater than 1.5 mg/dL.348 Subjects were given renal-dose dopamine or 

*Any exposure to concentrated human immunodeficiency virus (HIV; e.g., in a research laboratory or production facility) is treated as percutaneous exposure to blood with greatest risk.
†Recommend: Postexposure prophylaxis (PEP) should be recommended to the exposed worker with counseling. Offer: PEP should be offered to the exposed worker with counseling. Not 

offer: PEP should not be offered because these are not occupational exposures to HIV.
‡Regimens: zidovudine (ZDV), 200 mg three times a day; lamivudine (3TC), 150 mg twice daily; indinavir (IDV), 800 mg three times a day (if IDV is not available, saquinavir may be used, 

600 mg three times a day). Prophylaxis is given for 4 weeks. For full prescribing information, see package inserts.
§Highest risk: Both larger volume of blood (e.g., deep injury with large-diameter hollow needle previously in source patient's vein or artery, especially involving an injection of source 

patient's blood) and blood containing high titer of HIV (e.g., source with acute retroviral illness or end-stage AIDS; viral load measurement may be considered, but its use in relation 
to PEP has not been evaluated). Increased risk: Either exposure to larger volume of blood or blood with high titer of HIV. No increased risk: Neither exposure to larger volume of blood 
nor blood with high titer of HIV (e.g., solid suture needle injury from source patient with asymptomatic HIV infection).

¶¶Possible toxicity of additional drug may not be warranted.
¶Includes semen; vaginal secretions; or cerebrospinal, synovial, pleural, peritoneal, pericardial, and amniotic fluids.
**For skin, risk is increased for exposures involving high titer of HIV; prolonged contact; and extensive area, or an area in which skin integrity is visibly compromised. For skin exposures 

without increased risk, the risk for drug toxicity outweighs the benefit of PEP.
From Cardo DM, Bell DM: Bloodborne pathogen transmission in health care workers. Infect Dis Clin North Am 11:341, 1997 (from Centers for Disease Control and Prevention: Update: 

Provisional public health service recommendations for chemoprophylaxis after occupational exposure to HIV. MMWR Morb Mortal Wkly Rep 45:468, 1996).

Provisional Public Health Service Recommendations for Chemoprophylaxis after Occupational Exposure to Human 
Immunodeficiency Virus

Type of Exposure Source Material* Antiretroviral Prophylaxis† Antiretroviral Regimen‡

Percutaneous Blood§

 Highest risk Recommend ZDV plus 3TC plus IDV
 Increased risk Recommend ZDV plus 3TC, ± IDV¶¶

 No increased risk Offer ZDV plus 3TC
Fluid containing visible blood, other potentially infectious fluid,¶ or tissue Offer ZDV plus 3TC
Other body fluid (e.g., urine) Not offer

Mucous membrane Blood Offer ZDV plus 3TC, ± ID¶¶

Fluid containing visible blood, other potentially infectious fluid,¶ or tissue Offer ZDV ± 3TC
Other body fluid (e.g., urine) Not offer

Skin Blood Offer ZDV plus 3TC, ± IDV¶¶

Increased risk** Fluid containing visible blood, other potentially infectious fluid,¶ or tissue Offer ZDV ± 3TC
Other body fluid (e.g., urine) Not offer

TABLE  
22-10
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fenoldopam perioperatively. Postoperative parameters were improved 
only in those receiving fenoldopam, suggesting a renal-protective effect, 
but additional studies are needed. Mannitol and furosemide may also 
prevent early oliguric renal failure.349

Anesthetic Considerations
CRF affects dosing of medications that have a large volume of distri-
bution. Decreased serum protein concentration diminishes plasma 
binding, leading to greater levels of free drug to bind with receptors. 
Many patients with CRF are hypoalbuminemic. In general, anesthetic 
induction agents and benzodiazepines are safe to use in patients with 
CRF. A once common induction agent, thiopental, is highly protein 
bound, so the dose would be reduced accordingly. Medications that 
rely totally on renal excretion have a limited role. Fentanyl and sufen-
tanil may be more effective for pain management because excretion is 
not as renally dependent as morphine sulfate. Currently used volatile 
anesthetic agents rarely cause any additional renal dysfunction, even 
with underlying CRF, unless severely prolonged duration of anesthesia 
occurs. Muscle relaxants and agents for antagonism of muscle paralysis 
have varying degrees of renal excretion (Table 22-11).

A rapid-sequence induction with cricoid pressure is recommended 
in those with CRF in response to the likelihood of delayed gastric emp-
tying. Significant extracellular volume contraction also may be present 
before induction of anesthesia because of a 6- to 8-hour fast before sur-
gery and dialysis within 24 hours of surgery that may lead to hypoten-
sion on induction. Because fluid requirements usually are high with 
CPB, a PAC is especially useful to manage fluid administration. TEE 
may complement fluid management by assessment of left ventricular 
volume and function. Before the initiation of CPB, fluid administra-
tion should be limited, especially if the patient is dialysis dependent. 
In the nondialysis-dependent patient, fluid should be given to main-
tain adequate urine output but avoid excessive cardiovascular filling 
pressures that incite pulmonary edema. Fluids should not be restricted 
too aggressively because it may cause acute renal failure superimposed 
on CRF. Low-dose dopamine has been recommended for patients with 
CRF, but its value is indeterminate.

In general, CRF will worsen after CPB, in part because a combination 
of nonpulsatile flow, low renal perfusion, and hypothermia.346 Studies 
remain mixed regarding the ability of pulsatile flow during CPB to pre-
serve renal function compared with nonpulsatile CPB.350 Renal perfu-
sion is reduced as CPB is initiated, increasing the chance for ischemia 

of the renal cortex. Mean arterial pressure should be kept greater than 
80 mm Hg. The stress of surgery and hypothermia may impair auto-
regulation so that renal vasoconstriction reduces renal blood flow. 
The fluid required to initiate CPB may significantly reduce the hemo-
globin (Hb) and oxygen-carrying capacity in view of the preexisting 
anemia of CRF without the addition of red blood cells (RBCs) to the 
priming volume or immediately on initiation of CPB. A hematocrit of 
25% should be maintained during CPB.346 Washed RBCs are recom-
mended for RBC transfusion to lessen excessive potassium and glu-
cose levels intraoperatively. Potassium plasma levels should be checked 
periodically. Patients with CRF often have glucose intolerance from an 
abnormal insulin response, so more frequent determination of serum 
glucose levels is advisable.

The anephric patient poorly tolerates post-CPB hypervolemia asso-
ciated with prolonged duration of CPB. Dialysis can be performed dur-
ing CPB and is technically easy and effective because small molecules 
(uremic solutes, electrolytes) are removed.351 Instead of dialysis dur-
ing CPB, hemofiltration (ultrafiltration) is performed more frequently, 
effectively clearing excess water without the hemodynamic instabil-
ity of dialysis. Circulating blood passes through the hollow fibers of 
the hemoconcentrators, which have a smaller pore size than albumin 
(55,000 daltons) that remove water and solutes. These midsize mol-
ecules (inflammatory molecules) are small enough to pass through 
the pores to concentrate the blood. Potassium is eliminated, helping 
reduce excessive potassium concentration commonly associated with 
cardioplegia administration. Hemofiltration during CPB may not 
achieve a net reduction in the overall total fluid balance of the patient, 
in part because a minimum volume of fluid must be maintained in the 
venous reservoir of the extracorporeal circuit but may be associated 
with earlier extubation after CPB.352

Excessive bleeding after CPB is not uncommon in those with CRF, 
in part because of preoperative platelet dysfunction. Antifibrinolytic 
medications are pharmacologic measures used to successfully reduce 
excessive bleeding and transfusion requirements associated with car-
diac surgery.58 Tranexamic acid, an inexpensive, synthetic antifibrin-
olytic, is excreted primarily through the kidneys, so a dose reduction 
will be required based on the preoperative creatinine level. A newer 
dosing regimen has been developed based on levels of tranexamic 
acid.353 Aprotinin, a serine protease inhibitor with anti-inflammatory 
and antifibrinolytic properties, is concentrated in the proximal renal 
tubules. Recently, aprotinin was found to triple the risk for renal fail-
ure with dialysis compared with tranexamic acid and aminocaproic 
acid in patients undergoing CABG in an observational study involv-
ing more than 4000 patients.354 This was followed by a randomized 
double-blind trial of patients undergoing cardiac surgery with either 
aprotinin, aminocaproic acid, or tranexamic acid that was halted 
before completion of enrollment because of the increase in mortality 
with aprotinin compared with the other lysine analog antifibrinolytic 
agents.355 Although this trial did not find a statistically significant 
increase in renal failure or the need for renal replacement therapy, 
there was an increase in the number of patients who had their creati-
nine double. Ultimately, the U.S. Food and Drug Administration has 
removed aprotinin from clinical use.

After surgery, if dialysis is required in patients with end-stage renal 
disease, the risk for dialysis dependence is greatly increased.349 If the 
patient is dialysis-dependent before surgery, dialysis usually is resumed 
within 24 to 48 hours of surgery and then according to the patient's 
preoperative routine to optimize fluid, electrolyte, and metabolic 
status. Dialysis may be needed soon after return from the operating 
room if mobilization of fluids into the intravascular space causes CHF. 
Hemodialysis primarily corrects electrolyte imbalances and removes 
organic acids to correct metabolic acidosis. Dialysis may lessen the 
platelet dysfunction associated with uremia to minimize hemostatic 
abnormalities and excessive hemorrhage. Peritoneal dialysis may be 
preferable if the postoperative hemodynamic status of the patient is 
unstable. Peritoneal dialysis, compared with hemodialysis, is more con-
venient to administer and does not require the immediate support of 
a nephrologist. However, continuous renal replacement therapy can be 

Prolonged neuromuscular blockade has been reported.
*Data from Khuenl-Brady K, Castagnoli KP, Canfell PC, et al: The neuromuscular 

blocking effects and pharmacokinetics of ORG 9426 and ORG 9616 in the cat. 
Anesthesiology 72:669–674, 1990.

†Data from Cook DR, Freeman JA, Lai AA, et al: Pharmacokinetics of mivacurium in 
normal patients and in those with hepatic or renal failure. Br J Anaesth 69:580–585, 
1992.

Adapted from Barash PG, Cullen BF, Stoelting RK, et al: Clinical Anesthesia. Philadelphia, 
1989, JB Lippincott Company and Miller RD, Savarese JJ, et al: Pharmacology of 
muscle relaxants and their antagonists. In Miller RD (ed): Anesthesia. New York, 1990, 
Churchill Livingstone, pp 389–436, by permission.

Commonly Used Muscle Relaxants and Renal Failure

Relaxant Acceptable Renal Excretion

Atracurium Yes < 5%
Curare Yes, with caution 60%
Cis-atracurium Yes < 10%
Doxacurium Yes, with caution 70%
Gallamine No 100%
Metocurine Yes 50%
Pancuronium Yes, with caution 70%
Pipecuronium Yes, with caution 70%
Vecuronium Yes 30%
Rocuronium Yes 9%*
Mivacurium Yes 7%†

Succinylcholine Yes, with normokalemia 0%

TABLE  
22-11
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instituted intraoperatively and postoperatively to manage acute renal 
failure with volume overload and metabolic instability with  excellent 
results in cardiac patients after CPB.356 Continuous renal replacement 
therapy has become popular in cardiac surgical patients since 2000 
because the bedside nurse can direct the degree of fluid pull in response 
to the patient's changing hemodynamic status. Between 0.7% and 1.4% 
of patients undergoing cardiac surgery may require this transient form 
of therapy for renal failure.

Patients with CRF are at high risk for morbidity and mortality with 
cardiac surgery involving CPB. Attention to the following aspects may 
improve outcome: (1) conditions that are associated with CRF that 
lead to complications such as platelet function, lung function, and 
anemia must be assessed; (2) adequate RBC mass must be provided; 
(3) fluid and electrolyte care are extremely important, particularly after 
CPB; (4) hemofiltration; (5) blood conservation techniques and treat-
ment of coagulopathy; (6) judicious use of dialysis; and (7) scrutiny for 
infections that patients with CRF are more susceptible to develop.

HEMATOLOGIC PROBLEMS IN PATIENTS 
UNDERGOING CARDIAC SURGERY
Anesthetic concerns for patients with hematologic problems who 
undergo cardiac surgery are further complicated by the stress CPB 
places on coagulation and oxygen-carrying systems. Hemophilia, cold 
agglutinins (CAs), sickle cell disease (SCD), antithrombin (AT) defi-
ciency, and von Willebrand disease (vWD) are a few of the hemato-
logic disorders that may require special consideration if CPB is used. 
In general, a multidisciplinary approach, including individuals with 
expertise in these areas, is helpful in providing optimal care with such 
rare conditions.

Hemophilia
In the 1940s and 1950s, the coagulation factors that separated hemo-
philia A (factor VIII [FVIII] deficiency) from hemophilia B (factor IX 
[FIX] deficiency) were identified. Before that discovery, hemophilia 
was a debilitating disease with a life expectancy of less than 20 years. 
Subsequently, improvements in FVIII therapy prolonged life, but the 
early factor concentrates were not virally safe, so that 60% to 95% of 
individuals with hemophilia beyond 8 years of age were infected with 
hepatitis C virus,357 and eventually two thirds of individuals with hemo-
philia became infected with HIV.358 Although life expectancy decreased 
to younger than 40 years temporarily,359 new FVIII replacement ther-
apy such as recombinant FVIII (rFVIII) greatly reduced viral transmis-
sion. The result was more autonomy for patients with hemophilia but 
prolonged their life beyond 50 years, ensuring that they will more likely 
experience age-related disorders such as coronary artery disease.

Hemophilia A is the third most common X-linked disorder, occur-
ring in 1 in 5000 male births.357 Hemophilia B, also known as Christmas 
disease, is also an X-linked disorder with one fourth the incidence of 
hemophilia A. FVIII is instrumental for a normally functioning clot-
ting cascade. With a half-life of only 8 to 12 hours, FVIII and FIXa 
accelerate activation of factor X. Hemophilia, in its severe form, is char-
acterized by spontaneous bleeding in joints and muscles. Hemophilia 
A and B are similar in presentation, course, and treatment. Treatment of 
hemophilia A and B primarily depends on replacement of FVIII or FIX, 
respectively. Preparations of rFVIII, developed in the 1990s, effectively 
control 80% of bleeding episodes with a single dose. Viral contamina-
tion essentially has been eliminated, so the incidence of inhibitors is 
no more likely than plasma-derived factors. Cardiac operations require 
more intense hemostasis than most other surgical and nonsurgical sit-
uations. This is exacerbated by the stress on the coagulation system and 
increased risk for excessive bleeding associated with cardiac surgery.360

Specific challenges are involved in undergoing cardiac surgery and 
CPB with hemophilia. Management is derived from case reports and 
series without randomized, prospective trials. Relatively few insti-
tutions have experience in performing cardiac surgery in those with 

hemophilia, so there is limited systematic information regarding opti-
mal perioperative care. However, a recent study indicated similar 
 outcomes in patients undergoing CPB with or without hemophilia.361

Preoperative assessment of the cardiac surgical patient with hemo-
philia must determine the severity of the patient's hemophilia by his-
tory and laboratory tests because perioperative bleeding is related to 
the degree of factor deficiency. Factor deficiency in hemophilia may 
range from factor levels of 6% to 30% with occasional symptoms. 
A factor level less than 1% with easy bleeding could become severe 
during surgery if factor activity remains less than 1%. Most patients 
arrive for surgery with a FVIII or FIX activity less than 5%. Although 
a factor level near 50% of normal is regarded as adequate to achieve 
noncardiac surgical hemostasis; hemostatic demand and associated 
coagulation abnormalities360 with cardiac surgery and CPB will require 
a greater FVIII level.

Before surgery, FVIII activity should be 80% to 100% for cardiac 
surgery. The amount of factor replacement is estimated from the total 
fluid volume of the extracorporeal circuit (priming volume), plasma 
volume, and the desired factor activity. If the preoperative FVIII or FIX 
level determination is recent (morning of surgery), this value may be 
acceptable for determination of FVIII and FIX replacement for initia-
tion of CPB. Otherwise, FVIII and FIX levels should be obtained before 
initiation of CPB. Replacement of FVIII or FIX during CPB may be 
achieved by intermittent bolus or continuous infusions, but the opti-
mal factor activity for CPB has not been established. Based on hemodi-
lution that typically occurs during CPB, 30% to 50% FVIII or FIX 
levels would be consistent with other coagulation factors during this 
period, but FVIII levels are difficult to obtain during CPB secondary 
to the high heparin dosing required. Consequently, a bolus of FVIII or 
FIX before the initiation of CPB is a consideration.

The disadvantage of bolus administration of factor replacement is 
the resulting high peak levels, but it ensures that trough levels will be 
adequate for hemostasis. Continuous infusions may preserve FVIII 
levels at a constant “safe” level to minimize bleeding.362 Currently, 
few forms of rFVIII can be used for continuous infusions because of 
product instability. Depending on the bolus dose of rFVIII (50 IU/kg),  
a continuous infusion of 4 IU/k/hr may be infused for 72 hours to 
maintain FVIII activity greater than 100%.363 It still is important to 
obtain FVIII or FIX levels after heparin neutralization to guide fac-
tor replacement, in combination with attempts to obtain hemostasis 
after CPB. FVIII levels after heparin neutralization and after surgery 
should approach 100% to reduce the risk for excessive bleeding. FVIII 
levels are helpful every other day for a period of 1 to 2 weeks while 
the chest tubes remain.364 FVIII levels will vary tremendously because 
no treatment provides a sustained FVIII level with the diverse indi-
vidual requirements and consumption of FVIII among cardiac surgi-
cal patients. A platelet antagonist like aspirin may be recommended to 
prevent thrombosis because of the excessive levels of FVIII that may 
occur during bolus dosing.361

Antifibrinolytic therapy has been used in patients with hemophilia 
to inhibit the normal clot lysing process. A recent study has demon-
strated a hemostatic benefit with tranexamic acid for cardiac surgery 
and CPB.361 Antifibrinolytic agents, tranexamic acid and epsilon-
aminocaproic acid, are used prophylactically to reduce blood loss and 
transfusion requirements in cardiac surgery involving CPB.58 Another 
antifibrinolytic, aprotinin, has been removed from clinical use because 
of increased risk for death compared with the other lysine analog anti-
fibrinolytic agents.354,355 Antifibrinolytics routinely are stopped 2 hours 
after arrival in the ICU, but some benefit has been seen by extending 
the duration of administration.361 Serial thromboelastograph is useful 
if antifibrinolytics are going to be administered for an extended dura-
tion, with close inspection for hypercoagulable changes in the throm-
boelastograph shape. Additional methods and techniques for blood 
conservation should be considered to reduce the risk for bleeding and 
transfusion with hemophilia.

1-Desamino-8-d-arginine vasopressin (DDAVP), a vasopressin ana-
log, has been used successfully in mild-to-moderate hemophilia A  to 
decrease intraoperative transfusion requirements.357,365,366 A rapid 
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increase in all components of FVIII occurs after DDAVP administra-
tion, but FVIII level will decline by 50% ten hours after administration. 
The response of DDAVP depends on the resting FVIII level and hemo-
static demand. If the patient with hemophilia possesses 5% to 20% 
procoagulant activity, he or she is more likely to respond to DDAVP, in 
contrast with those with severe FVIII deficiencies who will not respond 
to DDAVP.366 The peak effect occurs 1 hour after an intravenous dose 
of 0.3 g/kg is given. DDAVP may be given at 12- to 24- hour intervals, 
but tachyphylaxis is possible after multiple doses.

Therapy for hemophilia B has changed significantly with the avail-
ability of a concentrated purified rFIX. rFIX is not exposed to human 
or animal protein. Previously, individuals with hemophilia B were 
treated with plasma-derived products called prothrombin complex 
concentrates that contain factors IX, X, II, and VII. These active com-
plexes have resulted in fatal thrombotic reactions because these active 
complexes are not normally generated or regulated by the coagu-
lation pathway. Circulating FIX levels will not increase as much as 
FVIII after transfusion because FIX is distributed in both intravascu-
lar and extravascular spaces, unlike FVIII, so that the calculated dose 
must be doubled.367 FIX activity of approximately 50% is adequate to 
achieve hemostasis yet minimize the risk for thrombotic complica-
tions368; however, others have recommended higher dosing to achieve 
100% activity.367,369 Recently, FIX product has been used successfully 
for continuous infusion for replacement therapy during CPB and car-
diac surgery.369 Typically, rFIX is given as a bolus once daily for surgery. 
Continuous infusion of rFIX has been shown recently to be effective in 
providing conditions for optimal hemostasis for cardiac surgery with 
CPB, as well as in reducing the overall amount of concentrate adminis-
tered.369 Furthermore, the occurrence of inhibitors with rFIX is rare but 
must be evaluated before treatment. rFIX concentrate is not licensed 
yet in the United States for continuous infusion. Recommended lev-
els for perioperative FIX levels have not been established for cardiac 
surgical patients despite multiple case reports of effective and safe use 
in cardiac surgical patients. More information about dosing of rFIX is 
available.369

Antibodies to FVIII or FIX may occur in patients with hemophilia 
who have received replacement therapy. The incidence of FVIII or FIX 
inhibitors is 18% to 52% and 2% to 16% of the hemophilia population, 
respectively.370,371 Inhibitors occur more often in patients receiving the 
purest replacement factors, which is a major concern for future replace-
ment therapy with purer products.372 The strength of the immune 
response is instrumental in the development of inhibitors. For exam-
ple, HIV-positive patients with hemophilia do not develop FVIII inhib-
itors. The inhibitor titer will characterize the patients as mild or high 
responders. High responders are at great risk because the anamnestic 
response may generate very high antibody titers that can render factor 
replacement therapy totally ineffective hemostatically.373 The problem 
with patients who develop inhibitors and require surgery is the inabil-
ity to predict hemostasis at any point of the hospitalization.

Cardiac surgery has been successfully performed in patients with 
FVIII inhibitors.374 Patients with low antibody titers often tolerate con-
ventional concentrate infusion but require greater and more frequent 
dosages for efficacy. The defect in the intrinsic coagulation pathway 
must be bypassed and prothrombin complex concentrates given that 
contain activated forms of factors VII, IX, and X and are largely suc-
cessful in achieving hemostasis in the presence of FVIII and FIX inhibi-
tors.358 Recently, a new rFVIIa has become available.375 FVIIa appears 
to bind to tissue factor on the surface of the activated platelet to form 
complexes at the site of injury. This activates other coagulation intrin-
sic and extrinsic factors and platelets. It causes generation of thrombin 
and fibrin to create hemostasis. It is infused as a bolus, 90 to 120 g/
kg, and repeated at 3-hour intervals to a maximum of four times. In 
more than 1900 surgical and nonsurgical bleeding episodes in more 
than 400 patients with hemophilia A or B, FVIIa has been shown to be 
safe with more than 103 major operations and excellent results in 80% 
of cases.376 A randomized, controlled trial in cardiac surgery with FVIIa 
has been performed in adults without hemophilia and showed reduc-
tions in allogeneic transfusions.377

Particular caution must be taken in managing the airway in patients 
with hemophilia to avoid any trauma-induced bleeding. Nonsteroidal 
pain medications may be counterproductive in these patients because 
of the effect on platelet function. Strict asepsis must be maintained 
because the immune system of these patients may be weak and 
extremely susceptible to bacterial and viral infections.

von Willebrand Disease
vWD is the most commonly inherited hemostatic abnormality, with a 
prevalence rate in the general population of 0.8%.378 It is an autosomal 
dominant bleeding disorder caused by a deficiency and/or abnormality 
of von Willebrand factor (vWF). An acquired form of vWD is associ-
ated with various disease states and medications.379 The nomenclature 
of vWF and FVIII complex have been standardized to resolve past 
 confusion (Table 22-12).

vWF is a large, adhesive glycoprotein that is produced by vascular 
endothelial cells and megakaryocytes. It is found in platelet -granules, 
plasma, and subendothelium. It circulates in blood as an array of mul-
timers of various sizes. Large multimers have more binding sites for 
 platelets; therefore, they augment platelet adhesion and aggregation. 
Each vWF subunit has a site for a platelet receptor to bind and the extra-
cellular matrix component of the vessel wall to attach.380 vWF has two 
major hemostatic functions: (1) a carrier protein and stabilizer for FVIII, 
and (2) mediation of platelet adhesion to injured sites.381 It plays a cru-
cial role in mediating platelet adhesion, platelet aggregation, and clotting 
during high shear conditions.382 Patients with vWD have abnormalities 
of both vWF and FVIII. vWD is classified into three major types and 
four subtypes: I, II, and III (Table 22-13).383 Individuals with type 1 and 2  

*Although not measuring “true” von Willebrand factor (vWF) activity, ristocetin cofactor 
activity is used as a surrogate test for vWF activity in vitro. This activity depends on 
both vWF level and multimeric structure.

From Castaman G, Rodeghiero F: Current management of von Willebrand's disease. 
Drugs 50:602, 1995.

Recommended Nomenclature of Factor VIII/Von 
Willebrand Factor Complex

Factor VIII

Protein VIII
Antigen VIII:Ag
Function VIII:C
von Willebrand Factor
Protein vWF
Antigen vWF:Ag
Function vWF:RCo*

TABLE  
22-12

GPIb, glycoprotein receptor Ib; vWF, von Willebrand factor.
*Data from Castaman G, Rodeghiero F: Current management of von Willebrand's disease. 

Drugs 50:602–614, 1995.

Classification of Von Willebrand Disease

New* Old* Characteristics

1 I platelet normal, I 
platelet low, 1A, I-1, 
I-2, I-3

Partial quantitative deficiency of vWF

2A Qualitative variants with decreased 
platelet-dependent function that is 
associated with the absence of high-
molecular-weight vWF multimers

2B Qualitative variants with increased 
affinity for platelet GPIb

2M Qualitative variants with decreased 
platelet dependent function that is 
not caused by the absence of high-
molecular-weight vWF multimers

2N Qualitative variants with markedly 
decreased affinity for factor VIII

3 Virtually a complete deficiency of vWF

TABLE  
22-13
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vWD comprise 70% and 20% of people with vWD, respectively.384 Type 
3 vWD represents only 10% of individuals and is autosomal recessive. 
Type 3 vWD individuals are severely affected and present in a simi-
lar manner to individuals with hemophilia who have a very low FVIII 
activity (1% to 4%).

Erik von Willebrand first identified the abnormal bleeding time 
(BT) that characterized vWD. The laboratory diagnosis of vWD is 
complex because of the broad phenotypes that exist. No single labo-
ratory test is diagnostic for vWD. The BT is sensitive for vWD, but it 
is prolonged in only 50% of individuals with type 1 vWD. It is mark-
edly prolonged in type 3 vWD. The activated partial thromboplas-
tin time is usually prolonged, but it is not a good screening test for 
vWD because FVIII activity, which affects the activated partial throm-
boplastin time, varies greatly in vWD. The ristocetin cofactor assay 
vWF:ristocetin cofactor (RCo), also known as the vWF activity, is the 
most sensitive and specific test for vWD and the single best test to 
identify vWD (Table 22-14).384 It measures the ability of vWF to bind 
to glycoprotein Ib platelet receptors. The vWF antigen test measures 
the quantity of vWF protein, not functional activity. vWF multimers 
can be visualized by electrophoresis and establish the type of vWD by 
their presence or absence. FVIII activity frequently is low in vWD. In 
mild cases of vWD, activated partial thromboplastin time, FVIII, and 
BT may be normal with only slight decreases in the RCo and vWF 
antigen.385 Factors such as age, estrogen levels, adrenergic stimulus, 
and inflammation can directly affect vWF levels and complicate labo-
ratory evidence of vWD.

A complete medical history is important to complement labora-
tory testing. Family history is a sensitive indicator of vWD. Individuals 
with vWD frequently describe bleeding that is more mucosal in ori-
gin (epistaxis) compared with people with hemophilia. Medical history 
is important because routine laboratory screening may fail to detect 
vWD. Unlike hemophilia, patients with mild vWD may go unnoticed 
for years with unremarkable bleeding patterns and rarely need long-
term prophylaxis. Variant forms of vWD further increase the possibil-
ity of missing the diagnosis. If undiagnosed, surgical bleeding may be 
severe, particularly if combined with ingestion of antiplatelet medica-
tions. Aspirin and anti-inflammatory medication consumption should 
be identified before surgery. It is important to question the patient 
individually to determine the severity of bleeding, because even within 
a family and with similar laboratory tests, there can be major differ-
ences in the bleeding tendencies.379 It is the severity of bleeding that 
usually determines replacement therapy, instead of DDAVP or the use 
of antifibrinolytics.386

Because vWF has a dual role in hemostasis, correction of plate-
let vessel-wall interaction and deficiency of FVIII must be achieved 
with a prophylaxis regimen to undergo cardiac surgery requiring 
CPB. Correction of vWF deficiency may be accomplished by either 
facilitating vWF release from in vivo storage sites or administering 
exogenous components. Each type of vWD requires a specific thera-
peutic approach. Preoperative FVIII or RCo levels are recommended 
to optimize hemostatic capability for surgery. FVIII levels should be 
obtained intraoperatively and then once per day after surgery. Both 
FVIII and vWF levels will decrease on initiation of CPB, but vWF 
will subsequently increase as it is released from storage pools.382 BT 
rarely is used anymore to guide therapy because its correlation with 

surgical hemostasis is poor.386 FVIII level and vWF should be normal-
ized intraoperatively and 7 to 10 days after surgery to reach effective 
hemostasis.387 The reliability of guides to dosing with vWD is poor, 
and the achievement of hemostasis should be the catalyst for addi-
tional therapy.

DDAVP is a synthetic analog of the natural hormone vasopressin 
without the pressor effect. It is the first choice for treatment in vWD, 
but not all types of vWD respond to it. It is effective in type 1 vWD.388 
It is ill-advised in type 2B vWD because thrombocytopenia may result. 
It is useless in type 3 vWD because there are no stores of vWF to 
release.389 DDAVP does not directly cause release of FVIII/vWF from 
the endothelial cell but stimulates monocytes to produce a substance 
that releases vWF. A response to DDAVP should occur in 30 minutes, 
with a threefold to eightfold increase in FVIII and vWF that may persist 
8 to 10 hours.388 Hemostasis may require one or two doses of DDAVP at 
least 12 hours apart. It is readily available, inexpensive, and has minimal 
risk for patients but may be contraindicated in those with atheroscle-
rosis, CHF, or require diuretic therapy.390 DDAVP is effective given in 
an intravenous, intranasal, or subcutaneous manner, but the intranasal 
preparation lacks predictability and strength of the intravenous prepa-
ration.384 Intravenous dosing (0.3 g/kg) requires 20 to 30 minutes to 
avoid a decline in mean arterial pressure of 15% to 20%. Tachyphylaxis 
may occur, with a 30% decrease in the effectiveness of the second dose 
if DDAVP is given more than once in each 24-hour period. For a major-
ity of patients with mild vWD, DDAVP is effective and avoids exposure 
to plasma products. Adverse effects of DDAVP include facial flushing, 
headache, and fluid retention with hyponatremia. Reports of increased 
thrombosis with DDAVP are anecdotal.

Blood products should not be administered to patients with vWD 
unless other treatment is ineffective or contraindicated. Plasma-
derived factor concentrates are the current standard for replacement 
therapy if the patient is unresponsive to DDAVP.390 Factor concentrates 
in the past were not always effective in vWD because VWF:RCo was 
low and many of the hemostatically active vWF multimers were absent 
so that FVIII levels were adequately replenished, but platelet function 
was impaired. These commercially available concentrates contain large 
amounts of both vWF and FVIII but differ in their purification and 
pathogen removal and inactivation techniques. Consequently, there 
is broad variation in the ratio of vWF and FVIII in the products and 
their multimer compositions that are so important for effective hemo-
stasis. The various types of products and their dosing recently were 
reviewed.386,387,390 In general, the dosing is 60 to 80 IU/kg for a bolus 
dose of the factor concentrate to maintain hemostasis. The safety of 
these purified plasma-derived factor concentrates regarding viral 
transmission has been shown to be excellent (Table 22-15). An espe-
cially good product that contains a ratio of vWF:FVIII (2.4) is Haemate 
P/Humate-P. Clinicians must be cautious of the ratio of vWF:FVIII in 
the product and the type of the vWD to correctly treat the patient. The 
definitive amount of vWF or FVIII that is required to control bleeding 
for the optimal care is indeterminate. Platelet infusions should be con-
sidered in patients with type 3 vWD if bleeding persists after adminis-
tration of replacement concentrates.

Antifibrinolytic agents should be considered in patients with vWD 
to reduce clot lysis. Tranexamic acid is the most common agent utilized, 
whereas aprotinin is no longer available.355 As in hemophilia, inhibitors 
can occur in vWD causing life-threatening bleeding. Prothrombin-
complex concentrates have been used to treat bleeding, but there is 
a risk for inducing a prothrombotic state and thrombosis in cardiac 
patients with mechanical valves391 (see Chapters 30 and 31).

Antithrombin
AT and protein C are two primary inhibitors of coagulation. A deli-
cate balance exists between the procoagulant system and the inhibitors 
of coagulation (Table 22-16). AT is the most abundant and important 
of the coagulation pathway inhibitors. The impact of deficiencies of 
AT and advisability of restoration of normal levels continues to evolve 
with respect to cardiac surgery.

D, decreased; I, increased; N, normal; RIPA, ristocetin-induced platelet aggregation; vWF, 
von Willebrand factor.

Patterns of Von Willebrand Disease

Type RIPA Ristocetin cofactor vWF antigen Factor VIII

1 D D D D
2A D D or DD D or N N or D
2B I D D or N N or D
2M D D or DD D N or D
2N D D or DD D N or D
3 DD DD DD DD

TABLE  
22-14
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AT is an 
2
-globulin that is produced primarily in the liver. It binds 

thrombin, as well as other serine proteases, factors IX, X, XI, and XII, 
kallikrein, and plasmin irreversibly, which neutralizes their activity. 
However, only inhibition of thrombin and factor Xa by AT has physi-
ologic and clinical significance.392 AT deficiency may occur as a con-
genital or acquired deficiency. Acquired deficiencies are secondary to 
increased AT consumption, loss of AT from the intravascular compart-
ment (renal failure, nephrotic syndrome), or liver disease (cirrhosis). 
A normal AT level is 80% to 120%, with activity less than 50% consid-
ered clinically important.393

Congenital deficiency of AT is the prototypical, hypercoagulable 
state produced by an imbalance of coagulation and fibrinolytic factors 
(Box 22-5). The prevalence is 1 in 2000 to 5000 persons.394 Congenital 
AT deficiency is separated into four types (I-IV) based on the quantita-
tive and qualitative defects of the AT molecule. It is transmitted in an 

autosomal dominant pattern, with affected individuals typically main-
taining 50% AT activity. If the levels decline to less than 50% activ-
ity, the risk for venous thrombosis is significant.393 The only abnormal 
coagulation test associated with this condition is the assay for AT activ-
ity, which is diagnostic. Affected individuals may experience a throm-
boembolic event at an early age, but arterial thrombosis is encountered 
in less than 1% of persons.395 The advisability of long-term anticoagula-
tion is indeterminate in these individuals. Anticoagulation prophylaxis 
is recommended in cases in which the risk for thrombosis temporar-
ily is increased, such as surgery.396 The risk for thrombosis is greater in 
congenital forms than acquired forms of AT deficiency.394,397

In contrast with the rare case of congenital AT deficiency, acquired 
deficiencies of AT commonly are encountered in cardiac surgical 
patients. Anticoagulation with heparin for CPB depends on AT to 
inhibit clotting because heparin alone has no effect on coagulation. 
Heparin catalyzes AT inhibition of thrombin more than 1000-fold 
by binding to a lysine residue on AT and altering its conformation. 
Thrombin actually attacks AT, disabling it, but in the process attaches 
AT to thrombin, forming the AT and thrombin complex. This com-
plex has no activity and rapidly is removed. Thirty percent of AT is 
consumed during this process, so AT levels are reduced temporarily. 
If AT levels are not restored, then a condition called heparin resistance 
may arise. The many causes of heparin resistance are listed in Box 22-5. 
Heparin resistance is defined as the failure of a specific heparin dose 
(300 to 400 U/kg) to prolong an activated coagulation time beyond 
480 seconds in preparation for initiation of CPB. Failure to reach 480 
seconds may be considered inadequate anticoagulation with risk for 
thrombus formation during CPB.

Heparin resistance is increasingly common in cardiac surgical prac-
tice today because heparin exposure before cardiac surgery is more 
common. Heparin resistance has been reported to occur in 3% to 13% 
of cardiac surgical patients. A recent randomized prospective study ana-
lyzing 2270 cardiac cases identified only 3.7% of patients to be heparin 
resistant.398 It is uncommon to observe visible clot in the CPB circuit 
even with inadequate anticoagulation. However, inadequate antico-
agulation during CPB will systematically activate the hemostatic and 
inflammatory systems generating thrombin, platelet and  clotting factor 
consumption, and excessive fibrinolysis. This combination of physi-
ologic processes places the patient at risk for both neurologic injury 
and excessive bleeding.

The importance of AT deficiency in heparin resistance has been 
demonstrated,399,400 but it is not the only issue. Platelets, fibrin, vascular 
surfaces, and plasma proteins all interact to determine the anticoag-
ulant effect of heparin. This is evident from a randomized, double-
blind, placebo-controlled trial comparing treatments for heparin 
resistance.399 Eleven patients remained heparin resistant despite FFP 
and AT administration. Similarly, adequate activated coagulation time 
values of 480 seconds were not achieved in 30% of patients even with 
800 U/kg heparin.401 Typically, with heparin resistance, 50% more hep-
arin is given during CPB for anticoagulation. Unfortunately, aggressive 
heparin dosing in the midst of heparin resistance will further exacer-
bate a preoperative AT deficiency. On initiation of CPB, AT activity 
decreases by 25% to 50% secondary to dilution and elimination of the 
AT and thrombin complex.394,397 Low levels of AT induce a prothrom-
botic environment conducive to thromboembolic behavior based 
partly on the occurrence of clotting in AT-deficient patients exposed to 

Figures should be adjusted according to frequent clinical observations during and after the procedure. Concomitant treatment with tranexamic acid can usually be recommended.
FVIII:C, factor VIII coagulant activity; VWF:RCo, von Willebrand factor ristocetin cofactor activity.
Reprinted from Berntorp E: Prophylaxis in von Willebrand disease. Haemophilia 14:47–53, 2008, by permission.

Proposed Dosing and Plasmal Levels of Factor VIII Coagulant Activity and von Willebrand Factor Ristocetin Cofactor 
 during Invasive Procedures and Surgery

Target Levels (IU mL–1)

Perioperative Postoperative

Type of Procedure Loading dose FVIII:C/VWF:RCo (IU mL–-1) No. of Infusions per Day FVIII:C VWF:RCo FVIII:C VWF:RCo
Major 0.5–1.0 1–2 1.0 1.0 0.5 0.5
Minor 0.2–0.5 1 0.5 0.5 0.3 0.3

TABLE  
22-15

APC, activated protein C; TFPI, tissue factor protein inhibitor.
From Blajchman MA: An overview of the mechanism of action of antithrombin 

and its inherited deficiency states. Blood Coagul Fibrinolysis 5(Suppl 1):S5, 1994, 
by permission.

Balance That Normally Exists between Prothrombotic 
and Antithrombotic Forces within the Circulation

Prothrombotic Factors Antithrombotic Factors

Thrombin Antithrombin
Factor Xa Protein C
Factor VIIa Protein S
Tissue factor Heparin cofactor II
Activated platelets TFPI
Perturbed endothelial cells Thrombomodulin
Others APC cofactor 2

Others

TABLE  
22-16

BOX 22-5. DISEASES OR SITUATIONS CAUSING 
INCREASED HEPARIN RESISTANCE

Infective endocarditis
Intra-aortic balloon counterpulsation
Hypereosinophilic syndrome
Oral contraceptives
Shock
Low-grade intravascular coagulation
Previous heparin therapy
Previous streptokinase
Presence of a clot within the body
Congenital antithrombin deficiency
Pregnancy
Neonatal respiratory distress syndrome
Increased platelet levels
Increased factor VIII levels
Secondary decrease in antithrombin levels
Ongoing clotting and utilization of heparin

From Anderson EF: Heparin resistance prior to cardiopulmonary bypass. 
Anesthesiology 64:504, 1986, by permission.
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CPB.402 The mean baseline AT level of heparin-resistant patients is 56% 
± 25%, which is consistent with previous studies.398 AT levels may even 
decrease to less than 40% after deep hypothermic circulatory arrest and 
prolonged CPB compared with the average AT level identified as 82% 
before surgery in a recent trial.403

Heparin resistance was routinely treated with FFP for many years. 
However, a large disparity between AT levels after recombinant AT 
compared with FFP was noted in a prospective, randomized trial of 
recombinant AT or FFP for patients who were consistently defined as 
heparin resistant.400 More recently, 2 units of FFP often failed to nor-
malize AT levels in patients who were defined as heparin resistant.404 
A 75- g/kg bolus dose of recombinant AT effectively has improved 
pre-CPB AT levels from 56% to 75% ± 31%.398 The use of allogeneic 
blood products to treat AT deficiency should be discouraged.

In 1974, AT was isolated from human plasma and AT concentrates 
were discovered.395 AT concentrate preparations are derived from 
human plasma pools but are subjected to fractionation procedures and 
heating to inactivate potential viral contaminants without reducing 
biologic activity.397 Recombinant AT concentrates have been studied 
in cardiac surgical patients.399,400,405 One bottle of AT is approximately 
500 units and may be given over 10 to 20 minutes safely.406 AT levels 
often are low before surgery for cardiac surgical patients, with a fur-
ther decline because of CPB hemodilution and heparinization, leading 
to mean AT levels of 42% activity.400 AT concentrates are beneficial in 
both hereditary and acquired AT deficiency.394,395 The optimal AT level 
for CPB has not been defined, but a level greater than 80% is consid-
ered less likely to be associated with thrombus formation.

Inadequate anticoagulation during CPB will cause thrombin gen-
eration, leading to platelet activation and clotting factor consump-
tion; however, definitive proof that AT supplementation will improve 
outcome is absent. AT supplementation has demonstrated reduced 

thrombin and fibrinolytic activity in patients undergoing CPB, based 
on statistically significant improvements in biochemical markers of 
hemostatic activation such as prothrombin fragment 1.2 concentra-
tions, D-dimer concentration, and AT/thrombin complexes.400,405,407 
Unfortunately, clinical measures such as mediastinal chest tube drainage 
and transfusion requirements have been less consistent than biochemi-
cal measures.397,398,400,405,407 Recently, AT supplementation was demon-
strated to normalize thrombin generation with an in vitro preparation 
that used the plasma of five patients who had undergone prolonged 
CPB and deep hypothermic circulatory arrest to measure thrombin 
generation.403 The addition of normal donor plasma or AT-deficient 
plasma to the test plasma resulted in excessive thrombin generation 
compared with control blood. It was only the pure AT concentrate 
that arrested thrombin formation, with the test plasma returning it to 
below baseline in the control plasma (Figure 22-49). Two studies have 
shown increased bleeding and transfusion requirements with AT levels 
less than 63%408 and 58%.401 However, to prove rare clinical end points 
with AT supplementation compared with placebo in prospective trials 
would be problematic.

The benefit of restoring AT levels may go beyond simple heparin 
responsiveness to an association with postoperative outcome. AT levels 
of 58% or less, obtained after cardiac surgery, in a prospective, obser-
vational study were found to be predictive of increased incidences 
of surgical reexploration, adverse neurologic outcome, thromboem-
bolic events, and prolonged ICU duration.401 Both duration of CPB 
and preoperative heparin use also were found to be associated with 
lower postoperative values of AT. Similarly, low preoperative AT lev-
els were associated with lower postoperative AT levels, worse survival, 
and longer time to extubation, based on a retrospective analysis of car-
diac surgical patients.408 However, no conclusions can be made about 
AT supplementation until a prospective trial has been performed in 
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Figure 22-49 Thrombin generation in platelet-poor plasma after cardiopulmonary bypass (representative tracings of five experiments). Filled circles 
represent control (platelet-poor plasma only); triangles represent AT (platelet-poor plasma supplemented with antithrombin concentrate); squares 
represent AT(–) (platelet-poor plasma supplemented with antithrombin depleted plasma); open circles represent AT(+) (platelet-poor plasma supple-
mented with normal [non–AT-depleted] plasma). (From Sniecinski R, Szlam F, Chen EP, et al: Antithrombin deficiency increases thrombin activity after 
prolonged cardiopulmonary bypass. Anesth Analg 106:713–718, 2008, by permission.)
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a blinded, randomized fashion to assess the value of AT. An excellent 
summary of trials evaluating the value of AT concentrate for prophy-
laxis regarding AT-deficient patients before surgery strongly recom-
mended AT supplementation.394 Other indications for AT are listed 
in Box 22-6. After surgery, AT levels will continue to decline at a rate 
dependent on the extent of tissue disruption and hemorrhage. The 
nadir occurs on the third day and preoperative levels return by the fifth 
day, so supplementation is not required after this time.

Cold Agglutinins
CAs are common but rarely clinically important. The incidence rate in 
cardiac surgical patients varies between 0.8% and 4%.409 Often asso-
ciated with lymphoreticular neoplasms, mycoplasma pneumonia, and 
infectious mononucleosis, they are IgM class autoantibodies directed 
against the RBC I-antigen or related antigens.410 CAs form a comple-
ment antigen-antibody reaction on the surface of the RBC membrane 
that causes lysis. The degree of hemolysis is related to the circulating 
titer and thermal amplitude of the CAs.411 Thermal amplitude, the 
blood temperature below which the CAs will react, is the key infor-
mation to assign clinical relevance. The titer and thermal amplitude 
are determined at a range of temperatures in the serum by an indi-
rect hemagglutination test. Most individuals have cold autoantibod-
ies that react at 4° C but in very low titers. Accelerated destruction of 
RBCs occurs if the thermal amplitude is above 30° C. The more patho-
logic CAs have a higher thermal amplitude and higher titers at 30° C. 
From a pathologic standpoint, thermal amplitude is more important 
than titer. Pathologic CAs cause RBC clumping and vascular occlu-
sion that injure the myocardium, liver, and kidney.412 Microscopic 
RBC clumping may erroneously be attributed to other possibilities 

 during  hypothermic CPB unless agglutination is observed. Some have 
reported visible agglutination in the cardioplegic line.413 Increasing the 
temperature will rapidly inactivate CA.414

Blood banks routinely screen for the presence of autoantibod-
ies at 37° C, but cold antibodies, only reactive at lower temperatures, 
are not detected. The significance of CA is determined by evaluating 
agglutination of RBCs in 20° C saline and 30° C albumin. If there is 
no  agglutination, significant hemolysis is unlikely.415 Before initia-
tion of CPB, the titer and thermal amplitude of CA must be deter-
mined to avoid a temperature during CPB that would cause hemolysis. 
Intraoperatively, low-thermal-amplitude CA can be determined by 
mixing cold cardioplegia with some of the patient's blood to check for 
separation of cells. If there is concern about CA after routine testing, 
the sample also can be diluted to simulate CPB, cooled, and inspected 
for RBC agglutination. The occurrence of hemodilution commonly 
associated with CPB may weaken agglutination and hemolysis in a 
patient with high reactivity and titer of CA exposed to hypothermia.

Clinical suspicion is necessary to detect CA because there are many 
other explanations for hemolysis during CPB. Consequently, if CAs 
are suspected or identified before surgery, avoidance of hypothermia 
is the safest course. Despite normothermic CPB, cold cardioplegia 
may cause RBC agglutination in small myocardial vessels.413 Evidence 
of CA also may manifest as incomplete cardioplegic delivery or high 
pressures in the CPB circuit.416 Hypothermic myocardial protection 
has been used successfully in some patients with CA. A review of 832 
patients scheduled to undergo surgery and CPB identified only seven 
cases of CA that were strongly positive at 4° C.414 They concluded that 
asymptomatic patients with nonspecific, low-titer, and low-thermal-
amplitude CAs may undergo hypothermia and CPB without seri-
ous detectable sequelae. However, the possibility of subtle end-organ 
damage exists.

If hypothermic CPB is necessary despite the presence of CA, the choices 
are preoperative plasmapheresis, hemodilution, and maintenance of 
CPB temperature above the CA thermal amplitude (Figure 22-50).411,417 
Cold cardioplegia may be used without first undergoing plasmapheresis 
if normothermic CPB is used and 37° C cardioplegic solution is injected 
before administration of 4° C cardioplegic solution, clearing all poten-
tially reactive cells. The risk for hemolysis is still high in patients with 
high-thermal-amplitude CA. If CAs are particularly malignant, all the 
patient's blood from the venous reservoir is drained and discarded. It is 
replaced entirely by donor blood,418 unfortunately exposing the patient 
to the risks of allogeneic blood products. Normothermic CPB and ante-
grade or retrograde warm blood cardioplegia may be the best option.419 
If CA should go undetected, postoperative end-organ damage or low 
CO may occur. Subsequently, plasma exchange, steroids, increased urine 
output, and maintenance of a good CO are recommended.409

All participants in the care of a patient with CA should be acutely 
aware of the potential risk to the patient of hypothermia. Anesthetic 
gases, intravenous fluids, blood, and plasma should be heated before 
administration to theses individuals. Operating room temperature 
should be warm. Washed RBCs may also be useful if transfusions of 
fresh components are necessary.412

Sickle Cell Disease
SCD is a heterogenous group of inherited disorders involving the sickle 

-globin gene. Survival in SCD has improved because of early diag-
nosis, antibiotics, and supportive care; however, it remains an impor-
tant health threat, particularly if major surgery is contemplated.420 The 
median life expectancy in male and female African Americans with 
SCD is 42 and 48 years, respectively. Preparation and meticulous intra-
operative care are imperative for the best results.

The -globin gene has worldwide distribution but is found most 
often in West Central Africa. HbA and HbS genes have codominant 
expression, which allows both genes to be represented in the Hb mol-
ecule. One in 10 African Americans is a heterozygous carrier of the 

-globin gene, referred to as sickle cell trait (AS), whereas the homozy-
gous state, sickle cell anemia (SS), occurs in 1 of 400 African Americans. 

BOX 22-6. INDICATIONS FOR ANTITHROMBIN 
REPLACEMENT THERAPY

Approved Indications (clinical data suggest efficacy)
Congenital AT deficiency
Perioperative
Postsurgical prophylaxis for deep vein thrombosis
Acute thromboembolism
Pregnancy: delivery and abortion
Neonates with congenital AT deficiency*

Probable Indications (data suggest improvement in laboratory 
and clinical measures)
Neonates born to mothers with congenital AT deficiency or with 

strong family history of thrombosis
DIC caused by sepsis, trauma, burns, associated with pregnancy
Heparin resistance associated with low AT
Extracorporeal circulation (cardiopulmonary bypass, hemodialysis)
Hepatic artery thrombosis after OLT

Possible Indications (data suggest improvement in laboratory 
values without proven clinical efficacy)
VOD
OLT
LeVeen peritoneovenous shunt
Chronic hepatic insufficiency

Investigational Use
Nephrotic syndrome
AT deficiency because of gastrointestinal loss (inflammatory bowel 

disease, protein-losing enteropathy)
Pregnancy: preeclampsia, gestational hypertension, and acute fatty 

liver of pregnancy
Neonatal respiratory distress syndrome

From Bucur SZ, Levy JH, Despotis GJ, et al: Uses of antithrombin III concentrate 
in congenital and acquired deficiency states. Transfusion 38:482, 1998.

AT, antithrombin; DIC, disseminated intravascular coagulation; OLT, orthotopic 
liver transplant; VOD, veno-occlusive disease.
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The prevalence rate of SCD in African Americans is 0.2%. HbC disease 
(SC) occurs in approximately 2% of African Americans; SS accounts for 
60% to 70% of SCD in the United States.

The -globin gene has a mutation in the DNA that results in a sub-
stitution of the amino acid, valine, for glutamic acid in the -globin 
chain that is responsible for normal Hb polymerization on deoxygen-
ation. The mutated Hb molecule is less negatively charged than the 
normal Hb; therefore, as oxygen saturation approaches 85%, Hb tends 
to polymerize.421 As the HbS comes out of solution and gels intracel-
lularly, the RBC sickles (Figure 22-51). Sickling is a reversible change 
in the RBC shape. Desaturation is the primary stimulus for sickling. 
Besides desaturation, the risk for sickling is related to the amount of 
HbS in the RBC. AS individuals do not sickle until the oxygen satu-
ration is less than 40% because their ratio of HbS to total Hb is low. 
Because SS and SC patients have significantly more HbS, they sickle at 
an oxygen saturation of 85%, typically the venous saturation. HbS is 
responsible for the major hallmarks of SCD: sickling, hemolytic ane-
mia, and vaso-occlusive events.420,422 Vaso-occlusive events are more 
likely because sickled RBCs have an increased affinity for the endothe-
lial surface of blood vessels that markedly increases blood viscosity 
leading to stasis.421,423 During a vaso-occlusive episode, the endothe-
lium will  produce activators such as endothelin that alter the endothe-
lial surface and cause vasoconstriction and injury.

The clinical severity of SS, SC, and AS vary as a function of both 
inherited (thalassemia or fetal Hb) and acquired factors.423 Patients 
with AS are asymptomatic unless they become profoundly hypoxic, aci-
dotic, or hypothermic.424 On the contrary, individuals with either SS or 
SC are chronically ill with a life-threatening illness. However, survival 
for individuals with SS is 95% at 20 years and even longer with SCD.425 
Individuals with SS usually are undersized, skeletally deformed because 
of bone marrow hyperplasia, and may be slightly jaundiced. They are 
chronically anemic with an Hb concentration often less than 8 g/dL. 

The RBCs are more fragile, with an RBC viability of 10% of normal 
accounting for chronic anemia. As a major site of sickling, the spleen 
eventually becomes nonfunctional; consequently, individuals with SS 
are extremely susceptible to infections, especially bacterial infections. 
Strict asepsis is important.

Three critical conditions may occur in those with SCD: painful 
 crisis, aplastic crisis, and crisis affecting major organs. The painful 

Strategy for management

Preop detection

Determine titer and thermal amplitude (TA) Increase temperature
above critical
temperature

Wash-out of
cardioplegia by
retrograde crystalloid
cardioplegia

Low titer
TA 4° C

Normal CPB
Management ±
Diuretics, steroids

High titer
TA > 18° C

Normothermic
CPB + WBC (Ante/retro)

Or cold crystalloid
cardioplegia
+pre and post CCPG
washout

Or normothermic VF
(for CABG)
or intermittent ACC
(for CABG)

Preop plasmapheresis
+routine management
at higher temperature

Or hypothermic
circulatory arrest
(for congenital heart
diseases and aneurysm
surgery)

Intraop detection Postop detection

- Plasmapheresis
- Diuretics
- Steroids

Figure 22-50 Algorithm for CA management. ACC, aortic cross-clamp; CABG, coronary artery bypass grafting; CCPG, cold crystalloid cardiople-
gia; CPB, cardiopulmonary bypass; Intraop, intraoperative; Postop, postoperative; Preop, preoperative; VF, ventricular fibrillation; WBC, warm blood 
 cardioplegia. (From Agarwal SK, Ghosh PK, Gupta D: Cardiac surgery and cold-reactive proteins. Ann Thorac Surg 60:1143, 1995, by permission.)

Figure 22-51 Use of the red cell pit count to assess splenic reticu-
loendothelial function. Erythrocytes from a child with sickle cell anemia 
were fixed in isotonic buffered glutaraldehyde and viewed by Nomarski 
differential interference contrast microscopy. The increased percentage 
of red cells with large endocytic vacuoles (pitted or pocked cells, arrow-
heads) indicates functional asplenia. (From Lane PA: Sickle cell disease. 
Pediatr Clin North Am 43:639–644, 1996, by permission.)
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 crisis (sickle cell crisis) is a vaso-occlusive, infarctive process, result-
ing in tissue anoxia exemplified by pulmonary infarctions. Diagnosis 
is often one of exclusion. Vaso-occlusive crises primarily affect male 
patients 15 to 25 years of age. They are initiated by exertion, infection, 
dehydration, cold, acidosis, hypoxia, or vascular stasis.426 The rheologic 
properties of the sickle RBCs combine with the tendency for adherence 
to the vessel wall to cause poor microvascular perfusion. Hydration 
with dextrose and water is important during a crisis so that free water 
may enter the cells to reduce the Hb concentration, but in this situ-
ation, blood transfusion is not helpful.421 Aplastic crisis is much less 
common than painful crisis but is the most feared hematologic com-
plication of SS. It is characterized by a precipitous decline in Hb sec-
ondary to hemolysis without the normal bone marrow response. In 
contrast with vaso-occlusive crisis, transfusion is not only helpful but 
essential. Aplastic crisis will last 7 to 10 days. Finally, various major 
organ systems such as the lungs (acute chest syndrome), spleen (splenic 
infarcts), kidneys, heart (myocardial dysfunction), and the central ner-
vous system (stroke) are poorly perfused, causing permanent injury. 
Coronary artery occlusions are rare. Stroke is secondary to an intimal 
injury and thrombosis within the artery. Stroke occurs in about 8% of 
individuals with SS, and children are more likely affected. The lifetime 
chance of neurologic complications in those with SCD is 25%. Two 
thirds will have a subsequent stroke within 36 months.

Not all individuals with SCD have been identified before general 
anesthesia, and death has been the first manifestation of the disease.427 
Hb electrophoresis is the most accurate diagnostic test, but peripheral 
blood smears are not diagnostic. Hematologic consultation should be 
obtained in any person suspected to have SCD who is scheduled for any 
type of surgery or anesthesia. Patients with SS have been considered at 
increased risk for surgery, general anesthesia, and postoperative com-
plications. Results from the Cooperative Study of SCD, which included 
3765 SCD patients in 23 clinical centers across the United States, deter-
mined the overall mortality rate was 0.3%, with only 3 deaths related 
to anesthesia or surgery.428 No deaths occurred in children younger 
than 14 years. Postoperative complications were variable and primar-
ily related to the operative procedure. In spite of many different sur-
gical procedures and anesthetics in this large multicenter study, there 
was a low mortality rate with few complications. Modern techniques 
and monitoring capabilities have enabled individuals with SCD to 
receive better care and outcome,420 so surgery is a more viable option 
for consideration.

Before surgery, complete assessment of the cardiovascular sys-
tem, specifically looking for myocardial ischemia, PAH,429 and CHF is 
important in the individual anticipating cardiac surgery. It is estimated 
by echo that 20% to 30% of those with SCD have PAH, and its pres-
ence increases the risk for death. Problematically, autopsy series have 
shown that nearly one third of patients with SCD had pathologic evi-
dence of PAH without a diagnosis. Until recently, PAH was thought to 
occur from a thrombotic or embolic cause, but now a precapillary form 
of PAH is evident.429 Renal function is also likely to be abnormal.430 
Folic acid and careful intravenous hydration in the preoperative period 
reduce the risk for dehydration, hyperosmolality, and low urine out-
put.431 An increased incidence of pulmonary dysfunction in patients 
with SS increases the risk for hypoxia, so that preoperative sedation 
must be carefully titrated together with careful patient observation. 
The value of prophylactic antibiotics is indeterminate.

The role of preoperative transfusion in the management of patients 
with SS has been debated for years. The recommendation for preop-
erative RBC transfusion in patients with SS is based on a reduction 
in circulating concentration of HbS in an effort to improve oxygen-
carrying capacity, suppress the erythropoietic drive, and shift the P

50
 to  

the left; nevertheless; the possibility of sickling is not eliminated.423 
A HbS less than 30% has been traditionally regarded as necessary for 
individuals to undergo surgery. A multicenter, randomized trial of 
551 patients with SCD undergoing various noncardiac operations was 
conducted to verify this. Preoperative transfusion was designed with 
either a conservative or aggressive strategy to be evaluated according 

to the  incidence of perioperative complications.432 The percentage of 
HbS in the patients managed conservatively was 60% compared with 
30% for the aggressive strategy. The conservative strategy was associ-
ated with half as many transfusion-associated complications. This sup-
ports other work that found maintaining HbS at 50% instead of 30% 
was as effective in reducing the risk for stroke in nonsurgical situa-
tions.433 For noncardiac surgery, there is growing evidence that dilution 
of sickle cells with transfusions should be limited,428 and intraoperative 
 transfusion should reflect standard transfusion guidelines.420

For initiation of CPB, 5% HbS often is recommended,434 although 
an HbS of 30% appears suitable.435 Currently, alternatives to alloge-
neic transfusion are few for CPB and cardiac surgery. Exchange trans-
fusion has been used successfully to correct anemia before surgery with 
less risk of volume overload than simple transfusion.436 It is impor-
tant with the exchange transfusion for cardiac surgery to preserve the 
patient's platelets and plasma to be given after separation from CPB.437 
RBC transfusion alone increases blood viscosity more than exchange 
transfusion because a significant amount of HbS remains. There is 
concern that increased viscosity may temporarily negate an improve-
ment in oxygen delivery corresponding to the presence of additional 
RBCs.438 The lower blood viscosity and increased oxygen delivery to the 
tissues derived from the exchange transfusion probably are more effi-
cient. Exchange transfusion has become routine before major surgery, 
but no prospective trials of exchange transfusion have been conducted 
to establish its value.

Anesthetic management of individuals with SCD has been 
reviewed.424,431 The availability of blood must be established before 
any surgery because of the possibility of alloimmunization. The inci-
dence of antibodies may approach 50%, with more than two thirds 
being Kell or Rh in SCD.438 Antibodies may delay availability of blood 
and increase the chance of a delayed hemolytic transfusion reaction 
that can mimic a painful crisis. Therefore, any donor blood must be 
typed to ensure compatibility for ABO, Rh, and Kell antigens. Blood 
for transfusion should be less than 7 days old and warmed. Before 
induction of anesthesia, preoxygenation is essential. Maintenance of 
oxygenation throughout the operation is critical but in no way guar-
antees an uncomplicated course. Volatile agents are associated with less 
sickling.423 Maintenance of perfusion to the major organs and periph-
erally is important to maintain normal acid-base status. The occur-
rence of hypotension is best treated initially with fluid administration 
to optimize volume status and avoid vasopressors. Renal dysfunction 
causes patients with SCD to concentrate urine poorly, so volume  status 
is dynamic. Efforts should be made to maintain the patient normo-
thermic. Intraoperative sickle crisis will occur sometimes despite the 
best care but poses a problem to diagnose during anesthesia. Signs 
of an intraoperative crisis include seizure, change in respiratory pat-
tern, hypotension, or hematuria, but unfortunately are nonspecific and 
unreliable. Laboratory tests are not helpful either. Nothing pharmaco-
logically, such as alkalinization of the blood or administration of urea, 
can reduce the tendency to sickle.423

CPB has been associated with significant morbidity and mortal-
ity in adults and children with SCD.439 CPB imposes severe physi-
ologic stresses such as low-flow states, circulatory arrest, aortic 
cross- clamping, mechanical destruction of blood elements, and pro-
tein denaturation that predispose the individual to a sickling crisis. 
There are no evidence-based guidelines for temperature, cardioplegia, 
priming solution, and transfusion practice during CPB.440 The effect 
and safety of systemic and regional hypothermia (cardioplegia) in 
patients with SCD are indeterminate. In vitro, the solubility of deox-
ygenated HbS increases as the body temperature is decreased, which 
reduces sickling. However, decreased temperature increases blood vis-
cosity. Viscosity increases by 30% when body temperature declines to 
30° C.431 The harmful effects of hypothermia may be primarily related 
to vasoconstriction and vascular stasis so that hypothermia may be tol-
erated if peripheral perfusion and oxygenation are good. Today, many 
patients undergo normothermic instead of hypothermic CPB because 
of advantages related to  postoperative myocardial function.441 Patients 
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with either AS or SS have been cooled to 26° C or less without a sickling 
crisis, but partial or total exchange transfusion with a final HbS of 10% 
was performed in some of the patients.440 Speculation is that because 
oxygenation during CPB is excellent during moderate hypothermia, 
sickling may be less common even without partial or full exchange 
transfusion.422

A reduction of HbS has been recommended before initiation of 
CPB. This can be accomplished by dilution with a nonsanguineous 
priming solution, a blood priming solution, cardioplegia, intravenous 
fluid, and simple transfusion or blood component sequestration. These 
measures decrease the percentage of HbS, but a significant number of 
RBCs remain at risk for sickling. Only a form of exchange transfusion 
removes sickled cells. Exchange transfusions are advisable if deliber-
ate hypothermia is planned.440 Automated RBC exchange can be done 
in the operating room or in the preoperative area. Intraoperative 
exchange can be performed more safely with the benefit of intraop-
erative monitoring to guide transfusion and avoid volume overload 
and possible cardiac decompensation in patients with serious cardiac 
conditions. In addition, with CPB, it is possible to drain blood from 
the CPB  circuit. Another novel approach involves partial RBC removal 
with the autotransfusion device before CPB to decrease the percent-
age of HbS,  followed by an acute one-volume whole-blood exchange 
during the initiation of CPB. The advantage is the procurement of a 
platelet-pheresed product with both techniques.435 Another option is 
to use primarily allogeneic blood in the priming volume where, on ini-
tiation of CPB, venous blood is diverted to other reservoirs and the 
warmed blood in the priming volume reaches the patient, resulting 
in an HbS concentration less than 5%. The diverted blood may have 
the RBCs separated from the plasma and platelets and discarded while 
the remaining non-RBC components subsequently are infused. This 
process decreases blood product exposure and allows transfusion of 
normal donor blood. These techniques of blood component seques-
tration may eliminate the need for a hemapheresis procedure. It also 
can be used in patients with severe SCD who have a history of sickle 
crisis. Not everyone subscribes to the need for these measures with 
SCD. Metras et al442 described 15 patients with SCD (13 with AS) who 
underwent cardiac surgery. None of the patients received preoperative 
exchange transfusions despite use of moderate hypothermia, aortic 
cross-clamping, and cold cardioplegia. There was no evidence of sick-
ling or increased postoperative complications. The authors concluded 
that as long as hypoxia, acidosis, and dehydration are avoided, preop-
erative exchange transfusions or blood transfusions are not manda-
tory; however, they did not study the most severe cases of SCD (see 
Chapters 28 to 31).

The advisability of cell salvage techniques in SCD is questionable. 
Intraoperative autotransfusion has been condemned by those who 
claim an adverse effect on sickling, but it is supported by others.443 
The patient's percentage of HbS may influence how well intraopera-
tive autotransfusion is tolerated. If intraoperative autotransfusion is 
used, recommendations are to exchange or transfuse to an HbS less 
than 40%, increase hematocrit to greater than 30%, and heparinize 
until harvesting. Solutions need a physiologic pH.423

Individuals with SCD are known to be at risk for a variety of throm-
boembolic complications such as stroke, MI, pulmonary embolism, 
and deep vein thrombosis. This may be important in terms of pro-
viding anticoagulation in patients for CPB. All aspects of hemostasis 
including platelet function, procoagulant proteins, anticoagulant pro-
teins, and fibrinolytic systems are altered in the direction of proco-
agulation.444 Chronic depletion of nitric oxide and arginine may also 
contribute to the hypercoagulable states in SCD. There is evidence that 
tissue factor expression on circulating endothelial cells may be abnor-
mal, with a more procoagulant activity compared with individuals 
without SCD. There also is evidence of increased thrombin formation 
based on biochemical markers in SCD. Finally, some of the anticoagu-
lant proteins such as proteins S and C are below normal levels. The 
impact on attempts to provide anticoagulation are not known, but it 
is important to carefully assess the procoagulant state of the patient 

 frequently during treatment of excessive bleeding to avoid increasing 
the risk for thrombotic complications after surgery. Empirical trans-
fusion may lead to excess blood products after CPB, which may result 
in a procoagulant state, so algorithm-directed transfusion is advan-
tageous.445 The thromboelastogram especially is useful after CPB to 
determine whether the patient has developed a hypercoagulable state 
that may be detrimental to those with SCD (see Chapter 17).

In children undergoing CPB with SS, larger doses of fentanyl have 
been reported to attenuate stress during the surgery, especially intuba-
tion.446 Also, nearly one third of SS patients will have PAH, and higher-
dose fentanyl also will attenuate pulmonary vascular responses.429 Early 
extubation after CABG has minimal risk (Box 22-7). However, it is 
important to review the patient's history regarding analgesia. Narcotic 
intolerance is common, so they may require more aggressive periop-
erative pain therapy.447 Patients who return to surgery for any reason 
may be at increased risk for postoperative pneumonia. Acute chest 
syndrome may appear as pneumonia or mask true pneumonia. Acute 
chest syndrome has resulted in fatalities. Patients with AS are not at 
increased risk for postoperative complications.

ACKNOWLEDGMENTS
This chapter is dedicated to the memory of Dwight C. Legler, MD, who 
first authored this chapter. He is still sadly missed by all members of the 
Cardiovascular Division of the Department of Anesthesiology at the Mayo 
Clinic. Many thanks to Maria A. de Castro, MD, and Robert A. Strickland, 
MD, for their previous excellent contributions to this chapter.

BOX 22-7. PROPOSED GUIDELINES FOR 
PERIOPERATIVE MANAGEMENT OF PATIENTS 
WITH SICKLE CELL DISORDERS UNDERGOING 
CORONARY ARTERY BYPASS GRAFTING 
SURGERY

Preoperative Period
Hb electrophoretic studies
Correction of any coexisting infection
Partial or complete exchange transfusions for patients with Hb SS
Light benzodiazepine premedication
Supplemental oxygen to avoid a decrease in oxygen saturation

Intraoperative Period
Preoxygenation for 3 to 5 minutes in all cases
Small dose of opioid and hypnotic induction
Inhaled or IV maintenance of anesthesia
Tepid or warm cardiopulmonary bypass
Mean pump flow > 50 mL  kg  min−1, perfusion pressure  60   mm Hg
Blood transfusion if hematocrit < 20%
Retransfusion of pump blood is not advisable

Postoperative Period
Early extubation within 2 to 6 hours
Maintenance of intravascular volume and body temperature
Avoidance of vasopressors is desirable
Early incentive spirometry
Multimodal approach to pain relief (opioids, NSAIDs, 

acetaminophen)
Warming blankets to maintain temperature  37° C
Shivering: meperidine, 10 to 25 mg IV
Routine antibiotic coverage for 2 days
Blood transfusion: Hb < 7.5 g/dL for those  70 years old;  

Hb < 8.5 g/dL for those > 70 years old
Close monitoring of oxygenation, perfusion, and acid-base indices 

for 12 to 24 hours

From Djaiani GN, Cheng DCH, Carroll JA, et al: Fast-track cardiac anesthesia in 
patients with sickle cell abnormalities. Anesth Analg 89:601, 1999.

CABG, coronary artery bypass graft; Hb, hemoglobin; IV, intravenous; NSAID, 
nonsteroidal anti-inflammatory drug; SS, sickle cell anemia.
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HEART TRANSPLANTATION
The history of heart transplantation spans almost a century. Canine 
heterotopic cardiac transplantation was first reported in 1905,1 but 
such efforts were doomed by ignorance of the workings of the immune 
system (Box 23-1). Further research in the late 1950s and early 
1960s set the stage for the first human cardiac transplant by Barnard 
in 1966.2 However, there were few long-term survivors in this era 
because of continued deficiency in understanding and modulating the 
human immune system, and the procedure fell into general disfavor. 
Continued research at selected centers (such as Stanford University) 
and lessons learned from renal transplantation led to greater under-
standing of the technical issues and immunology required, and by the 
early 1980s,  cardiac transplantation gained widespread acceptance as a 
realistic option for patients with end-stage cardiomyopathy.

Heart transplantation experienced explosive growth in the mid-
to-late 1980s, but the annual number of heart transplants worldwide 
 plateaued by the early 1990s at approximately 3500 per year.3 The fac-
tor limiting continued growth has been a shortage of suitable donors. 
As of January 2010, there were slightly more than 3000 patients on the 
United Network for Organ Sharing (UNOS) cardiac transplant waiting 

list (includes all U.S. candidates), whereas only 2028 heart transplants 
were performed in the United States during the 2009 calendar year. 
The median waiting time for a cardiac graft varies widely according to 
blood type (approximately 52 days for type AB recipients in contrast 
with 242 days for type O recipients listed for the period  2003–2004). 
In aggregate, approximately 30% to 37% of those patients on the heart 
transplant list had spent more than a year waiting for a transplant 
during 2007.4 Adult patients on the heart transplant waiting list are 
assigned a status of 1A, 1B, or 2. Status 1A patients require mechani-
cal circulatory support, mechanical ventilation, high-dose or multiple 
inotropes, with continuous monitoring of left ventricular filling pres-
sure. Status 1B patients require mechanical circulatory support beyond 
30 days or inotropic support without continuous monitoring of left 
ventricular filling pressure. All other patients are classified as Status 2.4 
The most frequent recipient indications for adult heart transplantation 
remain either idiopathic or ischemic cardiomyopathy. Other less com-
mon diagnoses include viral cardiomyopathy, systemic diseases such as 
amyloidosis, and complex congenital heart disease (CHD).

The 1-year survival rate after heart transplantation has been 
reported to be 79%, with a subsequent mortality rate of approxi-
mately 4%/year.3 There has been only slight improvement in the 
survival statistics over the past decade; the Organ Procurement and 
Transplant Network reports that the 1- and 3-year survival rates after 
heart transplantation for those transplanted in the United States dur-
ing the period  1997–2004 was approximately 87% and 78%, respec-
tively, at the time this chapter was written. One-year survival rate after 
repeat heart transplantation more than 6 months after the original 
procedure is slightly lower (63%) but substantially worse if performed 
within 6 months of the original grafting (39%).3 Risk factors for 
increased mortality have been associated with recipient factors (prior 
transplantation, poor human leukocyte antigen matching, ventilator 
dependence, age, and race), medical center factors (volume of heart 
transplants performed, ischemic time), and donor factors (race, sex, 
age). Early deaths most frequently are due to graft failure, whereas 
intermediate-term deaths are caused by acute rejection or infection. 
Late deaths after heart transplantation most frequently are due to 
allograft vasculopathy, post-transplant lymphoproliferative disease or 
other malignancy, and chronic rejection (Box 23-1).

Recipient Selection
Potential candidates for heart transplantation generally undergo a 
multidisciplinary evaluation including a complete history and physi-
cal examination, routine hematology, chemistries (to assess renal and 
hepatic function), viral serology, electrocardiography, chest radiogra-
phy, pulmonary function tests, and right- and left-heart catheteriza-
tion. Ambulatory electrocardiography, echocardiography, and nuclear 
gated scans are performed if necessary. The goals of this evaluation are 
to confirm a diagnosis of end-stage heart disease that is not amenable 
to other therapies and that will likely lead to death within 1 to 2 years, 
as well as to exclude extracardiac organ dysfunction that could lead 
to death soon after heart transplantation. Patients typically have New 

KEY POINTS

1. Cardiac denervation is an unavoidable 
consequence of heart transplantation and 
reinnervation is at best partial and incomplete.

2. Drugs acting directly on the heart are the drugs 
of choice for altering cardiac physiology after 
heart transplantation.

3. Allograft coronary vasculopathy remains the 
greatest threat to long-term survival after heart 
transplantation.

4. Broadening of donor criteria has decreased time 
to lung transplantation.

5.  Air trapping in patients with severe obstructive 
lung disease may impair hemodynamics and 
require deliberate hypoventilation.

6. Newly transplanted lungs should be ventilated 
with a low tidal volume and inspiratory pressure, 
and as low an inspired oxygen concentration as 
can be tolerated.

7. Reperfusion injury is the most common cause of 
perioperative death.

8. The frequency of heart-lung transplantation 
has decreased as the frequency of lung 
transplantations has increased.
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York Heart Association Class IV symptoms and a left ventricular ejec-
tion fraction less than 20%. Although most centers eschew a strict age 
cutoff, the candidate should have a “physiologic” age younger than 60. 
Detecting pulmonary hypertension and determining whether it is due 
to fixed elevation of pulmonary vascular resistance (PVR) is crucial; 
early mortality because of graft failure is threefold greater in patients 
with increased PVR (transpulmonary gradient > 15 mm Hg or PVR  

−5).5 If increased PVR is detected, a larger donor heart, 
a heterotopic heart transplant, or a heart–lung transplant may be more 
appropriate. Active infection and recent pulmonary thromboembo-
lism with pulmonary infarction are additional contraindications to 
heart transplantation. The results of this extensive evaluation should 
be tabulated and available to the anesthesia team at all times because 
heart transplantation is an emergency procedure.

Donor Selection and Graft Harvest
Once a brain-dead donor has been identified, the accepting transplant 
center must further evaluate the suitability of the allograft. Centers gen-
erally prefer donors to be free of previous cardiac illness and younger 
than 35 years because the incidence of coronary artery disease mark-
edly increases at older ages. However, the relative shortage of suitable 
cardiac donors has forced many transplant centers to consider older 
donors without risk factors and symptoms of coronary artery disease. 
If it is necessary and the services are available at the donor hospital, the 
heart can be further evaluated by echocardiography (for regional wall 
motion abnormalities) or coronary angiography, to complement stan-
dard palpation of the coronaries in the operating room. The absence of 
sepsis, prolonged cardiac arrest, severe chest trauma, and a high  inotrope 
requirement also are important. The donor is matched to the prospec-
tive recipient for ABO blood-type compatibility and size (within 20%, 
especially if the recipient has high PVR); a cross-match is performed 
only if the recipient's preformed antibody screen is positive.

Donors can exhibit major hemodynamic and metabolic derange-
ments that can adversely affect organ retrieval.6 Most brain-dead 
donors will be hemodynamically unstable.7 Reasons for such instabil-
ity include hypovolemia (secondary to diuretics or diabetes insipidus), 
myocardial injury (possibly a result of “catecholamine storm” during 
periods of increased intracranial pressure), and inadequate sympa-
thetic tone because of brainstem infarction. Donors often also have 
abnormalities of neuroendocrine function such as low T

3
 and T

4
 levels. 

Administration of T
3
 to brain-dead animals improves ventricular func-

tion after transplantation8; T
3
 administration has enabled decreases 

in inotropic support in some9,10 but not all human studies.11 Donor 
 volume status should be assiduously monitored, and inotropic and 
vasopressor therapy should be guided by data from invasive monitors.

Donor cardiectomy is performed through a median sternotomy, 
usually simultaneously with recovery of other organs such as lungs, 
kidneys, and liver. Just before cardiac harvesting, the donor is heparin-
ized and an intravenous cannula is placed in the ascending aorta for 
administration of conventional cardioplegia. The superior vena cava 
(SVC) is ligated and the inferior vena cava (IVC) transected to decom-
press the heart, simultaneous with the administration of cold hyper-
kalemic cardioplegia into the aortic root. The aorta is cross-clamped 
when the heart ceases to eject. The heart also is topically cooled with 
ice-cold saline. After arrest has been achieved, the pulmonary veins 

are severed, the SVC is transected, the ascending aorta is divided just 
proximal to the innominate artery, and the pulmonary artery (PA) is 
transected at its bifurcation. The heart is then prepared for transport 
by placing it in a sterile plastic bag that is placed, in turn, in another bag 
filled with ice-cold saline, all of which are carried in an ice chest. Of all 
the regimens tested, conventional cardioplegia has proved most effec-
tive in maintaining cardiac performance.12 The upper time limit for ex 
vivo storage of human hearts appears to be approximately 6 hours.13

Surgical Procedures
Orthotopic Heart Transplantation
Orthotopic heart transplantation is carried out via a median sterno-
tomy, and the general approach is similar to that used for coronary 
revascularization or valve replacement. Frequently, patients will have 
undergone a prior median sternotomy; repeat sternotomy is cautiously 
performed using an oscillating saw. The groin should be prepped and 
draped to provide a rapid route for cannulation for cardiopulmonary 
bypass (CPB) if necessary. After the pericardium is opened, the aorta 
is cannulated as distally as possible and the IVC and SVC are indi-
vidually cannulated via the high right atrium. Manipulation of the 
heart before institution of CPB is limited if thrombus is detected in 
the heart with transesophageal echocardiography (TEE; Figure 23-1). 
After initiation of CPB and cross-clamping of the aorta, the heart is 
arrested and excised (Figure 23-2). The aorta and PA are separated and 
divided just above the level of their respective valves, and the atria are 
transected at their grooves. A variant of this classic approach totally 
excises both atria, mandating bicaval anastomoses. This technique may 
reduce the incidence of atrial arrhythmias, better preserve atrial func-
tion by avoiding tricuspid regurgitation, and enhance cardiac output 
(CO) after transplantation.14,15

The donor graft then is implanted with every effort to maintain a 
cold tissue temperature, beginning with the left atrial (LA) anastomo-
sis. If the foramen ovale is patent, it is sutured closed. The donor right 
atrium is opened by incising it from the IVC to the base of the right 
atrial (RA) appendage (to preserve the donor sinoatrial node), and the 
RA anastomosis is constructed. Alternatively, if the bicaval technique 
is used, individual IVC and SVC anastomoses are sewn. The donor 
and recipient pulmonary arteries are then brought together in an end- 
to-end manner, followed by the anastomosis of the donor to the recipi-
ent aorta. After removal of the aortic cross-clamp, the heart is de-aired 

Right ventricle

Left ventricle

Left atrium

Thrombus

Figure 23-1 Transesophageal echocardiographic image of laminated 
intraventricular thrombus in the native left ventricular apex. If intracav-
itary thrombus is found, great caution is warranted during dissection 
before cardiopulmonary bypass to avoid systemic embolization.

BOX 23-1. HEART TRANSPLANTATION
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via a vent in the ascending aorta. Just before weaning from CPB, one of 
the venous cannulae is withdrawn into the right atrium and the other 
removed. The patient is then weaned from CPB in the usual manner. After 
hemostasis is achieved, mediastinal tubes are placed for drainage, the peri-
cardium is left open, and the wound is closed in the standard fashion.

Heterotopic Heart Transplantation
Although orthotopic placement of the cardiac graft is optimal for most 
patients, certain recipients are not candidates for the orthotopic opera-
tion, and instead the graft is placed in the right chest and connected 
to the circulation in parallel with the recipient heart. The two  primary 
indications for heterotopic placement are significant irreversible 
 pulmonary hypertension and gross size mismatch between the donor 

and recipient. Heterotopic placement may avoid the development of 
acute right ventricular (RV) failure in the unconditioned donor heart 
in the face of acutely increased RV afterload.

Donor harvesting for heterotopic placement is performed in the pre-
viously described manner, except that the azygos vein is ligated and 
divided to increase the length of the donor SVC; the PA is extensively dis-
sected to provide the longest possible main and right PA; and the donor 
IVC and right pulmonary veins are oversewn, with the left pulmonary 
veins incised to create a single large orifice. The operation is performed 
via a median sternotomy in the recipient, but the right pleura is entered 
and excised. The recipient SVC is cannulated via the RA appendage, and 
the IVC via the lower right atrium. After  arresting the recipient heart, 
the LA anastomosis is constructed by incising the recipient left atrium 
near the right superior pulmonary vein and extending this incision 
inferiorly, and then anastomosing the respective left atria. The recipient 
RA-SVC is then incised and anastomosed to the donor RA-SVC, after 
which the donor aorta is joined to the recipient aorta in an end-to-side 
manner. Finally, the donor PA is anastomosed to the recipient main PA 
in an end-to-side manner if it is sufficiently long; otherwise, they are 
joined via an interposed vascular graft (Figure 23-3).

Special Situations
Mechanical ventricular assist devices (see Chapters 27 and 32) have 
been used successfully to “bridge” patients who would otherwise die of 
acute heart failure awaiting transplantation.16 The technique of trans-
plantation is virtually identical in such patients to that for ordinary 
orthotopic transplantation. However, repeat sternotomy is obligatory. 
Placement of large-bore intravenous access is prudent because exces-
sive hemorrhage can occur during the transplant procedure.

Rarely, patients will present for cardiac transplantation combined 
with transplantation of the liver.17 The cardiac allograft usually is 
implanted first to better enable the patient to survive potential hemo-
dynamic instability associated with reperfusion of the hepatic allograft. 
Large-bore intravenous access is mandatory. Conventional full hepa-
rinization protocols or low-dose heparin with heparin-bonded circuits 
may be used. A venous cannula can be left in the right atrium at the 
completion of the heart transplant procedure to serve as a return site 
for subsequent venovenous bypass during liver transplantation.

Right
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SVC

SVC

Aorta

IVC

IVC

Pulmonary artery

Pulmonary
veins

Pulmonary artery

Pulmonary
veins

Left atrium
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A

Figure 23-2 Mediastinum after excision of the heart but before 
allograft placement. Venous cannulas are present in the superior (SVC) 
and inferior vena cava (IVC), and the arterial cannula is present in the 
ascending aorta. A, Classic orthotopic technique. B, Bicaval anasto-
motic technique.
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Figure 23-3 Placement of heterotopic graft in the right chest, with 
anastomoses to the corresponding native left (LA) and right atria (RA), 
ascending aorta (AO), and an interposition graft to the native pulmonary 
artery (PA). LV, left ventricle; RV, right ventricle; SVC, superior vena cava. 
(From Cooper DKC, Lanza LP: Heart Transplantation: The Present Status 
of Orthotopic and Heterotopic Heart Transplantation. Lancaster, United 
Kingdom, MTP Press, 1984.)
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Pathophysiology before Transplantation
The pathophysiology of heart transplant candidates is predomi-
nantly end-stage cardiomyopathy. Normally, such patients will have 
both systolic dysfunction (characterized by decreased stroke volume 
and increased end-diastolic volume) and diastolic dysfunction, char-
acterized by an increased intracardiac diastolic pressure. As compen-
satory mechanisms to maintain CO fail, the increased LV pressures 
lead to increases in pulmonary venous pressures and development of 
pulmonary vascular congestion and edema. A similar process occurs 
if RV failure also occurs. Autonomic sympathetic tone is increased in 
patients with heart failure, leading to generalized vasoconstriction, as 
well as salt and water retention. Vasoconstriction and ventricular dila-
tion combine to substantially increase myocardial wall tension. Over 
time, the high levels of catecholamines lead to a decrease in the sen-
sitivity of the heart and vasculature to these agents via a decrease in 
receptor density (i.e., “downregulation”) and a decrease in myocardial 
norepinephrine stores.18

Therapy of heart failure seeks to reverse or antagonize these pro-
cesses (see Chapters 10, 32, and 34). Almost all candidates will be 
maintained on diuretics; hypokalemia and hypomagnesemia second-
ary to urinary losses are likely, and the anesthesiologist must be alert 
to the possibility that a patient is hypovolemic from excessive diuresis. 
Another mainstay of therapy is vasodilators (such as nitrates, hydrala-
zine, and angiotensin-converting enzyme inhibitors), which decrease 
the impedance to LV emptying and improve cardiac function and sur-
vival in patients with end-stage heart failure.19,20 Paradoxically, slow 
incremental -blockade with agents such as the 

1
-antagonist meto-

prolol also can improve hemodynamics and exercise tolerance in some 
patients awaiting heart transplantation.21 Patients who are symp-
tomatic despite these measures often will require inotropic therapy. 
Digoxin is an effective but weak inotrope, and its use is limited by toxic 
side effects. Phosphodiesterase inhibitors such as amrinone, milrinone, 
and enoximone are efficacious, but chronic therapy is restricted by 
concerns about increased mortality in those receiving these agents.22,23 
Therefore, inotrope-dependent patients often are treated with intra-
venous infusions of -adrenergic agonists such as dopamine or dobu-
tamine. Patients refractory to even these measures may be supported 
with intra-aortic balloon counterpulsation, but its use is fraught with 
significant vascular complications and essentially immobilizes the 
patient. Many patients with low CO are maintained on anticoagulants 
such as warfarin to prevent pulmonary or systemic embolization, espe-
cially if they have atrial fibrillation.

Pathophysiology after Transplantation
The physiology of patients after heart transplantation is of interest not 
only to anesthesiologists in cardiac transplant centers but to the anes-
thesiology community at large because a substantial portion of these 
patients return for subsequent surgical procedures.24,25

Cardiac denervation is an unavoidable consequence of heart trans-
plantation. Many long-term studies indicate that reinnervation is 
absent,26,27 or at best partial or incomplete,28 in humans. Denervation 
does not significantly change baseline cardiac function,29,30 but it does 
substantially alter the cardiac response to demands for increased CO. 
Normally, increases in heart rate can rapidly increase CO, but this mech-
anism is not available to the transplanted heart. Heart rate increases 
only gradually with exercise, and this effect is mediated by circulating 
catecholamines.26 Increases in CO in response to exercise are instead 
mostly mediated via an increase in stroke volume.31 Therefore, main-
tenance of adequate preload in cardiac transplant recipients is crucial. 
Lack of parasympathetic innervation probably is responsible for the 
gradual decrease in heart rate after exercise seen in transplant recipi-
ents, rather than the usual sharp decline.

Denervation has important implications in the choice of phar-
macologic agents used after cardiac transplantation. Drugs that act 
indirectly on the heart via either the sympathetic (ephedrine) or para-
sympathetic (atropine, pancuronium, edrophonium) nervous systems 

generally will be ineffective. Drugs with a mixture of direct and indirect 
effects will exhibit only their direct effects (leading to the absence of the 
normal increase in refractory period of the atrioventricular node with 
digoxin,32 tachycardia with norepinephrine infusion, and bradycardia 
with neostigmine).33 Thus, agents with direct cardiac effects (such as 
epinephrine or isoproterenol) are the drugs of choice for altering car-
diac physiology after transplantation. However, the chronically high 
catecholamine levels found in cardiac transplant recipients may blunt 
the effect of -adrenergic agents, as opposed to normal responses to 

-adrenergic agents.34

Allograft coronary vasculopathy remains the greatest threat to long-
term survival after heart transplantation. Allografts are prone to the 
accelerated development of an unusual form of coronary atheroscle-
rosis that is characterized by circumferential, diffuse involvement of 
entire coronary arterial segments, as opposed to the conventional form 
of coronary atherosclerosis with focal plaques often found in eccen-
tric positions in proximal coronary arteries.35 The pathophysiologic 
basis of this process remains elusive, but it is likely due to an immune 
cell–mediated activation of vascular endothelial cells to upregulate the 
 production of smooth muscle cell growth factors.36 More than half of 
all heart transplant recipients have evidence of concentric atheroscle-
rosis 3 years after transplant, and more than 80% at 5 years.37 Because 
afferent cardiac reinnervation is rare, a substantial portion of recipients 
with accelerated vasculopathy will have silent ischemia.38 Noninvasive 
methods of detecting coronary atherosclerosis are insensitive for 
detecting allograft vasculopathy.39 Furthermore, coronary angiography 
often underestimates the severity of allograft atherosclerosis40; other 
diagnostic regimens such as intravascular ultrasound and dobutamine 
stress echocardiography may detect morphologic abnormalities or 
functional ischemia, respectively, in the absence of angiographically 
significant lesions.35,40,41 Therefore, the anesthesiologist should assume 
that there is a substantial risk for coronary vasculopathy in any heart 
transplant recipient beyond the first 2 years, regardless of symptoms, 
the results of noninvasive testing, and even angiography.

Anesthetic Management
Preoperative Evaluation and Preparation
The preoperative period often is marked by severe time constraints 
because of the impending arrival of the donor heart. Nevertheless, 
a rapid history should screen for last oral intake, recent anticoagulant 
use, intercurrent deterioration of ventricular function, or change in 
anginal pattern; a physical examination should evaluate present volume 
status, and a laboratory review (if available) and a chest radiograph 
should detect the presence of renal, hepatic, or pulmonary dysfunction. 
Many hospitalized patients will be supported with inotropic infusions 
and/or an intra-aortic balloon pump, and the infusion rates and timing 
of the latter should be reviewed.

Equipment and drugs similar to those usually used for routine cases 
requiring CPB should be prepared. A -agonist such as epinephrine 
should be readily available both in bolus form and as an infusion to rap-
idly treat ventricular failure; and an -agonist such as phenylephrine or 
norepinephrine is useful to compensate for the vasodilatory effects of 
anesthetics because even small decreases in preload and afterload can lead 
to catastrophic changes in CO and coronary perfusion in these patients.

Placement of invasive monitoring before induction will facilitate 
rapid and accurate response to hemodynamic events during induction. 
In addition to standard noninvasive monitoring, an arterial catheter and 
a PA catheter (with a long sterile sheath to allow partial removal during 
graft implantation) are placed after judicious use of sedation and local 
anesthetics. Placing the arterial catheter in a central site rather than 
the radial artery will avoid the discrepancy between radial and central 
arterial pressure often seen after CPB, but it also may be necessary to 
cannulate a femoral artery for arterial inflow for CPB if there has been 
a prior sternotomy. Floating the PA catheter into correct position may 
be difficult because of cardiac chamber dilation and severe tricuspid 
regurgitation. Large-bore intravenous access is mandatory, especially 
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if a sternotomy has been previously performed, in which case external 
defibrillator/pacing patches also may be useful. The overall hemody-
namic “picture” should be evaluated and optimized insofar as possible 
just before induction. If the hemodynamics seem tenuous, then start-
ing or increasing an inotrope infusion may be advisable.

Induction
Most patients presenting for heart transplantation will not be in a fast-
ing state and should be considered to have a “full stomach.” Therefore, 
the induction technique should aim to rapidly achieve control of the 
airway to prevent aspiration while avoiding myocardial depression. 
A regimen combining a short-acting hypnotic with minimal myocar-
dial depression (etomidate, 0.3 mg/kg), a moderate dose of narcotic to 
blunt the tachycardic response to laryngoscopy and intubation (fenta-
nyl, 10 g/kg), and succinylcholine (1.5 mg/kg) is popular42; high-dose 
narcotic techniques with or without benzodiazepines also have been 
advocated.43,44 Vasodilation should be countered with an -agonist. 
Anesthesia can be maintained with additional narcotic and sedatives 
(benzodiazepines or scopolamine).44,45

Intraoperative Management
After induction, the stomach can be decompressed with an orogastric 
tube and a TEE probe introduced while the bladder is catheterized. 
A complete TEE examination often will reveal useful information not 
immediately available from other sources, such as the presence of car-
diac thrombi (see Figure 23-1), ventricular volume and contractility, and 
atherosclerosis of the ascending aorta and aortic arch. Cross-matched 
blood should be immediately available once surgery commences, espe-
cially if the patient has had a previous sternotomy; patients not previ-
ously exposed to cytomegalovirus should receive blood from donors 
who are likewise cytomegalovirus negative. Sternotomy and cannula-
tion for CPB are performed as indicated earlier. The period before CPB 
often is uneventful, apart from arrhythmias and slow recovery of coro-
nary perfusion because of manipulation of the heart during dissection 
and cannulation. The PA catheter should be withdrawn from the right 
heart before completion of bicaval cannulation.

Once CPB is initiated, ventilation is discontinued and the absence of 
a thrill in the carotid arteries is documented. Most patients will have an 
excess of intravascular volume, and administration of a diuretic and/
or the use of hemofiltration via the pump may be beneficial by increas-
ing the hemoglobin concentration. A dose of glucocorticoid (methyl-
prednisolone, 500 mg) is administered as the last anastomosis is being 
completed before release of the aortic cross-clamp to attenuate any 
hyperacute immune response. During the period of reperfusion an 
infusion of an inotrope is begun for both inotropy and chronotropy. 
TEE is used to monitor whether the cardiac chambers are adequately 
de-aired before weaning from CPB.

Weaning from bypass begins after ventilation is resumed and the 
cannula in the SVC is removed. The donor heart should be paced if 
bradycardia is present despite the inotropic infusion. Once the patient 
is separated from CPB, the PA catheter can be advanced into position. 
Patients with increased PVR are at risk for acute RV failure and may 
benefit from a pulmonary vasodilator such as prostaglandin E

1
 (0.05 

to 0.15 g/kg/min).46 Rarely, such patients will require support with 
a RV assist device.47 TEE often will provide additional useful informa-
tion about right- and left-heart function and volume, and document 
normal flow dynamics through the anastomoses. Unless a bicaval anas-
tomosis was created, a ridge of redundant tissue will be evident in the 
left atrium and should not cause alarm (see Videos 1A and 1B, avail-
able online).

Protamine then is given to reverse heparin's effect after satisfac-
tory weaning from CPB. Continued coagulopathy despite adequate 
protamine is common after heart transplantation, especially if there 
has been a prior sternotomy. Treatment is similar to that used for 
other postbypass coagulopathies: meticulous attention to surgical 
hemostasis, empiric administration of platelets, and subsequent addi-
tion of fresh-frozen plasma and cryoprecipitate guided by subsequent 

 coagulation studies (see Chapters 17, 30 and 31). After adequate hemo-
stasis is achieved, the wound is closed in standard fashion and the 
patient transported to the intensive care unit (ICU).

Postoperative Management and Complications
Management in the ICU after the conclusion of the procedure essen-
tially is a continuation of the anesthetic management after CPB.48 The 
electrocardiogram; arterial, central venous, and/or PA pressures; and 
arterial oxygen saturation are monitored continuously. Cardiac recipi-
ents will continue to require -adrenergic infusions for chronotropy 
and inotropy for up to 3 to 4 days. Vasodilators may be necessary to 
control arterial hypertension and decrease impedance to LV ejection. 
Patients can be weaned from ventilatory support and extubated when 
the hemodynamics are stable and hemorrhage has ceased. The immu-
nosuppressive regimen of choice (typically consisting of cyclosporine, 
azathioprine, and prednisone, or tacrolimus and prednisone) should be 
started after arrival in the ICU. Invasive monitoring can be withdrawn 
as the inotropic support is weaned, and mediastinal tubes removed 
after drainage subsides (usually after 24 hours). Patients usually can be 
discharged from the ICU after 2 or 3 days (see Chapters 33–35).

Early complications after heart transplantation include acute and 
hyperacute rejection, cardiac failure, systemic and pulmonary hyper-
tension, cardiac arrhythmias, renal failure, and infection. Hyperacute 
rejection is an extremely rare but devastating syndrome mediated by 
preformed recipient cytotoxic antibodies against donor heart anti-
gens. The donor heart immediately becomes cyanotic from microvas-
cular thrombosis and ultimately ceases to contract.49 This syndrome is 
lethal unless the patient can be supported mechanically until a suit-
able heart is found. Acute rejection is a constant threat in the early 
postoperative period and may present in many forms (e.g., low CO, 
arrhythmias). Acute rejection occurs most frequently during the ini-
tial 6 months after transplantation, so its presence is monitored by 
serial endomyocardial biopsies, with additional biopsies to evaluate 
any acute changes in clinical status. Detection of rejection mandates 
an aggressive increase in the level of immunosuppression, usually 
including pulses of glucocorticoid or a change from cyclosporine to 
tacrolimus. Low CO after transplantation may reflect a number of 
causative factors: hypovolemia, inadequate adrenergic stimulation, 
myocardial injury during harvesting, acute rejection, tamponade, or 
sepsis. Therapy should be guided by invasive monitoring, TEE, and 
endomyocardial biopsy. Systemic hypertension may be caused by 
pain, so adequate analgesia should be obtained before treating blood 
pressure with a vasodilator. Because fixed pulmonary hypertension 
will have been excluded during the recipient evaluation, pulmonary 
hypertension after heart transplantation usually will be transient 
and responsive to vasodilators such as prostaglandin E

1
, nitrates, or 

hydralazine after either orthotopic or heterotopic placement.50,51 Atrial 
and ventricular tachyarrhythmias are common after heart transplan-
tation52; once rejection has been ruled out as a cause, antiarrhythmics 
are used for conversion or control (except those acting via indirect 
mechanisms such as digoxin, or those with negative inotropic proper-
ties such as -blockers and calcium channel blockers). Almost all recip-
ients will require either -adrenergic agonists or pacing to increase 
heart rate in the immediate perioperative period, but 10% to 25% of 
recipients also will require permanent pacing.53,54 Renal function often 
improves immediately after transplantation, but immunosuppressives 
such as cyclosporine and tacrolimus may impair renal function.55,56 
Finally, infection is a constant threat to immunosuppressed recipients. 
Bacterial pneumonia is frequent early in the postoperative period, 
with opportunistic viral and fungal infections becoming more com-
mon after the first several weeks (see Chapter 37).

Pediatric Considerations
In the pediatric population, dilated cardiomyopathy and complex con-
genital heart defects are the primary indications for heart transplan-
tation. Although the number of donors and recipients has remained 
stable in recent years, the overall survival has improved in children 
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undergoing heart transplantation. Factors that contribute to this trend 
are enhanced preservation of the donor heart, improved selection of 
recipients and donors, and refinements in surgical techniques and 
immunosuppressive therapy.57

Cardiac transplantation is recommended when the child's expected 
survival is less than 1 year. In some centers, this therapy is offered 
as the primary intervention to the infant born with hypoplastic left-
heart syndrome. The perioperative and intraoperative management 
of these infants undergoing heart transplant have been extensively 
reviewed.58

The preoperative assessment for heart transplantation in the patient 
with complex CHD might be more extensive depending on the heart 
defect and previous corrective or palliative procedures. Similar to the 
child with dilated cardiomyopathy, assessment of the indexed pulmo-
nary vascular resistance (PVRI) is essential.57 In adults, a PVRI greater 
than 5 units and a transpulmonary gradient greater than 15 mm Hg are 
contraindications for transplantation. In children, the acceptable PVRI 
is less than 10 units, but it is not unusual for a pediatric heart trans-
plant candidate to have a PVRI greater than 10 units. In one pediat-
ric cardiac center, 20% of the transplanted patients had PVRIs greater 
than 6 units. However, in the 6 to 10 unit range, the child is at risk for 
acute RV failure because the donor's right ventricle is thin walled and 
the myocardium has been ischemic. If the PVRI decreases significantly 
in the catheterization laboratory, with a trial of vasodilator testing, 
hyperventilation, 100% O

2
, and nitric oxide, the candidate is acceptable 

for transplant. If the PVRI remains borderline, the candidate is admit-
ted to the hospital for a 1- or 2-week trial with milrinone and dobu-
tamine. If the PVRI then falls, transplantation is offered. These patients 
might benefit from pulmonary vasodilation therapy during weaning 
from CPB and in the ICU.

Another aspect to be emphasized in the pretransplant evaluation 
of these patients with complex CHD is the need for a detailed ana-
tomic evaluation. It is not uncommon for this group of patients to have 
branch PA stenosis or discontinuous pulmonary arteries. Anomalies 
of systemic and pulmonary veins are associated with atrial isomerism, 
and different surgical techniques are needed to address these issues 
during transplantation. High-output failure may develop in the recipi-
ent with large aortopulmonary collaterals in the postoperative period. 
Although the donor ischemic time, ICU days, and total hospital days 
are prolonged in these patients, the outcome is comparable with the 
patient with dilated cardiomyopathy after heart transplantation.

Cardiac transplantation also is offered to patients with the so-called 
failed Fontan for physiologic repair of cardiac defects with single ven-
tricle. They present with protein-losing enteropathy, chronic liver 
disease, and pulmonary arteriovenous malformations. These malfor-
mations may complicate the postoperative course. If they are large 
enough, moderate-to-severe hypoxemia may lead to primary graft 
 failure. Small malformations may regress with time.

In some recipients, the circulation is supported by extracorporeal 
membrane oxygenation (ECMO) or a ventricular assist device before 
transplantation. Prolonged support is associated with bleeding, sep-
sis, and multiorgan dysfunction. It is not uncommon to list an infant 
who is on ECMO for heart transplant after a failed Norwood proce-
dure. Transportation of this infant to the operating room can be quite 
complicated.

Besides determining the blood type (ABO), it is important to assess 
for the presence of antibodies against human histocompatability leu-
kocyte antigen.59 Antibodies against human histocompatability leu-
kocyte antigen may have developed in the recipient who was exposed 
to blood products during palliation for complex CHD. Hyperacute 
rejection may lead to graft loss in the operating room in this setting. 
The risk for primary graft failure is greater if more than mild sys-
tolic dysfunction was present in the donor heart before transplanta-
tion. In pediatrics, the donor-recipient heart size matching in weight 
ranges between 80% and 300%. At surgery, the bicaval technique is 
preferred.

As in adults, sedation before surgery is provided with benzodi-
azepines or scopolamine. Full-stomach precautions generally are 

taken. Induction of anesthesia is accomplished with etomidate (0.2 
to 0.3 mg/kg), fentanyl, and a muscle relaxant (succinylcholine or 
a nondepolarizer). Titration to vital signs is important. Frequently, 
the groin vessels are exposed for urgent cannulation before ster-
notomy, and during this procedure fewer narcotics are required. 
If hemodynamics are adequate, a volatile agent can be used. An 
opioid with a benzodiazepine is used for maintenance of anesthe-
sia. Recall of operative events has been documented in young ado-
lescents. A PA catheter is useful in the older child, but just an RV 
catheter can be used when there are concerns about pulmonary 
hypertension.

LUNG TRANSPLANTATION
History and Epidemiology

Although the first human lung transplant was performed in 1963, 
surgical technical problems and inadequate preservation and immu-
nosuppression regimens prevented widespread acceptance of this pro-
cedure until the mid-1980s (Box 23-2). Advances in these areas have 
since made lung transplantation a viable option for many patients with 
end-stage lung disease. For the period January 1, 1985, to June 30, 2008, 
a total of 29,732 lung transplants were reported to the Registry of the 
International Society for Heart and Lung Transplantation.3 The fre-
quency of both single- and double-lung transplants increased expo-
nentially during the period up until 1993, with the sharpest growth in 
unilateral transplants. According to data collected by UNOS between 
2000 and 2002, the annual frequency of lung transplantation has 
remained stagnant, with the total number still averaging in the vicin-
ity of 1000. This is unchanged from the time between 1993 and 1995, 
when the numbers first leveled off. Further growth in lung transplan-
tation is constrained by a shortage of donor organs, with demand for 
organs still vastly exceeding supply. This may potentially be exacer-
bated by data that were published in 2009, revealing that double-lung 
transplant afforded fewer hospitalizations and potentially better long-
term survival.60

It is estimated that in excess of a million individuals with end-
stage lung disease are potential recipients of lung transplants.61 Some 
had hoped that non–heart-beating donors would provide an alter-
native source of organs, but this has not been the case. The Organ 
Procurement and Transplantation Network currently registers approx-
imately 4000 patients for lung transplantation. This number does not 
accurately reflect the number of organs required because some patients 
will require bilateral lung transplantation. Average time to transplant 
increased to as much as 451 days in 1999; however, recently, that time 
has again decreased significantly. Currently, about one fourth of patients 
are transplanted within 251 days. Most of this improvement has been 
seen with recipients who are 50 years and older. One explanation for 
this may be increasing leniency in organ-selection criteria. This seems 
not to have been associated with increasing mortality rates. Mortality 
for patients on the waiting list also has continued to decline, from a 
1993 high of close to 250 per 1000 patient-years to approximately 140 
in 2002. Although some of this improvement may be ascribed to bet-
ter medical management of patients on the waiting list, it is also likely 
due to broadened criteria for acceptance for transplantation and sub-
sequent inclusion of patients with less severe illness.

BOX 23-2. LUNG TRANSPLANTATION
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Increased experience with lung transplantation has been accom-
panied by a decrease in both operative and long-term mortality. For 
 example, 30-day mortality rate for double-lung transplantation 
decreased from 44% in 1988 to 13.6% in 1991, whereas that for single-
 lung transplantation decreased from 22.7% to 12.6%.62 As of the end 
of 2008, 3-year actuarial survival for recipients of both single- and 
 double-lung transplants performed in the era 1992 to 1995 was approx-
imately between 56% and 67% depending on recipient age percentage, 
which is a trend of continuing improvement of the periods preced-
ing 2005.3 Even better survival data have been reported from centers 
with extensive experience with these procedures (1-year survival rates 
of 82% for double-lung recipients and 90% for single-lung recipi-
ents).63 Infection is the most frequent cause of death in the first year 
after transplant, but this is superseded in later years by bronchiolitis 
obliterans.3 Notable is that 21% of all lung transplants were performed 
at 21 centers around the world averaging 50 procedures per year.3

Some of the most challenging patients are those with cystic fibro-
sis. The 1-year survival rate of 79% and 5-year survival rate of 57% 
after lung transplantation has shown that despite the high incidence of 
poor nutrition and the almost ubiquitous colonization by multidrug-
 resistant organisms, these patients can still successfully undergo lung 
transplantation with acceptable outcomes data.64

It is a sign of the maturity of lung transplantation procedures that 
survival data for “redo” lung transplantation also are becoming avail-
able. A late-1991 survey of centers reported that actuarial survival after 
redo transplantation was significantly worse than that of first-time 
recipients (e.g., 35% vs. > 75% at 1 year),65 and subsequent data have 
confirmed this observation.3 Infection and multiorgan failure before 
repeat transplant are associated with an almost uniformly fatal out-
come. Subsequent data from UNOS, however, have shown an improve-
ment, with the 1-year survival rate at 66.3% in the retransplant patients 
as compared with 83.8% in the primary transplant population. This 
is, however, significantly worse at 3 years, with repeat survival rate at 
38.8% compared with 63.2%.

Recipient Selection
Because donor lungs are scarce, it is important to select those most likely 
to benefit from lung transplantation as recipients. In general, candidates 
should be terminally ill with end-stage lung disease (New York Heart 
Association Class III or IV, with a life expectancy of approximately 
2 years), be psychologically stable, and be devoid of serious medical  
illness (especially extrapulmonary infection) compromising other organ 
systems. Patients already requiring mechanical ventilation are poor can-
didates, although lung transplantation can be successful in such a set-
ting. Other factors such as advanced age, previous thoracic surgery or 
deformity, and steroid dependence may be regarded as relative contrain-
dications by individual transplant centers. Hepatic disease solely caused 
by right-heart dysfunction should not preclude candidacy.

Potential recipients undergo a multidisciplinary assessment of their 
suitability, including pulmonary spirometry, radiography (plain film 
and chest CT scan), and echocardiography or multigated image acqui-
sition scan. Patients older than 40 years and those with pulmonary 
hypertension usually undergo left-heart catheterization to exclude sig-
nificant coronary atherosclerosis or an intracardiac shunt. TEE may 
yield data (e.g., unanticipated atrial septal defect) that will alter subse-
quent surgical approach in approximately one quarter of patients with 
severe pulmonary hypertension.66 Candidates who are accepted often 
are placed on a physical conditioning regimen to reverse muscle atro-
phy and debilitation and kept within 20% of their ideal body weight. 
Because lung transplantation is an emergency procedure (limited by a 
lung preservation time of 6 to 8 hours),67 results of this comprehen-
sive evaluation should be readily available to the anesthesia team at 
all times. Weiss68 published data in 2009 that supported the cautious 
transplantation of patients older than 60 years but recommended 
against transplantation of patients older than 70. Data from the same 
authors suggested that race-matching also provided a survival benefit 
that manifested itself in the first 2 years after transplant.69

Donor Selection and Graft Harvest
The ongoing shortage of suitable donor organs has led to a liberalization 
of selection criteria. Prospective lung donors who were cigarette smokers 
are no longer rejected simply based on a pack-year history. Computed 
tomography has been used to assess the structural integrity of the lung, 
particularly in donors who have suffered traumatic chest injury. Lungs 
that have contusion limited to less than 30% of a single lobe can be con-
sidered adequate.70 Greater use also has been made of organs from older 
but otherwise healthy donors (55 to 60 years old), especially when the 
ischemic period will be short.71 A clear chest radiograph, normal blood 
gas results, unremarkable findings on bronchoscopy, sputum stain, and 
direct intraoperative evaluation confirm satisfactory lung function. The 
lungs are matched to the recipient for ABO blood type and size (over-
sized lungs can result in severe atelectasis and compromise of venous 
return in the recipient, especially after double-lung transplantation). 
Donor serology and tracheal cultures will guide subsequent antibacte-
rial and antiviral therapy in the recipient.

Most lung grafts are recovered during a multivisceral donor harvest 
procedure. The heart is removed as described for heart transplanta-
tion, using inflow occlusion and cardioplegic arrest, with division of 
the IVC and SVC, the aorta, and the main PA. Immediately after cross-
clamping, the pulmonary vasculature is flushed with ice-cold preserva-
tive solution, which often contains prostaglandin E

1
. This is believed 

to promote pulmonary vasodilation, which aids homogenous distribu-
tion of the preserving solution. Other additives that have been included 
are nitroglycerin and low-potassium 5% dextran. The left atrium is 
divided to leave an adequate LA cuff for both the heart graft and lung 
graft(s) with the pulmonary veins. After explantation, the lung also 
may be flushed to clear all pulmonary veins of any clots. After the lung 
is inflated, the trachea (or bronchus for an isolated lung) is clamped, 
divided, and stapled closed. Inflating the lung has been shown to 
increase cold ischemia tolerance of the donor organ. The lung graft is 
removed, bagged, and immersed in ice-cold saline for transport.

Surgical Procedures
Because of the relative shortage of lung donors, and the finding that 
recipients can gain significant exercise tolerance even with only one 
transplanted lung,72 single-lung transplantation is the procedure of 
choice for all lung transplant candidates, except when leaving one of 
the recipient's lungs in place would predispose to complications. For 
example, the presence of lung disease associated with chronic infection 
(cystic fibrosis and severe bronchiectasis) mandates double-lung trans-
plantation to prevent the recipient lung from acting as a reservoir of 
infection and subsequently cross-contaminating the allograft. Patients 
with severe air trapping may require double-lung transplantation if 
uncontrollable ventilation/perfusion mismatching will be likely after 
transplantation. Lobar transplantation into children and young adults 
from living-related donors is discussed separately later in this chapter.

Single-Lung Transplant
The choice of which lung to transplant is usually based on multiple 
factors, including avoidance of a prior operative site, preference for 
removing the native lung with the worst ventilation/perfusion ratio, 
and donor lung availability. The recipient is positioned for a postero-
lateral thoracotomy, with the ipsilateral groin prepped and exposed in 
case CPB becomes necessary. With the lung deflated, a pneumonec-
tomy is performed, with special care to preserve as long a PA segment 
as possible. After removal of the diseased native lung, the allograft is 
positioned in the chest with precautions to maintain its cold tissue 
temperature. The bronchial anastomosis is performed first. A “tele-
scoping” anastomosis is used if there is significant discrepancy in size 
between the donor and the recipient. The object of the technique is 
to minimize the chance of dehiscence. Although it was once common 
to wrap bronchial anastomoses with omentum, wrapping produces no 
added benefit when a telescoping anastomosis is performed. The PA 
is anastomosed next, and finally the pericardium is opened and the 
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allograft LA cuff containing the pulmonary venous orifices is anasto-
mosed to the native left atrium. The pulmonary circuit is then flushed 
with blood and de-aired. The initial flush solution is usually cold (4° C) 
but is followed by a warm (37° C) flush. The warm flush usually is per-
formed during final completion of the vascular anastomoses. The goal 
of the flushing is to achieve a controlled reperfusion.73 The contents of 
this solution are listed in Box 23-3.

After glucocorticoid administration, the vascular clamps are removed, 
reperfusion is begun, and the lung reinflated with a series of ventilations 
to full functional residual capacity. After achieving adequate hemostasis 
and satisfactory blood gases, chest tubes are placed, the wound is closed, 
and the patient is transported to the ICU.

Double-Lung Transplant
Early attempts at double-lung transplantation using an en bloc tech-
nique via a median sternotomy were plagued by frequent postop-
erative airway dehiscence because of poor vascular supply of the 
tracheal anastomosis, by hemorrhage caused by extensive mediasti-
nal dissection (which also resulted in cardiac denervation), by the 
requirement for complete CPB and cardioplegic arrest (to facilitate 
pulmonary arterial and venous anastomoses), and by poor access 
to the posterior mediastinum. The subsequent development of the 
bilateral sequential lung transplant technique via a “clamshell” tho-
racosternotomy (essentially two single-lung transplants performed 
in sequence) has avoided many of the problems inherent in the en 
bloc technique.74,75 An alternative to using a clamshell incision in 
slender patients is an approach through two individual anterolateral 
thoracotomies. This results in a particularly pleasing cosmetic result 
in female patients because the scar falls in the breast crease. Use of 
CPB is optional, exposure of the posterior mediastinum is enhanced 
(improving hemostasis), and cardiac denervation usually can be 
avoided. Pleural scarring usually is extensive in patients with cystic 
fibrosis, and postoperative hemorrhage and coagulopathy are the rule 
if CPB is required. Transplantation of both lungs is performed in the 
supine position. The groin is prepped and exposed in case CPB is 
required. If a clamshell incision is utilized, the arms are padded and 
suspended over the head on an ether screen (Figure 23-4). In the slen-
der patient whose anteroposterior chest dimensions are normal, the 
arms may be tucked at the patient's sides. Recipient pneumonectomy 
and implantation of the donor lung are performed sequentially on 
both lungs in essentially the same manner as described earlier for a 
single-lung transplant. The native lung with the worst function should 
be transplanted first. In patients whose indication for transplanta-
tion is suppurative disease, the pleural cavity is pulse-lavaged with 
antibiotic-containing solution that has been tailored to that patient's 
antimicrobial sensitivity profile. In addition to this, the anesthesiolo-
gist irrigates the trachea and bronchi with diluted iodophor solution 
before the donor lung is brought onto the surgical field.

Pathophysiology before Transplantation
Patients with highly compliant lungs and obstruction of expiratory 
airflow cannot completely exhale the delivered tidal volume, result-
ing in positive intrapleural pressure throughout the respiratory cycle  

(“auto-PEEP” [positive end-expiratory pressure] or “intrinsic PEEP”), 
which decreases venous return and causes hypotension.76 The presence 
of auto-PEEP is highly negatively correlated with forced expiratory 
volume in 1 second (FEV

1
; percentage predicted) and highly positively 

correlated with pulmonary flow resistance and resting hypercarbia.77 
Hyperinflation is a frequent complication of single-lung ventilation 
during lung transplantation in patients with obstructive lung disease. 
Hyperinflation-induced hemodynamic instability can be diagnosed by 
turning off the ventilator for 30 seconds and opening the breathing 
circuit to the atmosphere. If the blood pressure returns to its baseline 
value, hyperinflation is the underlying cause. Hyperinflation can be 
ameliorated with deliberate hypoventilation (decreasing both the tidal 
volume and rate).78 Although this may result in profound hypercarbia, 
high carbon dioxide tensions are well tolerated in the absence of hypox-
emia. PEEP also may decrease air trapping because it decreases expira-
tory resistance during controlled mechanical ventilation.79 However, 
the application of PEEP requires close monitoring because if the level 
of extrinsic PEEP applied exceeds the level of auto-PEEP, further air 
trapping may result.

RV failure frequently is encountered in lung-transplant recipients 
with pulmonary hypertension because of chronically increased RV 
afterload. The response of the right ventricle to a chronic increase in 
afterload is to hypertrophy, but eventually this adaptive response is 
insufficient. As a result, RV stroke volume decreases and chamber dila-
tion results. The following should be kept in mind when caring for 
patients with severe dysfunction (Box 23-4). First, increases in intratho-
racic pressure may markedly increase PVR,80 leading to frank RV fail-
ure in patients with chronic RV dysfunction. Changes in RV function 
may occur immediately after adding PEEP, increasing tidal volume, or 
decreasing expiratory time, and can have devastating consequences. 
In addition, although intravascular volume expansion in the presence 
of normal PVR increases CO, overzealous infusion in patients with 
increased PVR will increase RV end-diastolic pressure and RV wall 
stress, decreasing CO.81 Inotropes with vasodilating properties (such 
as dobutamine or milrinone) often are a better choice than volume 
for augmenting CO in the setting of increased PVR. Furthermore, the 
right ventricle has a greater metabolic demand yet a lower coronary 
perfusion pressure than normal. RV performance can be augmented 
by improving RV coronary perfusion pressure with -adrenergic 

Figure 23-4 Patient positioning for “clamshell” thoracosterno-
tomy. The arms are padded and suspended from an ether screen above 
the head of the patient. Path of surgical incision is shown with dotted 
line. (From Firestone LL, Firestone S: Organ transplantation. In Miller RD 
[ed]: Anesthesia, 4th ed. New York: Churchill Livingstone, 1994, p 1981.)

BOX 23-3. WARM PULMONOPLEGIA

L
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agents, provided these vasoconstrictors do not  disproportionately 
increase PVR. This can sometimes be a better choice than augment-
ing the perfusion pressure with -adrenergic agents because the oxy-
gen supply is increased without a large increase in oxygen demand. 
Finally, vasodilators such as nitroprusside or prostaglandin E

1
  

may be effective in decreasing PVR and improving RV dysfunction 
early in the disease process, when only mild-to-moderate pulmo-
nary hypertension is present. However, they are of notably limited 
value in the presence of severe, end-stage pulmonary hypertension. 
Systemic vasodilation and exacerbation of shunting often limit their 
use. Inhaled nitric oxide has shown promise as a means of acutely 
decreasing PVR without altering systemic hemodynamics both during 
the explantation phase and after lung transplantation.82,83 Nitric oxide 
decreases both PA pressure and intrapulmonary shunting. Further, the 
combination of inhaled nitric oxide and aerosolized prostacyclin had 
a synergistic effect, without causing deleterious effects on the systemic 
perfusion pressure. The use of nitric oxide with or without inhaled 
prostacyclin may be helpful in avoiding CPB in patients having lung 
transplantation (see Chapters 10, 24, and 34).

Pathophysiology after Lung 
Transplantation
The implantation of the donor lung(s) causes marked alterations in 
recipient respiratory physiology. In single-lung recipients, the pattern 
of ventilation/perfusion matching depends on the original disease pro-
cess. For example, with pulmonary fibrosis, blood flow and ventilation 
gradually divert to the transplanted lung, whereas in patients trans-
planted for diseases associated with pulmonary hypertension, blood 
flow is almost exclusively diverted to the transplanted lung, which 
still receives only half of the total ventilation.84 In such patients the 
native lung represents mostly dead-pace ventilation. Transplantation 
results in obligatory sympathetic and parasympathetic denervation 
of the donor lung and, therefore, alters the physiologic responses of 
airway smooth muscle. Exaggerated bronchoconstrictive responses to 
the muscarinic agonist methacholine have been noted in some (but 
not all) studies of denervated lung recipients.85,86 The mechanism of 
hyper-responsiveness may involve cholinergic synapses, inasmuch 
as they are the main mediators of bronchoconstriction. For exam-
ple, electrical stimulation of transplanted bronchi (which activates  
cholinergic nerves) produces a hypercontractile response.87 This 
suggests either enhanced release of acetylcholine from cholinergic 
nerve endings because of an increased responsiveness of parasym-
pathetic nerves or else loss of inhibitory innervation. Such effects are 
unlikely to be postsynaptic in origin because the number and affin-
ity of muscarinic cholinergic receptors on transplanted human bron-
chi are similar to controls.88 Reinnervation during subsequent weeks 

to months has been demonstrated in several animal models,89,90 but 
there was no definitive evidence concerning reinnervation of trans-
planted human lungs until a small study was published in 2008 that 
showed return of cough reflex to noxious stimuli (distal to the anas-
tomosis) within 12 months. The presence of nerve cells in the anasto-
moses of deceased patients also was noted.91 Mucociliary function is 
transiently severely impaired after lung transplantation and remains 
depressed for up to a year after the procedure.92 Thus, transplant 
recipients require particularly aggressive endotracheal suctioning to 
remove airway secretions.

Lung transplantation also profoundly alters the vascular 
 system. The ischemia and reperfusion that are an obligatory part 
of the  transplantation process damage endothelia. Cold ischemia 
alone decreases -adrenergic cyclic adenosine monophosphate– 
mediated vascular relaxation by approximately 40%, and subsequent 
 reper fusion produces even greater decreases in both cyclic guanos-
ine monophosphate–mediated and -adrenergic cyclic adenosine 
 monophosphate–mediated pulmonary vascular smooth muscle relax-
ation.93 Endothelial damage in the pulmonary allograft also results 
in “leaky” alveolar capillaries and the development of pulmonary 
edema. Pulmonary endothelial permeability is approximately three 
times greater in donor lungs than in healthy volunteers.94 Regulation 
of pulmonary vasomotor tone solely by circulating humoral factors 
is another side effect of denervation. Changes in either the levels 
of circulating mediators or in the responsiveness of the pulmonary 
 vasculature to such mediators may result in dramatic effects on the 
pulmonary vasculature. An example of the former is the finding that 
the potent vasoconstrictor endothelin is present at markedly increased 
levels (two to three times normal) immediately after transplantation 
and remains increased for up to a week thereafter.95 Alterations in 
the response of denervated pulmonary vasculature to 

1
-adrenergic 

agents96 and prostaglandin E
1
,97 as well as a reduction in nitric oxide 

activity, also have been demonstrated in acutely denervated lung.96 
Dysfunctional responses to mediators may be exaggerated if CPB 
is required.96 Pulmonary vacular resistance can be substantially 
decreased with the administration of inhaled nitric oxide after reper-
fusion. It remains unclear whether nitric oxide also ameliorates rep-
erfusion injury. Several studies suggest that nitric oxide prevents or 
modulates reperfusion injury as measured by decreased lung water, 
lipid peroxidase activity, neutrophil aggregation in the graft, and 
decreased IL-6, IL-8, and IL-10.98–101 However, a number of studies 
suggest that although nitric oxide has an effect on pulmonary hemo-
dynamics, it does not ameliorate reperfusion injury.102–104

Aerosolized inhaled prostacyclin also decreases PVR after reperfu-
sion and improves oxygenation without the added theoretic risk for 
worsening reperfusion injury.105 Inhaled prostacyclin has approxi-
mately the same effectiveness as nitric oxide in treating lungs dam-
aged by reperfusion injury and offers the added benefit of being 
cheaper.106

A number of other agents have shown promise in decreasing 
postreperfusion injury in animal studies. Tetrahydrobiopterin, an 
essential cofactor in the nitric oxide synthase pathway, decreased the 
intracellular water, myeloperoxidase activity, and lipid peroxidation, 
and increased cyclic guanosine monophosphate levels when given dur-
ing reperfusion.107 The administration of surfactant into the donor 
lung before harvest also appeared to ameliorate ischemia/reperfusion 
injury in pigs. There was a decrease in the PVR, less inflammatory 
 cellular infiltrate, and an increase in nitric oxide levels in the group 
that received surfactant.108

Given these pathophysiologic derangements, it is not surprising 
that PVR increases in the transplanted lung.109,110 However, what the 
clinician observes in the lung-transplant patient will depend on the 
severity of pulmonary vascular dysfunction present before surgery. 
PA pressures decrease dramatically during lung transplantation in 
patients who had pulmonary hypertension before transplantation111 
and remain so for weeks to months thereafter.111–117 Concomitant with 
the decrease in PA pressure, there is an immediate decrease in RV size 
after lung transplantation in those patients with preexisting pulmonary 

BOX 23-4. TREATMENT OF INTRAOPERATIVE 
RIGHT VENTRICULAR FAILURE
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hypertension, as well as a return to a more normal geometry of the 
interventricular septum.111 Both of these effects are sustained over 
several weeks to months.111–117 Although echocardiographic indices 
of RV function (RV fractional area change) have not shown a con-
sistent improvement in the immediate post-transplant period,111 sev-
eral other studies have documented improvement in RV function 
during the first several months after lung transplantation.111,112,114–117 
One striking finding was that persistent depression of RV function 
(defined as baseline RV fractional area change of less than 30% with 
failure to increase after transplant by either at least 5% or by 20% of 
baseline) was statistically associated with death in the immediate peri-
operative period.111

Anesthetic Management
Preoperative Evaluation and Preparation
Immediate pretransplant re-evaluation pertinent to intraoperative 
management includes a history and physical examination to screen for 
intercurrent deterioration or additional abnormalities that affect anes-
thetic management. Particular attention should be given to recent phys-
ical status, especially when the transplant evaluation was performed 
more than 9 to 12 months previously. A decrease in the maximal level 
of physical activity from that at the time of initial evaluation can be a 
sign of progressive pulmonary disease or worsening RV function. Most 
patients are maintained on supplemental nasal oxygen yet are mildly 
hypoxemic. Patients who are bedridden, or who must pause between 
phrases or words while speaking, possess little functional reserve and 
are likely to exhibit hemodynamic instability during induction. The 
time and nature of the last oral intake should be determined to aid in 
deciding the appropriate method of securing the airway. The physical 
examination should focus on evaluation of the airway for ease of laryn-
goscopy and intubation, on the presence of any reversible pulmonary 
dysfunction such as bronchospasm, and on signs of cardiac failure. 
New laboratory data often are not available before the beginning of 
anesthesia care, but special attention should be directed to evaluation 
of the chest radiograph for signs of pneumothorax, effusion, or hyper-
inflation because they may affect subsequent management.

Equipment necessary for this procedure is analogous to that used 
in any procedure in which CPB and cardiac arrest are a real possibil-
ity. Special mandatory pieces of equipment include some method to 
isolate the ventilation to each lung; although bronchial blockers have 
their advocates, double-lumen endobronchial tubes offer the advan-
tages of easy switching of the ventilated lung, suctioning of the non-
ventilated lung, and facile independent lung ventilation after surgery. 
A left-sided double-lumen endobronchial tube is suitable for virtu-
ally all lung transplant cases (even left-lung transplants; Figure 23-5). 

Regardless of whether a bronchial blocker or double-lumen tube is 
used, a fiberoptic bronchoscope is absolutely required to rapidly and 
unambiguously verify correct tube positioning, evaluate bronchial 
anastomoses, and clear airway secretions. An adult-sized broncho-
scope offers better field of vision and superior suctioning capability 
but can be used only with 41 or 39 French double-lumen tubes. A ven-
tilator with low internal compliance is necessary to adequately venti-
late the noncompliant lungs of recipients with restrictive lung disease 
or donor lungs suffering from reperfusion injury. The added capa-
bility of the ventilator to deliver pressure-controlled ventilation also 
is important, especially for the patients who have pulmonary fibrotic 
disease or reperfusion injury. Single-lung recipients with highly com-
pliant lungs may require independent lung ventilation with a second 
ventilator after transplantation (discussed in detail later). A PA cath-
eter capable of estimating right ventricular ejection fraction (RVEF) 
can be useful in diagnosing RV failure and its response to inotropes 
and vasodilators, as well as the response of the right ventricle to 
clamping of the PA. However, RVEF catheters are not accurate in the 
presence of significant tricuspid regurgitation or when malpositioned. 
Continuous mixed venous oximetry is beneficial in evaluating tissue 
oxygen delivery in patients subject to sudden, severe cardiac decom-
pensation in the course of the operation, as well as the responses to 
therapy. A rapid-infusion system can be lifesaving in cases in which 
major hemorrhage occurs because of anastomotic leaks, inadequate 
surgical ligation of mediastinal collateral vessels, chest wall adhesions, 
or coagulopathy after CPB.

Induction of Anesthesia
Patients presenting for lung transplantation frequently arrive in the 
operating room area without premedication. Indeed, many will be 
admitted directly to the operating room from home. Because of the 
nature of the procedure planned, and many months on the transplant 
waiting list, these patients are often extremely anxious. Considering the 
risk for respiratory depression from sedatives in patients who are chron-
ically hypoxic or hypercapnic, or both, only the most judicious use of 
intravenous benzodiazepines or narcotics is warranted. Assiduous 
administration of adequate local anesthesia during placement of inva-
sive monitoring will also considerably improve conditions for both the 
patient and anesthesiologist. The standard noninvasive monitoring typ-
ical of cardiovascular procedures (two electrocardiogram leads includ-
ing a precordial lead, blood pressure cuff, pulse oximetry, capnography, 
and temperature measurement) is used. Intravenous access sufficient 
to rapidly administer large volumes of fluid is required. Generally, two 
large-bore (16- or, preferably, 14-gauge catheters, or a 9 French intro-
ducer sheath) intravenous catheters are placed. Patients for bilateral 
sequential lung transplantation who will receive a “clamshell” thoracos-
ternotomy (see Figure 23-4) should have intravenous catheters placed 
in the internal or external jugular veins, because peripherally placed 
intravenous catheters often are unreliable when the arms are bent at 
the elbow and suspended from the ether screen. An intra-arterial cath-
eter is an absolute requirement for blood pressure monitoring and for 
obtaining specimens for arterial blood gases. Continuous monitoring 
via a fiberoptic electrode placed in the arterial catheter occasionally may 
be useful if this technology is available. The femoral artery should be 
avoided, if possible, because the groin may be needed as a site for can-
nulation for CPB. Although the radial or brachial artery may be used in 
single-lung transplantation patients, these sites are not optimal in those 
who will require CPB (e.g., en bloc double-lung transplants or patients 
with severe pulmonary hypertension) because the transduced pressure 
may inaccurately reflect central aortic pressure during and after CPB, as 
well as in patients undergoing a clamshell thoracosternotomy, because 
of the positioning of the arms. In the authors' institution, the major-
ity of patients now have bilateral limited thoracotomies instead of the 
thoracosternotomy. An axillary arterial catheter may be useful in the 
latter situations because it provides a more accurate measure of cen-
tral aortic pressure and allows sampling blood closer to that perfusing 
the brain. This may be important if partial CPB with a femoral arterial 

Right lung
transplant

Left lung
transplant

A B
Figure 23-5 Left endobronchial tube during (A) right- and (B) left-lung 
transplantation. When the endobronchial tube is correctly positioned, either 
bronchus may be opened for anastomosis of the donor lung without com-
promising the surgical field or interfering with isolated lung ventilation.
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cannula is used because differential perfusion of the upper and lower 
half of the body may result. A PA catheter is inserted via the internal or 
external jugular veins. A TEE probe is placed after the airway is secured. 
PA pressure monitoring is most useful in patients who have preexisting 
pulmonary hypertension, especially during induction and during initial 
one-lung ventilation (OLV) and PA clamping. Position of the PA cath-
eter can be verified by TEE to ensure that it is residing in the main PA.

If the procedure is planned without CPB, care should be taken to 
ensure that the patient is kept at ideal physiologic temperature to mini-
mize coagulopathy and increases in the Mvo

2
. This can be achieved with 

a warming blanket on the bed, on the patient's head and arms, and on 
the legs below the knees. A fluid warmer is also useful in this regard.

Three main principles should guide the formulation of a plan for 
induction: (1) protection of the airway; (2) avoidance of myocar-
dial depression and increases in RV afterload in patients with RV dys-
function; and (3) avoidance and recognition of lung hyperinflation 
in patients with increased lung compliance and expiratory airflow 
obstruction (Box 23-5). All lung transplants are done on an emergency 
basis, and the majority of patients will have recently had oral intake and 
must be considered to have “full stomachs.” Because aspiration dur-
ing induction would be catastrophic, every measure must be taken to 
protect the airway. Patients with known or suspected abnormalities of 
airway anatomy should be intubated awake after topical anesthesia is  
applied to the airway. Although a conventional rapid-sequence intravenous  
induction with a short-acting hypnotic (such as etomidate, 0.2 to  
0.3 mg/kg), a small amount of narcotic (e.g., up to 10 g/kg fentanyl), 
and succinylcholine usually will be tolerated, patients with severe RV 
dysfunction may exhibit profound hemodynamic instability in response 
to this induction regimen. For such patients, a more gradual induction 
is  recommended, with greater reliance on high doses of narcotics and 
ventilation with continuous application of cricoid pressure. Patients 
with bullous disease or fibrotic lungs requiring high inflation pressures 
may develop a pneumothorax during initiation of positive-pressure 
ventilation. Acute reductions in Sao

2
 accompanied by difficulty in venti-

lating the lungs and refractory hypotension should generate strong sus-
picions that a tension pneumothorax has developed. RV function can 
be impaired during induction by drug-induced myocardial depression, 
increases in afterload, or by ischemia secondary to acute RV dilation. 
Agents that act as myocardial depressants (such as thiopental) should be 
avoided in such patients. Increases in RV afterload can result from inad-
equate anesthesia, exacerbation of chronic hypoxemia and hypercarbia 
and metabolic acidosis, as well as increases in intrathoracic pressure 
because of positive-pressure ventilation. Systemic hypotension is poorly 
tolerated because increased RV end-diastolic pressure will diminish 
net RV coronary perfusion pressure. In addition, chronic increase of 
RV afterload increases the metabolic requirements of RV myocardium. 
Once the trachea is intubated and positive-pressure ventilation initi-
ated, the avoidance of hyperinflation in patients with increased pul-
monary compliance or bullous disease is crucial. Small tidal volumes, 
low respiratory rates, and inspiratory/expiratory (I:E) ratios should 
be used (“permissive hypercapnia”). If hemodynamic instability does 
occur with positive-pressure ventilation, the ventilator should be dis-
connected from the patient. If hyperinflation is the cause of hypoten-
sion, blood pressure will increase within 10 to 30 seconds of the onset 
of apnea. Ventilation then can be resumed at a tidal volume and/or rate 
compatible with hemodynamic stability.

Anesthesia can be maintained using a variety of techniques. A mod-
erate dose of narcotic (5 to 15 g/kg fentanyl or the equivalent), 
 combined with low doses of a potent inhalation anesthetic, offers the 
advantages of stable hemodynamics, a high inspired oxygen concen-
tration, a rapidly titratable depth of anesthesia, and the possibility of 
extubation in the early postoperative period. Patients with severe RV 
dysfunction who cannot tolerate even low concentrations of inhalation 
anesthetics may require a pure narcotic technique. Nitrous oxide gen-
erally is not used because of the requirement for a high inspired oxygen 
concentration throughout the procedure and its possible deleterious 
effects if gaseous emboli or an occult pneumothorax is present.

Intraoperative Management
Institution of OLV occurs before hilar dissection and may compro-
mise hemodynamics or gas exchange, or both (Box 23-6). Patients with 
diminished lung compliance often can tolerate OLV with normal tidal 
volumes and little change in hemodynamics. In contrast, patients with 
increased lung compliance and airway obstruction often will exhibit 
marked hemodynamic instability, unless the tidal volume is decreased 
and the expiratory time is increased. The magnitude of hypoxemia gen-
erally peaks about 20 minutes after beginning OLV. Hypoxemia during 
OLV may be treated with continuous positive airway pressure applied 
to the nonventilated lung,118 PEEP to the ventilated lung, or both. 
Continuous positive airway pressure attempts to oxygenate the shunt 
fraction but may interfere with surgical exposure. PEEP attempts to min-
imize atelectasis in the ventilated lung, but may concomitantly increase 
shunt through the nonventilated lung. Definitive treatment of shunt in 
the nonventilated lung is provided by rapid isolation and clamping of 
the PA of the nonventilated lung. Pneumothorax on the nonoperative 
side may result during OLV if a large tidal volume is used.

PA clamping usually is well tolerated, except in the face of pulmonary 
hypertension with diminished RV reserve. If the degree of RV compro-
mise is uncertain, a 5- to 10-minute trial of PA clamping is attempted; 
then the RV is evaluated by serial COs and RVEF measurements and 
inspection by TEE. A significant decrease in CO may predict patients 
who will require extracorporeal support.119 Other indications for CPB 
in lung transplantation are listed in Box 23-7.120

Patients with severe pulmonary hypertension (greater than two 
thirds of systemic pressure) generally will be placed on CPB before PA 

BOX 23-5. KEY PRINCIPLES OF ANESTHETIC 
INDUCTION FOR LUNG TRANSPLANTATION

BOX 23-6. MANAGEMENT PRINCIPLES FOR 
ONE-LUNG VENTILATION DURING LUNG 
TRANSPLANTATION
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clamping. The intraoperative use of nitric oxide (20 to 40 parts per 
million [ppm]) may allow some procedures to proceed without the use 
of CPB.121

Lung transplantation usually can be performed without the aid of 
CPB; even during bilateral sequential lung transplantation, experi-
enced teams utilize CPB for only about one quarter of patients.122,123 
Although CPB may provide stable hemodynamics, it is associated with 
an increased transfusion requirement.78 In addition, graft function (as 
reflected by alveolar-arterial oxygen gradient) may be compromised,124 
endothelium-dependent cyclic guanosine monophosphate–mediated 
and -adrenergic cyclic adenosine monophosphate–mediated pulmo-
nary vascular relaxation may be impaired to a greater degree,125 and a 
longer period of mechanical ventilation may be necessary.122 Several 
exceptional circumstances require CPB: the presence of severe pulmo-
nary hypertension because clamping of the PA will likely result in acute 
RV failure and “flooding” of the nonclamped lung, the repair of associ-
ated cardiac anomalies (e.g., patent foramen ovale, atrial or ventricular 
septal defects), treatment of severe hemodynamic or gas exchange insta-
bilities, and living-related lobar transplantation. Hypercarbia generally 
is well tolerated and should not be considered a requirement for CPB 
per se.78 Thus, the frequency of CPB will depend on recipient popula-
tion factors such as prevalence of end-stage pulmonary vascular dis-
ease and associated cardiac anomalies.126 The use of femoral venous and 
arterial cannulae for CPB during lung transplantation may lead to poor 
venous drainage and/or “differential perfusion” of the lower and upper 
body. Moreover, native pulmonary blood flow continues and may act as 
an intrapulmonary shunt during CPB. In this case, the cerebral vessels 
receive this desaturated blood, whereas the lower body is perfused with 
fully oxygenated blood from the CPB circuit. This effect is detectable by 
blood gas analysis of samples drawn from suitable arteries or by appro-
priately located pulse oximeter probes. Treatment includes conventional 
measures to increase venous return and augment bypass flow, or placing 
a venous cannula in the right atrium if this is feasible. The anesthesiolo-
gist also should maximize the inspired oxygen concentration and add 
PEEP to decrease intrapulmonary shunt. If all other measures fail, ven-
tricular fibrillation can be induced using alternating current.127

ECMO also has been suggested as an alternative method of CPB 
during lung transplantation. It has been suggested that the use of 
ECMO with heparin-bonded circuits might improve the outcome 
of both single- and double-lung transplants by lessening the amount 
of pulmonary edema, especially in those patients who need CPB 
because of hemodynamic instability or who have primary pulmonary 
hypertension. An added benefit of this technique is that it clears the 
operative field of bypass cannulae, making left-sided transplant as 
unimpeded as right-sided transplant. There is no apparent increase 
in transfusion requirement.128 Another added benefit of using ECMO 
in situ is that reperfusion of the lungs can be more easily controlled 
because the CO transiting the newly transplanted lung can be pre-
cisely  controlled. This is especially the case for patients with advanced 
pulmonary hypertension.129

If CPB is used, weaning from circulatory support occurs when 
the graft anastomoses are complete. Ventilation is resumed with a 
lung protection strategy similar to that used in the ARDSnet (Acute 
Respiratory Distress Syndrome Network) trial.71 This demonstrated 
that patients with decreased compliance related to acute respiratory 

distress syndrome had a 22% decrease in mortality rate when apply-
ing tidal volumes of 6 mL/kg and a plateau pressure less than 30 cm 
H

2
O.71 Minimizing the inspired fraction of O

2
 may help prevent gener-

ation of oxygen free radicals and modulate reperfusion injury. Fio
2
 can 

be decreased to the minimum necessary to maintain the Spo
2
 greater 

than 90%. Special attention should be directed to assessing and sup-
porting RV function during this period, inasmuch as RV failure is the 
most frequent reason for failure to wean. Although the right ventri-
cle often can be seen in the surgical field, TEE is more valuable for 
visualizing this structure's functional properties at this juncture. TEE 
also allows the evaluation of PA (see Video 2, available online) and 
 pulmonary vein anastomoses. The PA diameter should be greater than 
1 cm. Interrogating the pulmonary veins should demonstrate a two-
dimensional diameter that is at least 0.5 cm with the presence of flow 
as measured by color-flow Doppler. In addition, pulse wave Doppler 
interrogation should yield flow rates less than 100 cm/sec to indicate 
adequacy of anastomosis. The operator must ensure that they align the 
Doppler beam angle with the pulmonary vein flow because misalign-
ment may lead to underestimation of the true peak venous flow (see 
Video 3, available online). Care should be taken to measure these flow 
rates with both lungs being perfused because the measurements could 
be erroneous if measured with one PA clamped (Figure 23-6).130,131 
Inotropic support with dobutamine or epinephrine, as well as pul-
monary vasodilation with nitroglycerin, nitroprusside, milrinone, or 
nitric oxide, may be necessary if RV dysfunction is evident. Milrinone 
has the advantage of providing both inotropic and vasodilatory effects; 
however, its administration can be complicated by significant systemic 
hypotension, necessitating the concomitant use of epinephrine or  
norepinephrine (see Chapters 10, 24, 27, 32, and 34).

Coagulopathy after weaning from CPB is common. The severity of 
coagulopathy may be worse after double- than single-lung transplan-
tation, probably because of the more extensive dissection, presence of 
collaterals and scarring, and the longer duration of CPB. Factors under 
the anesthesiologist's control include incomplete reversal of heparin's 
effects, which should be assayed by the activated coagulation time. 
Similarly, preexisting deliberate anticoagulation (e.g., caused by warfa-
rin) should be aggressively corrected with fresh-frozen plasma. Because 
platelet dysfunction is common after CPB, empiric administration is 
justified if coagulopathy persists. The thrombotic and fibrinolytic sys-
tems are activated during lung transplantation, especially if CPB is 
used, and although aprotinin can reduce this activation and perhaps 
reduce perioperative hemorrhage,132–134 it has been withdrawn from 
production. The utility of -aminocaproic acid, tranexamic acid, and 
desmopressin (DDAVP) in replacing aprotinin in this setting remains 
unknown (see Chapter 31), although some preliminary data suggest 
that tranexamic acid may be similar in efficacy to aprotinin.

Figure 23-6 Pulsed-wave Doppler interrogation of the left superior 
pulmonary vein after lung transplantation.

BOX 23-7. INDICATIONS FOR 
CARDIOPULMONARY BYPASS DURING 
LUNG TRANSPLANTATION

O

O
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Reperfusion without CPB often is accompanied by a mild-to-
 moderate decrease in systemic blood pressure, and occasionally is 
complicated by severe hypotension. This is usually the result of pro-
found systemic vasodilation. The causative factor is unknown but may 
be caused by ionic loads such as potassium or additives such as pros-
taglandin E

1
 in preservation solutions, or vasoactive substances gen-

erated during ischemia and reperfusion. This hypotension generally 
responds well to large doses of -adrenergic agents and fortunately is 
short-lived. Agents of greatest use in this setting are norepinephrine 
and vasopressin. Ventilation is resumed with a lung protection strategy 
identical to that used when weaning from CPB.

Patients with preexisting increased lung compliance, as found in 
chronic obstructive pulmonary disease, can manifest great disparity in 
lung compliance after single-lung transplant. The donor lung usually  
will exhibit normal to decreased compliance, depending on the pres-
ence of reperfusion injury. This will result in relative hyperinflation 
of the native lung and underinflation with loss of functional resid-
ual capacity in the donor lung. Hyperinflation of the native lung may 
cause hemodynamic instability because of mediastinal shift, especially 
if PEEP is applied. Therefore, patients exhibiting signs of hyperinfla-
tion during OLV, which improves with deliberate hypoventilation, 
should be treated with independent lung ventilation after reperfusion. 
To accomplish this, the patient's postoperative ventilator is brought to 
the operating room while the donor lung is being implanted. When all 
anastomoses are completed, the donor lung is ventilated with a normal 
tidal volume (8 to 10 mL/kg) and rate, with PEEP initially applied at 
10 cm H

2
 O. These settings can be adjusted according to blood gas anal-

ysis. Most gas exchange will take place in the donor lung. The native 
lung is ventilated with a low tidal volume (2 to 3 mL/kg) and a low rate 
(2 to 4/min) without PEEP. The objective is to prevent this lung from 
overinflating or developing a large shunt. Carbon dioxide exchange 
occurs predominantly in the donor lung.

Although some degree of pulmonary edema commonly is detected 
by chest radiograph after surgery, it is uncommon to encounter severe 
pulmonary edema in the operating room immediately after reperfu-
sion of the graft. However, when it does occur, postreperfusion pul-
monary edema can be dramatic and life-threatening. Copious pink 
frothy secretions may require almost constant suctioning to maintain 
a patent airway and may be accompanied by severe gas exchange and 
compliance abnormalities. Treatment includes high levels of PEEP 
using  selective lung ventilation, diuresis, and volume restriction. 
Occasionally, patients may require support with ECMO for several 
days until  reperfusion injury resolves; a high percentage of patients so 
treated ultimately survive.135,136 Adequate analgesia is crucial for these 
patients to facilitate the earliest possible extubation, ambulation, and 
participation in spirometric exercises to enhance or preserve pulmo-
nary function. Lumbar or thoracic epidural narcotic analgesia provides 
excellent analgesia while minimizing sedation. Epidural catheters can 
be placed before the procedure if time permits or after conclusion of 
the procedure. Placement of epidural catheter in cases in which a high 
expectation exists for the necessity of CPB remains a controversial topic. 
If CPB has been used or coagulopathy has developed, placement should 
be deferred until coagulation tests have normalized (see Chapter 38).

Fluid therapy also can impact the outcomes of lung transplantation 
as was demonstrated by McIlroy et al, who showed that the greater the 
amount of colloid (gelatin) that was used, the greater the A-a gradi-
ent, and the greater likelihood of delayed extubation. It was unclear, 
though, whether this effect extended to other colloids.137

Postoperative Management and Complications
Routine postoperative management of the lung transplant recipi-
ent continues many of the monitoring modes and therapies begun in 
the operating room. Positive-pressure ventilation is continued for at 
least several hours; if differential lung ventilation was used intraopera-
tively, this is continued in the early postoperative period. Because the 
lung graft is prone to the development of pulmonary edema because 
of preservation/reperfusion and the loss of lymphatic drainage, fluid 

administration is minimized and diuresis encouraged when appropri-
ate. When hemorrhage has ceased, the chest radiograph is clear, and 
the patient meets conventional extubation criteria, the endotracheal 
tube can be removed. Prophylactic antibacterial, antifungal, and anti-
viral therapy, as well as the immunosuppressive regimen of choice, are 
begun after arrival in the ICU.

Surgical technical complications are uncommon immediately after 
lung transplantation but may be associated with high morbidity.138 
Pulmonary venous obstruction usually presents as acute, persistent 
pulmonary edema of the transplanted lung.139 Color-flow and Doppler 
TEE will show narrowed pulmonary venous orifices with turbulent, 
high-velocity flow and loss of the normal phasic waveform. PA anasto-
motic obstruction should be suspected if PA pressures fail to decrease 
after reperfusion of the lung graft. If the right PA is obstructed, this 
usually is evident on a TEE examination in the same way as for pulmo-
nary venous obstruction; it is usually much more difficult to adequately 
inspect the left PA anastomosis with TEE, although some centers have 
reported a high success rate.140 The diagnosis can be definitively made 
by measuring the pressure gradient across the anastomosis either by 
inserting needles on both sides of the anastomosis to transduce the 
respective pressures or by advancing the PA catheter across it. However, 
care should be taken not to measure this gradient while the contral-
ateral PA is clamped, because the shunting of the entire CO through 
one lung will exaggerate the gradient present.141 Angiography and per-
fusion scanning also are useful for making this diagnosis but are not 
immediately available in the operating room. Bronchial dehiscence or 
obstruction is extremely rare in the immediate perioperative period 
and can be evaluated by fiberoptic bronchoscopy.

Pneumothorax must be a constant concern for the anesthesiologist, 
especially involving the nonoperative side. Diagnosis of pneumotho-
rax on the nonoperative side during a thoracotomy is extremely dif-
ficult. A sudden increase in inflation pressures with deterioration of 
gas exchange and possibly hypotension are characteristic. However, 
these same findings are possible with hyperinflation, mucous plug-
ging, or malpositioning of the endobronchial tube. Transient cessation 
of ventilation and immediate fiberoptic bronchoscopy may rule out 
the former explanations, and the observation of an upward shift of the 
mediastinum in the surgical field may be observed in the presence of 
tension pneumothorax. If this diagnosis is strongly suspected, needle 
thoracostomy on the field may be lifesaving. Alternatively, the surgeon 
may be able to directly dissect across the mediastinum and decompress 
the nonoperative thorax, facilitating reinflation.

Tension pneumopericardium and postoperative hemothorax with 
complete ventilation/perfusion mismatch are other rare complica-
tions that have been reported after lung transplantation.142,143 Patients 
with pulmonary hypertension and RV hypertrophy occasionally may 
develop dynamic RV outflow obstruction when transplantation acutely 
decreases RV afterload; the diagnosis can be confirmed using TEE.144 
Hyperacute rejection of a kind similar to that seen with heart trans-
plantation has not been noted with lung transplantation.

The most common cause of death in the immediate perioperative 
period is graft dysfunction from reperfusion injury, which usually 
presents with hypoxemia, pulmonary infiltrates, poor lung compliance, 
pulmonary hypertension, and RV failure. If there are no technical rea-
sons to account for pulmonary hypertension and RV failure, then graft  
dysfunction must be suspected. Unfortunately, few treatments will spe-
cifically ameliorate graft dysfunction and therapy is largely supportive. 
Vasodilator therapy to directly decrease PVR and, therefore, RV after-
load may improve hemodynamics and, in some cases, may improve 
gas exchange. Both prostaglandin E

1
 and nitrates can reverse severe 

hypoxemia and pulmonary hypertension after lung transplantation, 
and the latter attenuate the increase in transcription of vasoconstric-
tor genes (such as for endothelin and platelet-derived growth factor) 
induced by hypoxia.145 Indeed, a “prophylactic” low-dose infusion of 
prostaglandin E

1
 has been reported to preserve arterial oxygen tension 

without altering pulmonary hemodynamics in dogs after single-lung 
transplantation.146 Improvement in pulmonary hemodynamics and 
gas exchange in patients with graft dysfunction also have been reported 
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with the administration of nitric oxide.82,147,148 Compared with historic 
control patients who developed graft dysfunction before the advent 
of nitric oxide, inhalation of nitric oxide decreased the duration of 
mechanical ventilation, frequency of airway complications, and mor-
tality.148 Improved hemodynamics and gas exchange may reflect the 
ability of nitric oxide to compensate for the decrease in endothelium-
derived relaxant factor activity after transplantation. If nitric oxide has 
been used to control pulmonary hypertension after surgery, it should 
be weaned gradually to avoid any rebound pulmonary vasoconstric-
tion.149 Finally, ECMO may be used to support the patient until there is 
adequate recovery of pulmonary function.135,136

Infection is a constant threat in these immunosuppressed patients. 
Prophylactic antibiotic coverage is aimed at agents commonly causing 
nosocomial and aspiration pneumonias because these are common in 
donors. Coverage can be modified once culture results from the donor 
trachea are available. Patients with cystic fibrosis should receive antibi-
otics targeted at bacteria found in the native lungs before transplanta-
tion. Infection should be suspected as the cause of any infiltrate found 
on chest radiograph, especially if fever or leukocytosis develops, but 
distinguishing infection from reperfusion injury and rejection may be 
difficult. Diagnostic bronchoscopy and bronchoalveolar lavage are use-
ful in defining therapy and differentiating infection from rejection,150,151 
but open-lung biopsy occasionally is necessary for definitive diagnosis. 
Patients who are seronegative to viral agents to which the donor was 
seropositive (e.g., cytomegalovirus) will require prophylactic antiviral 
therapy. Vadnerkar et al's152 study showed that 43% of patients who had 
undetected mold infections at the time of transplant were at risk for 
very poor outcomes, with a mortality rate of 29%.

Rejection episodes are common and may occur as early as sev-
eral days after transplantation. Rejection often presents as new infil-
trates on chest radiograph in the setting of deteriorating gas exchange. 
Bronchoscopy with transbronchial biopsy helps to rule out other 
causes of deterioration and document acute changes consistent with 
rejection. Therapy for acute lung rejection consists of large pulses of 
steroids such as methylprednisolone or changing the immunosuppres-
sive agents (cyclosporine to tacrolimus or vice versa). Expired nitric 
oxide has been shown to be an indicator of chronic rejection in post–
lung-transplant patients. Measurements of expired nitric oxide have 
been shown to decrease with the switch of cyclosporine to tacrolimus, 
reflecting a decrease in the inflammation in the pulmonary mucosa.153 
Expired nitric oxide may be a useful tool to observe patients for the 
presence or change in chronic graft rejection.154

One of the most serious complications of lung transplantation occurs 
late. Bronchiolitis obliterans is a syndrome characterized by alloim-
mune injury leading to obstruction of small airways with fibrous scar.155 
Patients with bronchiolitis obliterans present with cough, progressive 
dyspnea, obstruction on flow spirometry, and interstitial infiltrates on 
chest radiograph. Therapy for this syndrome includes augmentation 
of immunosuppression,156 cytolytic agents (which have been used with 
varying degrees of success),157,158 or retransplantation in refractory cases.

Living-Related Lung Transplantation
The scarcity of suitable donor lungs has resulted in waiting times on 
transplant lists in excess of 2 years, during which time up to 30% of 
candidates succumb to their illness.159 Living-related lung transplanta-
tion programs have developed to address the needs of lung transplant 
candidates with acute deterioration expected to preclude survival. 
Successful grafting of a single lobe for children with bronchopulmo-
nary dysplasia or Eisenmenger syndrome, or two lobes for children 
and young adults with cystic fibrosis, has encouraged several centers 
to consider such procedures. 73,160 The anesthetic management issues 
related to such undertakings have been reviewed.64 Donor candidates 
will have undergone a rigorous evaluation to ensure that there are no 
contraindications to lobe donation and that the donation is not being 
coerced. Donor lobectomy is performed via a standard posterolateral 
thoracotomy.83 Of special note to the anesthesiologist during such pro-
cedures is the requirement for OLV to optimize surgical exposure, the 

 continuous infusion of prostaglandin E
1
 to promote pulmonary vaso-

dilation, and the administration of heparin and steroids just before 
lobe harvest. Anesthetic management of the recipient is identical to 
that for a standard lung transplant, except that the use of CPB is man-
datory for bilateral lobar transplant.

Pediatric Considerations
The number of pediatric lung transplants has decreased since the late 
1990s. Cystic fibrosis, CHD, and primary pulmonary hypertension are 
the main indications for lung transplantation in children.161 In infants, 
CHD is the most common indication for lung transplantation, whereas 
cystic fibrosis is the most common indication in adolescents. Because 
of the underlying pulmonary vascular disease or infectious process in 
these children, bilateral single-lung transplantation is the operation of 
choice. Single-lung transplantation is less commonly performed in this 
age group. Transplantation is recommended when the life expectancy 
of the child is 2 years or less.

Bilateral single-lung transplantation surgery is performed via a 
bilateral anterior thoracotomy with transverse division of the sternum 
(“clamshell” incision) with the patient lying supine.162 Size disparities 
between the donor and recipient are not uncommon because of the 
limited donor pool. Accommodation of a large donor lung is achieved 
by parenchymal reduction. Placement of a small donor lung is facili-
tated by intraoperative and postoperative pulmonary arterial vasodila-
tion with nitric oxide.

The average experience in pediatric lung transplantation is two to 
three patients per center per year.163 The majority of these patients are 
scheduled as emergencies the day of transplantation. The family and 
patient usually are very anxious. Judicious premedication is given to 
the recipient before general anesthesia. Morbidity during induction 
of anesthesia is increased by hypoxemia, hypercapnia, and systemic 
hypotension in these critically ill patients.

After placement of routine monitors, anesthesia is induced with a 
hypnotic agent (e.g., etomidate), an opioid, and titration of an inhala-
tion agent. A muscle relaxant is added to facilitate tracheal intubation. 
Cardiac arrest and circulatory collapse may occur after induction of 
anesthesia in the recipient with primary pulmonary hypertension and 
CHD with pulmonary hypertension.164 An inhalation agent, additional 
opioid, benzodiazepines, and muscle relaxants are used throughout 
the procedure. A thickened hypertrophic right ventricle requires addi-
tional volume administration. Frequent endotracheal tube suctioning 
usually is required intraoperatively before transplantation in the recip-
ient with cystic fibrosis.

In contrast with the adult population, CPB frequently is utilized dur-
ing lung transplantation in children. Bronchial anastomosis is assessed 
by fiberoptic bronchoscopy. A PA catheter is advanced after unclamp-
ing of the PA.

Weaning from CPB is challenging and may be complicated by bleed-
ing, reperfusion injury, pulmonary hypertension, and pulmonary 
edema. During weaning from bypass, the Fio

2
 is decreased to prevent 

reperfusion injury. Moderate levels of PEEP are used to treat pulmo-
nary edema. The patient is kept sedated and the trachea intubated. 
A thoracic epidural facilitates weaning from mechanical ventilation 
and extubation in the ICU. Low-dose dopamine enhances renal blood 
flow after CPB.

The immediate postoperative course can be complicated by graft 
failure or dysfunction and/or infection. After the first year, morbidity 
is increased by bronchiolitis obliterans, systemic hypertension, renal 
dysfunction, and diabetes mellitus.

HEART-LUNG TRANSPLANTATION
History and Epidemiology

The diminished frequency of heart-lung transplantation since 1990 
reflects that it is being supplanted by lung transplantation. The number 
of heart-lung transplants worldwide peaked at 241 in 1989, and there 
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has been a continual decline in subsequent years to approximately half 
that number.3 Approximately only 173 heart-lung transplant candi-
dates were registered with UNOS as of early March 2005, less than 5% 
of the number on the lung transplant list. The most common recipient 
indications remain primary pulmonary hypertension, CHD (including 
Eisenmenger syndrome), and cystic fibrosis.

One-year survival rate after heart-lung transplantation is 60%, sig-
nificantly less than that for isolated heart or lung transplantation.3 
Mortality in subsequent years is approximately 4% per year, similar 
to that for heart transplantation. Risk factors for increased mortality 
after heart-lung transplant are recipient ventilator dependence, male 
recipient sex, and a donor age older than 40 years.3 Early deaths are 
most often due to graft failure or hemorrhage, whereas midterm and 
late deaths primarily are due to infection and bronchiolitis obliterans, 
respectively. Repeat heart-lung transplant is a rare procedure and likely 
to remain so because the 1-year survival rate after repeat heart-lung 
transplant is dismal (28%).3

Recipient Selection
Candidates undergo an evaluation similar to that for lung transplant 
candidates. As more patients with pulmonary hypertension and cystic 
fibrosis are treated with isolated lung transplantation, it is likely that the 
indications for heart-lung transplantation will be limited to CHD with 
irreversible pulmonary hypertension that is not amenable to repair dur-
ing simultaneous lung transplantation or diseases with both pulmo-
nary hypertension and concomitant severe left ventricular dysfunction.

Donor Selection and Graft Harvest
Potential heart-lung donors must meet not only the criteria for heart 
donors but also those for lung donation, both described earlier in this 
chapter. Graft harvesting is carried out in a manner similar to that pre-
viously described for heart transplantation. After mobilization of the 
major vessels and trachea, cardiac arrest is induced with inflow occlu-
sion and infusion of cold cardioplegia into the aortic root. After arrest, 
the PA is flushed with a cold preservative solution often containing 
prostaglandin E

1
. The ascending aorta, SVC, and trachea are transected, 

and the heart-lung bloc removed after it is dissected free of the esopha-
gus. The trachea is clamped and the graft immersed in cold solution 
before being bagged for transport.

Surgical Procedures
The operation generally is performed through a median sternotomy, 
but a clamshell thoracosternotomy also is an acceptable approach. Both 
pleurae are incised. Any pulmonary adhesions are taken down before 
anticoagulation for bypass. Cannulae for CPB are placed in a man-
ner similar to that for heart transplantation. After the aorta is cross-
clamped, the heart is excised in a manner similar to that for orthotopic 
heart transplant. Each lung is then individually removed, including its 
pulmonary veins. The airways are divided at the level of the respective 
main bronchi for bibronchial anastomoses. For a tracheal anastomosis, 
the trachea is freed to the level of the carina without stripping its blood 
supply and an anastomosis is constructed just above the level of the 
carina. The atrial anastomosis is performed in a manner similar to that 
for orthotopic heart transplantation, and, finally, the aorta is joined 
to the recipient aorta. After de-airing and reperfusion, the patient is 
weaned from CPB, hemostasis is achieved, and the wound is closed.

Pathophysiology before Transplantation
The pathophysiology of heart-lung transplant recipients combines the 
elements discussed earlier in this chapter. Patients usually will have end-
stage biventricular failure with severe pulmonary hypertension. The 
cardiac anatomy may be characterized by complex congenital malfor-
mations. If obstruction of pulmonary airflow is present, there is a dan-
ger of hyperinflation after application of positive-pressure ventilation.

Pathophysiology after Transplantation
Like isolated heart recipients, heart-lung transplant recipients' physi-
ology is characterized by cardiac denervation, transient cardiac isch-
emic insult during graft harvest, transport, and implantation, and 
long-term susceptibility to accelerated allograft vasculopathy and 
rejection. As is the case for lung recipients, heart-lung recipients have 
denervated pulmonary vascular and airway smooth muscle responses, 
transient pulmonary ischemic insult, altered pulmonary lymphatic 
drainage, and impaired mucociliary clearance.

Anesthetic Management
The anesthetic management of heart-lung transplantation more 
closely resembles that of heart than lung transplantation because 
the use of CPB is mandatory. After placement of invasive and non-
invasive monitoring similar to that used for heart transplantation, 
anesthesia can be induced with any of the techniques previously 
described for heart and lung transplantation. Similar to lung trans-
plantation, avoidance of myocardial depression, as well as protection 
and control of the airway are paramount. Although a double-lumen 
endotracheal tube is not mandatory, it will aid in exposure of the 
posterior mediastinum for hemostasis after weaning from CPB. 
Otherwise, anesthetic management before CPB is similar to that for 
heart transplantation.

A bolus of glucocorticoid (e.g., methylprednisolone, 500 mg) is 
given when the aortic cross-clamp is removed. After a period of reper-
fusion, an inotrope infusion is started and the heart is inspected with 
TEE for adequate de-airing. Ventilation is resumed with normal tidal 
volume and rate, along with the addition of PEEP (5 to 10 cm) before 
weaning from CPB. After successful weaning from CPBN, the PA 
catheter can be advanced into the PA again. Protamine then is admin-
istered to reverse heparin-induced anticoagulation. The inspired oxy-
gen concentration often can be decreased to less toxic levels based on 
blood gas analysis.

Problems encountered after weaning from CPB are similar to those 
encountered after isolated heart or lung transplantation. Lung rep-
erfusion injury and dysfunction may compromise gas exchange, so 
administration of crystalloid should be minimized. Occasionally, 
postreperfusion pulmonary edema may require support with high lev-
els of PEEP and inspired oxygen in the operating room. Ventricular 
failure usually responds to an increase in -adrenergic support. Unlike 
isolated heart or lung transplantation, frank RV failure is uncommon 
immediately after heart-lung transplantation unless lung preserva-
tion was grossly inadequate. Coagulopathy often is present after heart-
lung transplant and should be aggressively treated with additional 
protamine (if indicated), platelets, and fresh-frozen plasma.

Postoperative Management 
and Complications
The principles of the immediate postoperative care of heart-lung 
 transplant recipients are a combination of those of isolated heart and 
lung recipients. Invasive and noninvasive monitoring done in the oper-
ating room is continued. Inotropic support is continued in a manner 
similar to that for heart transplantation. Ventilatory support is similar 
to that after lung transplantation; the lowest acceptable inspired oxy-
gen concentration is used to avoid oxygen toxicity, and the patient is 
weaned from the ventilator after hemodynamics have been stable for 
several hours, hemorrhage has ceased, and satisfactory gas exchange is 
present. Diuresis is encouraged. Finally, the immunosuppressive regi-
men of choice is begun. Barring any complications, the patient can be 
discharged from the ICU after several days.

Infection is a more frequent and serious complication in heart-lung 
recipients than in isolated heart recipients. Bacterial and fungal infec-
tions are especially common in the first month after transplantation, 
with viral and other pathogens (Pneumocystis carinii and Nocardia) 
occurring in subsequent months.165
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Similar to isolated heart or lung transplants, rejection episodes are 
common early after heart-lung transplantation. Rejection may occur 
independently in either the heart or lung.106 Therapy is similar to that 
for rejection of isolated heart or lung grafts.

Heart grafts in heart-lung blocs are prone to accelerated coronary 
vasculopathy in a manner similar to those of isolated heart grafts. As 
with lung transplantation, a feared late complication of heart-lung 
transplantation is bronchiolitis obliterans. Clinical presentation is 
similar to that seen with lung transplant patients. Approximately one 
third of heart-lung recipients develop this process. Anecdotal reports 
indicate that most affected patients also have accelerated coronary 
vasculopathy.

Pediatric Considerations
Although the number of heart-lung transplants performed world-
wide has been decreasing since 1990, of the 49 cases performed in the 

United States in 1992, more than half were in children.166 The overall 
decline has been attributed to earlier referral for isolated lung trans-
plantation, before cor pulmonale becomes irreversible. However, 
there are still a number of uncorrectable types of CHD that inevi-
tably lead to Eisenmenger syndrome in children; thus, the need for 
pediatric heart-lung transplantation will continue for the foreseeable 
future.107,108

The number of pediatric heart and lung transplantations con-
tinue to decrease.167 Only 10 pediatric heart and lung transplants 
were performed in 2001 worldwide. Since 1990, the majority of 
recipients were adolescents. In this group of patients, cystic fibro-
sis and CHD were the main indications. Only 20% of the recipi-
ents are alive 10 years after the transplantation. Early mortality is 
caused by graft failure; after 1 year after transplantation, the cause is 
bronchiolitis obliterans. The lack of survival improvement in these 
patients calls for reassessment of heart and lung transplantation in 
children.
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Pulmonary arterial hypertension (PAH) resulting from chronic pul-
monary embolism (PE) is a major cause of morbidity and  mortality 
worldwide. It is much more common than generally appreciated and is 
certainly underdiagnosed. The incidence is difficult to estimate because 
of the uncertainty regarding the frequency of acute PE, as well as the 
percentage of patients in whom embolic residua fail to resolve. Chronic 
thromboembolic pulmonary hypertension (CTEPH) is a common 
 variation of pulmonary hypertension. There are an estimated 2500 
new cases in the United States,1 or a calculated prevalence of about 3 of 
100 cases of PE (20 per 1 million). Pulmonary thromboendarterectomy 
(PTE) is the curative procedure for CTEPH. Medical management 
provides only limited and temporary relief of symptoms. Lung trans-
plantation is the only other therapy for patients with pulmonary hyper-
tension and in some centers is still the surgical therapy of choice for 
patients with thromboembolic disease. Transplant surgery, however, is 
not a reasonable choice for CTEPH patients when taking into account 
the risk for death on the waiting list, shortage of organ supply, expense, 
the risk of immunosuppressive agents, risk for infection, and rejection. 
The mortality rate for lung transplant has been reported to be 20% 
including the waiting period versus 4% for PTE at the University of 
California San Diego (UCSD) Medical Center. Therefore, PTE remains 

KEY POINTS

 1. Incidence of thromboembolic disease is 
difficult to estimate because of the ambiguous 
symptoms and the public lack of awareness of 
the disorder, making clinical diagnosis difficult.

 2. Chronic thromboembolic pulmonary 
hypertension (CTEPH) results from incomplete 
resolution of a pulmonary embolus (PE) or 
from recurrent pulmonary emboli. It is an 
underappreciated phenomenon.

 3. Pulmonary thromboendarterectomy (PTE) is the 
safest, most effective treatment for patients 
with a history of CTEPH.

 4. Patients typically present with progressive 
exertional dyspnea and exercise intolerance 
because of increased pulmonary vascular 
resistance (PVR), limiting cardiac output and 
increasing minute ventilation requirements 
because of increased alveolar dead space.

 5. Assessment of surgical candidacy should be 
performed at centers with expertise in the 
diagnosis and management of CTEPH. Right-
heart catheterization defines the severity of the 
pulmonary hypertension and degree of cardiac 
dysfunction.

 6. Patients with preoperative PVRs greater than 
1000 dynes.sec.cm−5 have been shown to 
have a greater operative mortality rate, but 
a markedly increased preoperative PVR does 
not exclude the patient from being a surgical 
candidate.

 7. There are two specific complications to the PTE 
procedure: reperfusion pulmonary edema and 
persistent pulmonary hypertension.

 8. In 2008, the Surgeon General called for  
action to reduce the incidence of deep  
venous thrombosis and PE in the United  
States and emphasized educating all 
Americans about this preventable disease. 
Furthermore, Medicare & Medicaid Services 
are moving aggressively to encourage greater 
patient safety for hospital-acquired “never 
events.”

 9. Size of the thromboembolus, together with 
release of vasoactive and bronchoactive agents, 
lead to deleterious ventilation/perfusion 
mismatching. Right ventricular failure will 
eventually impede left ventricular filling and 
decrease cardiac output.

 10. A major goal of treatment after acute PE is 
the prevention of new thrombi and reducing 
the risk for death. Recurrence has a very high 
mortality rate.

 11. Pulmonary arterial hypertension (PAH) is a 
disorder in which flow to the pulmonary arterial 
circulation is decreased, leading to increased 
vascular remodeling and proliferation resulting 
in increased PVR and ending with right-heart 
failure.

 12. The goal for treatment in patients with PAH 
is geared toward improving symptoms and 
quality of life. Calcium channel blockers, 
prostaglandins, endothelin-receptor antagonists, 
and phosphodiesterase-5 inhibitors play a large 
role in the treatments of PAH.
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the only permanent curative surgical therapy for patients with CTEPH. 
PTE historically is how the procedure has been known; however, other 
terms for the procedure that have been used interchangeably are pulmo-
nary artery endarterectomy (PAE) or pulmonary endarterectomy (PEA). 
The success of the operation revolves around endarterectomy of the 
organized fibrous thrombus in the intimal and part of the medial layers 
of the pulmonary vascular tree. CTEPH results from obstruction of the 
pulmonary arteries by nonresolving thromboemboli causing increased 
pulmonary vascular resistance (PVR), right-heart failure, and death 
if left untreated. Distinguishing CTEPH from other forms of pulmo-
nary hypertension is imperative because CTEPH is potentially curable 
with PTE. This chapter focuses on information about the clinical his-
tory, diagnostic workup, surgical approach, anesthesia, and postop-
erative care for patients with CTEPH undergoing PTE surgery. Acute 
PE and PAH also are discussed in this chapter, concluding with three 
cases demonstrating the application of intraoperative transesophageal 
echocardiography (TEE) in patients with CTEPH.

EPIDEMIOLOGY AND PATHOPHYSIOLOGY
Acute or recurrent PEs are thought to be the inciting event in the devel-
opment of CTEPH. Incomplete resolution of the emboli followed by 
thrombus organization and fibrosis lead to partial or complete vessel 
obstruction. In addition, vascular remodeling in the distal pulmonary 
arteries (pulmonary arteriopathy) also may contribute to the increased 
PVR seen in CTEPH1–3 and is the cause of residual pulmonary hyperten-
sion seen in some patients after otherwise successful PTE. Unresolved 
PEs in the proximal pulmonary arterial tree cause vascular obstruction 
by two ways: canalization of the clot leading to multiple small endothe-
lized channels separated by bands and webs or fibrin clot organization; 
the other way is absent canalization leading to dense fibrous connec-
tive tissue completely occluding the arterial lumen.4–6 This fibrous plug 
is firm and adherent to the arterial wall, and the challenge is to remove 
enough of the fibrous plug as one unit to reduce the vascular resistance 
without disrupting the arterial wall.

Generally, most patients with PE have complete resolution of the 
thromboembolic event. However, there is a small portion of patients 
in whom embolic resolution is incomplete, resulting in the develop-
ment of CTEPH. The mechanism by which thromboembolic mate-
rial remains unresolved and becomes incorporated in the pulmonary 
arterial wall is not exactly known. A variety of factors may play a role: 
The volume of the embolic substance may simply overwhelm the lytic 
system or total occlusion of a major arterial branch, preventing the 
lytic material from reaching and dissolving the embolus completely. 
The emboli may be made of substances such as well-organized fibrous 
thrombus, fat, or tumor that cannot be dissolved by normal mecha-
nisms. Some patients may have tendencies for thrombus formation, 
a hypercoagulable state, or abnormal lytic mechanism. Rosenhek and 
collegues7 showed that subjects under normal physiologic conditions 
have greater levels of tissue plasminogen activator versus plasminogen 
activator inhibitor 1 expression in the PA compared with the aorta, 
leading to improved natural fibrinolysis. However, Olman et al8 and 
Lang et al9 were unable to demonstrate a reversal in the tissue plas-
minogen activator/plasminogen activator inhibitor 1 relation favoring 
incomplete thrombus resolution in patients with history of CTEPH.

CTEPH is a common, but under-recognized, cause of pulmonary 
hypertension, in which the actual incidence of CTEPH remains some-
what uncertain. Pengo et al10 observed 223 patients for a median of 
94.3 months after an acute PE event in which 3.8% of patients expe-
rienced development of symptomatic CTEPH. Ribeiro et al11 exam-
ined echocardiograms in 278 patients surviving acute PE for 1 year and 
performed clinical follow-up for 5 years. Five percent of these patients 
experienced development of clinically significant CTEPH. Dentali et al12 
noted similar findings in 91 patients examined at 6 months after acute 
PE. Pulmonary hypertension associated with residual perfusion defects 
were identified in eight patients (8.8%), four of whom were symptom-
atic. Related factors that predispose patients to development of CTEPH 
remain unclear. It can be argued that unresolved thrombi with recurrent 

asymptomatic PE may be the reason for the development of clinically 
significant CTEPH.13 However, another possibility is based on clinical 
observation of patients with a history of PE who received anticoagulant 
therapy and still developed CTEPH. Pengo et al's10 study identified a 
younger age at presentation, larger perfusion defects at diagnosis, idio-
pathic thromboembolic disease, and a history of multiple PE events as 
risk factors for development of CTEPH after an acute PE.

Bonderman et al14 identified the following risk factors for CTEPH 
in a controlled retrospective cohort study: ventriculoatrial shunts, 
infected pacemakers, splenectomy, previous venous thromboembolism 
(VTE), recurrent VTE, blood group other than O, lupus anticoagulant/
antiphospholipid antibodies, thyroid replacement therapy, and a his-
tory of malignancy. Despite being a risk factor for VTE, the prevalence 
of hereditary thrombophilic states (deficiencies of antithrombin III, 
protein C and protein S, and factor II and factor V Leiden mutations) 
is similar to that in normal control subjects or in patients with idio-
pathic pulmonary hypertension.15 In contrast, lupus anticoagulant/
antiphospholipid antibodies can be found in up to 21% of CTEPH 
patients,15 and Bonderman et al16 demonstrated increased levels of fac-
tor VIII in 41% of CTEPH patients. Finally, small, preliminary stud-
ies suggest that there may be structural and functional abnormalities 
of fibrinogen in CTEPH patients, perhaps conferring resistance to 
fibrinolysis.17,18 Morris et al17 reported a relative resistance of fibrin to 
plasmin- mediated lysis caused by an alteration in fibrin(ogen) struc-
ture affecting accessibility to plasmin cleavage sites in patients with 
CTEPH.

CLINICAL MANIFESTATIONS
The initial symptoms of CTEPH typically are progressive exertional 
dyspnea and exercise intolerance, nonspecific symptoms that often are 
attributed to more commonly occurring medical conditions such as 
obstructive lung disease, cardiac disease, obesity, or deconditioning. 
These symptoms are due to an increased PVR limiting cardiac out-
put (CO) and increased minute ventilation requirements because of 
increased alveolar dead space.1,3 Many patients have no history of a 
documented acute VTE, making the diagnosis even more challeng-
ing.14,19,20 As the disease progresses and the right heart fails, patients 
may experience development of ascites, early satiety, epigastric or right 
upper quadrant fullness, edema, chest pain, and presyncope/syncope. 
Other symptoms reported include nonproductive cough, hemopty-
sis, and palpitations. Left vocal cord dysfunction and hoarseness may 
arise from compression of the left recurrent laryngeal nerve between 
the aorta and an enlarged left main PA. Early in the disease process, 
the physical examination may be normal or may reveal an accentu-
ated pulmonic component of the second heart sound, but this can be 
easily overlooked.1,3 Pulmonary flow murmurs are bruits heard over 
the lung fields and are caused by turbulent blood flow through par-
tially occluded or recanalized thrombi. These flow murmurs are heard 
in 30% of CTEPH patients and are not found in idiopathic pulmo-
nary hypertension.21 Late in the disease process when right ventricular 
(RV) function fails to meet normal resting metabolic needs, patients 
start to experience exertion-related syncope and resting dyspnea. The 
nonspecific nature of these complaints is indisputably the reason 
that most patients with chronic thromboembolic events experience a 
delay in diagnosis or are improperly labeled with a different diagnosis. 
Furthermore, the fact that some patients do not report a history of PE 
or deep venous thrombosis (DVT) makes proper diagnosis challeng-
ing. The physical signs are far from uniform, and the physical exami-
nation may be surprisingly unrewarding if right-heart failure did not 
ensue, even in the presence of severe dyspnea. Physical findings of RV 
failure such as jugular venous distention, RV lift, fixed splitting of the 
second heart sound, murmur of tricuspid regurgitation (TR), RV gal-
lop, hepatomegaly, ascites, and edema may appear with later stages of 
the disease.1,3 Cyanosis, if present, may suggest right-to-left shunting 
through a patent foramen ovale (PFO) in patients with pulmonary 
hypertension. Pulmonary function tests often demonstrate  minimal 
changes in lung volume and ventilation. Diffusing capacity often is 
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reduced and may be the only abnormality on pulmonary function 
testing. Pulmonary arterial pressures are increased and are not infre-
quently suprasystemic. Resting COs and indices are lower than the ref-
erence range, and pulmonary arterial oxygen saturations are reduced. 
The majority of patients are hypoxic, with room-air arterial oxygen 
tension ranging between 50 and 83 mm Hg22; CO

2
 tension is slightly 

reduced and is compensated for by reduced bicarbonate. Dead space 
ventilation is increased, together with moderate ventilation/ perfusion 
mismatch, which correlates poorly with the degree of pulmonary 
 vascular obstruction.23

Increased hematocrit with long-standing hypoxemia, abnormal liver 
function tests reflecting liver congestion from RV failure, and unex-
pected isolated prolongation of the activated partial thromboplas-
tin time may indicate the presence of lupus anticoagulant or other 
antiphospholipid antibodies, or, more commonly, a normal prothrom-
bin time and partial thromboplastin time are laboratory findings seen 
frequently in this patient population.

DIAGNOSTIC EVALUATION
Once the diagnosis of pulmonary vascular disease is entertained, the 
patient evaluation involves three goals: to establish the presence and 
severity of PAH, to determine the cause of the PAH, and if throm-
boembolic disease is present, to determine whether it is amenable to 
surgical correction. Standard diagnostic tests performed in the eval-
uation of dyspnea may be suggestive of pulmonary vascular disease.1 
Chest radiography may be normal in the early stages of disease, but 
with worsening PAH, dilation of the central pulmonary arteries and 
enlargement of the right atrium and ventricle can be seen (Figure 
24-1). CTEPH patients also may have irregularly shaped and asymmet-
rically enlarged pulmonary vessels.24 Electrocardiographic (ECG) find-
ings such as right-axis deviation, right ventricular hypertrophy (RVH), 
right atrial enlargement, right bundle branch block, ST-segment abnor-
malities, and T-wave inversions in the precordial and inferior leads may 
be seen. Pulmonary function testing frequently is performed in the 
evaluation of dyspnea and is useful in excluding coexisting parenchy-
mal lung disease. Normal lung volumes or mild to moderate restrictive 
defects because of parenchymal scarring from pulmonary infarction 
may be seen in CTEPH.25 A mild-to-moderate reduction in single-
breath  diffusing capacity of carbon monoxide also may be present in 
CTEPH, but a severe reduction should stimulate further evaluation for 
an alternative pulmonary process disrupting the distal pulmonary vas-
cular bed.26 CTEPH patients may demonstrate a normal Pao

2
 at rest 

but exhibit a decline with exertion. Hypoxemia at rest occurs in the set-
ting of severe RV dysfunction or a right-to-left shunt, such as a PFO.3

Transthoracic echocardiography (TTE) frequently is the first study 
to suggest the presence of pulmonary hypertension. Depending on the 
severity of the disease, echocardiography may demonstrate right-heart 
chamber enlargement, abnormal RV function, TR, leftward displace-
ment of the interventricular septum (IVS), decreased left ventricular 
size, and abnormal ventricular systolic and diastolic function.27 PA sys-
tolic pressures can be estimated by Doppler evaluation of the tricuspid 
regurgitant envelope. Contrast injection may demonstrate a right-
to-left shunt as a result of the increased right atrial pressures and a 
PFO. The echocardiogram is also useful in excluding left ventricular 
 dysfunction, valvular disease, or congenital heart disease, which may 
cause pulmonary hypertension (see Chapters 1 and 2).

Radioisotopic ventilation-perfusion scanning is essential in distin-
guishing large-vessel occlusive disease from small-vessel pulmonary 
vascular disease (Figure 24-2). Patients with CTEPH invariably have 
one or more segmental or larger mismatched perfusion defects. This is 
in contrast to patients with idiopathic pulmonary arterial hypertension 
(IPAH) or other forms of small-vessel PAH in which the perfusion scans 
are normal or demonstrate subsegmental or mottled perfusion abnor-
malities.28,29 Notably, the magnitude of perfusion defects often under-
estimates the degree of vascular obstruction in CTEPH. This is due to 
organization and recanalization of clot resulting in partial obstruction 
of pulmonary arteries that allows limited passage of radiolabeled aggre-
gated albumin resulting in “gray zones” in areas of hypoperfused lung 
on perfusion scan.30 Hence, even a single, mismatched, segmental perfu-
sion abnormality should raise the question of CTEPH in a patient with 
pulmonary hypertension. Conversely, unmatched perfusion defects are 
not specific for thromboembolic disease because similar defects can be 
seen with pulmonary vascular tumors, large-vessel arteritis, extrinsic 
compression, and pulmonary veno-occlusive disease.31,32 Consequently, 
further imaging is required. Contrast-enhanced chest computed tomog-
raphy (CT) imaging is assuming an increasingly important role in the 
evaluation of thromboembolic disease. Although a negative CT scan 
does not rule out the diagnosis of CTEPH, when used in conjunction 
with ventilation/perfusion scanning, it may aid in making the diagno-
sis and determining operability in patients with CTEPH. CT findings 
in CTEPH include chronic thromboembolic material in the central 
 pulmonary arteries, mosaic perfusion of the lung parenchyma, central 
PA enlargement, variability in the size and distribution of pulmonary 
arteries, right atrial and ventricular enlargement, and increased bron-
chial collateral arteries33 (Figure 24-3). Chest CT scanning also is valuable 
in assessing the lung parenchyma in patients with coexistent emphyse-
matous or fibrotic lung disease, as well as assessing patients who suffer 

Figure 24-1 Chest radiograph demonstrating cardiomegaly and enlarge-
ment of the right pulmonary artery.

Figure 24-2 Radioisotopic ventilation and perfusion scan. The top 
row demonstrates ventilation wash-in, equilibrium, and wash-out of 
Xenon in the posterior view. There is some decreased ventilation of the 
right lower lobe corresponding to the elevated right hemidiaphragm in 
Figure 24-1. Perfusion images in multiple views are seen in the bottom 
row and demonstrate markedly diminished flow to the left lower lobe, 
lingula, right middle lobe, and right lower lobe.
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from other diseases that can obstruct central pulmonary arteries and 
mimic CTEPH, such as mediastinal fibrosis, tumors, lymphadenopathy, 
and arteritis.1,3,34 Finally, the presence of lining thrombus in the cen-
tral pulmonary arteries has been described in IPAH (previously referred 
to as primary pulmonary hypertension) and other end-stage lung dis-
ease.35,36 The radioisotope perfusion scan is helpful in distinguishing 
such patients from CTEPH, which is essential because PTE carries sub-
stantial risk in these patients and is unlikely to result in hemodynamic 
benefit.1,3 More recently, there is an increasing interest in the use of heli-
cal CT scanning,37 single-photon emission CT-CT fusion imaging,38 
and magnetic resonance angiography39 in the evaluation of CTEPH40 
patients, but further experience and research are needed.

Pulmonary angiography remains the gold standard in the evaluation 
of CTEPH and can be performed safely by experienced individuals, 
even in patients with severe hemodynamic impairment.41 The angio-
graphic appearance of chronic thromboembolic disease is distinctly 
different from that of acute PE because of the organization and recanal-
ization that take place during partial embolic resolution. Characteristic 
angiographic findings in CTEPH include vascular webs or bandlike 
narrowings, intimal irregularities, pouch defects, abrupt narrowing of 

vessels, and proximal obstruction of pulmonary arteries5 (Figure 24-4). 
Biplane imaging is optimal in providing anatomic detail because lateral 
images provide better detail of lobar and segmental  vessels that overlap 
on anteroposterior images.1

Cardiac catheterization may be performed at the time of pulmonary 
angiography. Right-heart catheterization defines the severity of the 
PAH and degree of cardiac dysfunction. Typically, the right atrial (RA), 
RV, PA, and pulmonary artery occlusion pressures (PAOP); CO; and 
mixed venous oxygen saturation (Svo

2
) are measured. These hemo-

dynamics are helpful in assessing risk of surgical intervention. Left-
heart catheterization and coronary arteriography also are performed 
in patients at risk for coronary artery disease or in suspected left-heart 
dysfunction or valvular heart disease.3 Ascertaining the differential 
diagnosis between PAH and distal and small vessel with thromboem-
bolic disease remains a challenge in about 10% to 15% of cases. 
Usually, these patients will not have a clear history of thromboembo-
lism. Pulmonary angioscopy often is helpful in such cases. The pul-
monary angioscope is a fiberoptic bronchoscope 120 cm in length and 
3 mm in external diameter. The distal tip can flex and extend, and it has 
a balloon that is then filled with CO

2
 and pushed against the  vessel wall, 

B
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Figure 24-4 A, Right pulmonary angiogram in the same patient seen in previous figures demonstrates a pouch deformity in the right upper lobe 
(thick arrow) and abrupt narrowing of the descending pulmonary artery with proximal narrowing (bands) in the right middle and lower lobe vessels 
(thin arrow). B, Left pulmonary angiogram shows abrupt narrowing of the descending pulmonary artery with luminal irregularities (thick arrow) and 
occlusion of the lingula. A prominent band is seen in the descending artery (thin arrow) with areas of irregular narrowing of the basilar segments of 
the left lower lobe.

BA

Figure 24-3 A, Computed tomographic angiogram of the same patient in Figure 24-2. Lining thrombus can be seen in the right interlobar artery 
(thick arrow), and a web is noted in the left descending pulmonary artery (thin arrow). B, Right atrial and ventricular enlargement in the same 
patient.
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creating a bloodless field to better visualize the PA wall. This is easily 
accomplished through placement via a central venous catheter to gain 
access to the PA. The normal appearance of the vessel wall is of pink, 
white, smooth, and glistening material, whereas the classic appearance 
of chronic pulmonary thromboembolic disease by angioscopy consists 
of intimal thickening, irregularity, scarring, pitting, and the presence of 
pouches, bands, and webs across small vessels. These features are due 
to the organization of PE with recanalization and subsequent fibro-
sis. The bands and webs are thought to be the residue of the resolved 
thrombi occluding small and medium vessels and are important diag-
nostic findings.

OPERABILITY
Pulmonary endarterectomy offers the potential for cure and results 
in substantial improvement in hemodynamics, functional status, and 
long-term survival.42–45 Assessment of surgical candidacy should be 
performed at centers with expertise in the diagnosis and management 
of CTEPH. To be considered surgical candidates, patients must have 
surgically accessible chronic thromboembolic disease (Box 24-1). The 
definition of “surgically accessible” will vary depending on the expe-
rience and skill of the surgeon. In addition to the location of chronic 
thrombi, the extent of vessel obstruction and its correlation to hemo-
dynamic compromise are important in determining candidacy for 
surgery. Most patients presenting for this operation are within New 
York Heart Association Class III or IV. Age ranges from 7 to 85 years. 
Many patients (20%) have a PVR greater than 1000 dynes.sec.cm−5, 
and it is not uncommon to have suprasystemic pulmonary artery 
pressures (PAPs).

The increase in PVR arises from not only central surgically acces-
sible lesions but also distal, small-vessel arteriopathy. Patients with a 
significant component of small-vessel arteriopathy may not experience 
a significant decrease in PVR after PTE, leaving them at increased risk 
for short-and long-term consequences. Patients with a postoperative 
PVR greater than 500 dynes.sec.cm−5 have a perioperative mortality 
rate of 30%, compared with 1% in those with a postoperative PVR less 
than 500 dynes.sec.cm−5.19

Several techniques are being studied to attempt to partition the 
upstream (thromboembolic disease) from downstream (arteriopa-
thy) resistance, but they remain investigational.46,47 Most patients who 
undergo PTE typically have PVRs greater than 300 dynes.sec.cm−5, 
and most are in the range of 700 to 1100 dynes.sec.cm−5. Surgery may 
be considered for patients with normal resting hemodynamics if they 
have significant obstruction of one main PA, those with a vigorous 
lifestyle who exhibit significant pulmonary hypertension with exer-
cise, and those who are symptomatic from increased dead space ven-
tilation.3 Patients with preoperative PVRs greater than 1000 dynes.
sec.cm−5 have been shown to have a greater operative mortality rate,19 
but a markedly increased preoperative PVR does not exclude the 
patient from being a surgical candidate. Comorbid diseases also must 
be assessed as part of the preoperative evaluation. Severe underlying 

parenchymal diseases, particularly involving regions of the lung that 
would be reperfused by PTE, are a contraindication to surgery.

MEDICAL TREATMENT OF CHRONIC 
THROMBOEMBOLIC PULMONARY 
HYPERTENSION
Untreated, CTEPH has a poor prognosis, with more than half of 
patients with mean pulmonary artery pressure (mPAP) of more than 
50 mm Hg not surviving beyond 1 year after diagnosis.48 Surgery is 
associated with increased survival rate, when significant reductions 
in pulmonary hemodynamics and PVR are achieved.19 Despite the 
advances achieved by PTE, up to 50% of patients are judged inoperable 
and more than 10% of them experience persistent or recurrent PAH 
after PTE. Medical therapy may be beneficial for select patients with 
CTEPH. There are four different groups in whom medical therapy can 
be beneficial (Box 24-2): patients in whom comorbidities are so signifi-
cant that surgery is contraindicated or because of personal choice they 
opt to not proceed with PTE surgery; and patients with severe PAH and 
RV failure who exhibit distal limited resectable chronic thrombus and 
are unlikely to benefit from PTE surgery. For those patients, medical 
therapy may be the only possibility, with lung transplant reserved for 
the most severely ill individuals. Another group is high-risk patients 
with extremely poor hemodynamics, which includes those with func-
tional Class IV symptoms, mPAP greater than 50 mm Hg, cardiac index 
less than 2.0 L/min/m2, and PVR greater than 1000 dynes.sec.cm−5. For 
these patients, intravenous epoprostenol may be considered as a thera-
peutic bridge to PTE. Although this approach may improve surgical 
success, medical therapy should not significantly delay PTE. Patients 
with residual pathology after PTE (about 10%) should be considered 
for medical therapy.

Vasodilator therapy in select patients with CTEPH deserves further 
evaluation. Ono et al49 evaluated the use of an oral prostacyclin ana-
log, “beraprost,” in a small number of patients with inoperable CTEPH 
together with conventional therapy compared with a matched group 
undergoing conventional therapy alone. Fifty percent of patients who 
received beraprost experienced functional improvement compared 
with no functional improvement in the group who received the con-
ventional therapy alone. During the same time, modest declines in the 
mPAP and total pulmonary resistance were observed and, through-
out follow-up, improved survivorship was seen in patients treated 
with beraprost. Bonderman et al50 evaluated the use of bosentan, an 
endothelin-receptor antagonist, in 16 patients with inoperable CTEPH, 
showing an improvement in New York Heart Association functional 
status in 11 patients during a period of 6 months, a reduction in pro-
brain natriuretic peptide levels, and an improvement in 6-minute walk 
(6MW) distance. The greatest results were observed in CTEPH patients 
who had undergone endarterectomy surgery. Sildenafil,51 a phosphodi-
esterase-5 (PDE-5) inhibitor, has dual effects, increasing RV inotropy 
and decreasing RV afterload, and it may be more advantageous than 

BOX 24-1. PATIENT SELECTION CRITERIA FOR 
PULMONARY THROMBOENDARTERECTOMY

. . −5

BOX 24-2. GROUPS TO CONSIDER FOR MEDICAL 
TREATMENT
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drugs that affect only the PA. An expert consensus document released in 
2009 recommended the use of either sildenafil or endothelin- receptor 
antagonists as first-line therapy in patients with PAH, with func-
tional Class II or early Class III disease.52 Alternative medical therapy 
includes prostacyclin analogs (e.g., iloprost, Flolan, Remodulin).49,53 It 
is  recommended that patients on a prostacyclin analog continue their 
medications before surgery and not discontinue them abruptly, because 
these medications can lead to severe rebound hypertension, resulting 
in catastrophic events.54 Regarding patients presenting for surgery on 
epoprostenol or teprostenol infusions, it is recommended to discon-
tinue the infusion during the prebypass period, and depending on the 
surgical results, it is either continued after bypass or after surgery in 
the intensive care unit (ICU). Further details of the pharmacotherapy 
for PAH are discussed in the Pulmonary Arterial Hypertension section 
later in this chapter.

The use of pulmonary vasodilator therapy as a bridge to PTE and its 
effects on postoperative outcome remain unknown and it should not 
delay surgical intervention. This is a mechanical condition that can-
not be effectively treated by pharmacotherapy or angioplasty; it can 
only be removed by open operation. Figure 24-5 depicts the surgical 
specimen obtained at PTE from the patient depicted in the previous 
figures.

OPERATION
Historical Development

Chronic thromboembolic disease was not recognized as a distinct diag-
nostic entity until the late 1920s and has remained severely underdiag-
nosed since then. The first surgical attempt to remove the adherent 
thrombus from the pulmonary arterial wall was reported by Hurwitt 
et al in 1958.55 This was the landmark operation that provided the 
 distinction between an endarterectomy rather than an embolectomy 
as the surgical procedure of choice for chronic thromboembolic dis-
ease. In 1961 and 1962, systemic hypothermia and CPB standby were 
used to perform two successful endarterectomies. A historical review 
of the world's experience for PTE up to 1985 published by Chitwood 
et al56 revealed an overall perioperative mortality rate of 22% in 85 
patients who underwent surgical endarterectomy. Moser et al23 pub-
lished their experience of 42 patients with CTEPH who underwent 
PTE, with an in-hospital mortality rate of 16.6%. Of the 35 survi-
vors (mean  follow-up, 28 months), 16 had NYHA Class I disease,  
18 Class II, and 1 Class III. PVR declined significantly after surgery 

from 897 ± 352 to 278 ± 135 dynes.sec.cm−5. This study confirmed 
the substantial improvements and functional ability experienced by 
these patients one year after surgery.23 Nina Braunwald commenced 
the UCSD experience with this operation in 1970, which now totals 
more than 2400 cases. The first patient was a 67-year-old man who 
underwent the operation on July 14, 1970. Through a right lateral 
thoracotomy, a PTE was  performed using CPB. The patient was dis-
charged from the  hospital and returned to full activity. A total of seven 
surgeons have been involved with the program since the beginning.  
Drs. Braunwald, Utley, Daily, and Dembitsky, who together performed 
188 procedures between 1970 and 1989, made progressive modifica-
tions to the surgical technique, including the use of a median ster-
notomy and hypothermic circulatory arrest. Drs. Jamieson and 
Kapelanski performed more than 1400 cases from 1989 to early 
2000. Recently, Dr. Jamieson, together with Dr. Michael Madani, has 
expanded the total number of cases to more than 2400. UCSD is the 
world's pioneer in PTE surgery, and most of the surgical experience in 
PTE to date has been reported from there; hence this  section is based 
on their extensive experience (Figure 24-6).

Pulmonary Endarterectomy Procedure
There are several guiding principles for the pulmonary endarterectomy 
procedure. The endarterectomy must be bilateral because this is a bilat-
eral disease in most patients, and for pulmonary hypertension to be a 
major factor, both pulmonary arteries must be substantially involved. 
A median sternotomy incision is made to treat both pulmonary arter-
ies. Historically, there were many reports of unilateral operation, and, 
occasionally, this is still performed in inexperienced centers through a 
thoracotomy. However, the unilateral approach ignores the disease on 
the contralateral side, subjects the patient to hemodynamic jeopardy 
during the clamping of the PA, does not allow good visibility because 
of the continued presence of bronchial blood flow, and exposes the 
patient to a repeat operation on the contralateral side. In addition, col-
lateral channels develop in chronic thrombotic hypertension not only 
through the bronchial arteries, but from diaphragmatic, intercostal, 
and pleural vessels. The dissection of the lung in the pleural space via a 
thoracotomy incision can, therefore, be extremely bloody. The median 
sternotomy incision, apart from providing bilateral access, avoids entry 
into the pleural cavities and allows the ready institution of CPB.

Cardiopulmonary bypass is essential to ensure cardiovascular stabil-
ity when the operation is performed and to cool the patient to allow 
circulatory arrest. Excellent visibility is required, in a bloodless field, to 
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Figure 24-6 University of California San Diego (UCSD) experience 
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define an adequate endarterectomy plane and to then follow the pul-
monary endarterectomy specimen deep into the subsegmental  vessels. 
Because of the copious bronchial blood flow usually present in these 
cases, periods of circulatory arrest are necessary to ensure perfect visi-
bility. Again, there have been sporadic reports of the performance of this 
operation without circulatory arrest. However, it should be emphasized 
that although endarterectomy is possible without circulatory arrest, a 
complete endarterectomy is not. The authors always initiate the pro-
cedure without circulatory arrest, and a variable amount of dissection 
is possible before the circulation is stopped, but never  complete dis-
section. The circulatory arrest periods are limited to 20 minutes, with 
restoration of flow between each arrest. With experience, the endart-
erectomy usually can be performed with a single period of circulatory 
arrest on each side. A true endarterectomy in the plane of the media 
must be accomplished. It is essential to appreciate that the removal of 
visible thrombus is largely incidental to this operation. Indeed, in most 
patients, no free thrombus is present, and on initial direct examination, 
the pulmonary vascular bed may appear normal. The early literature 
on this procedure indicates that thrombectomy was often performed 
without endarterectomy; in these cases, the PAPs did not improve, 
often with the resultant death of the patient. After a median sterno-
tomy incision, the pericardium is incised longitudinally and attached 
to the wound edges. Typically, the right heart is enlarged, with a tense 
right atrium and a variable degree of TR. There is usually severe RVH, 
and with critical degrees of obstruction, the patient's condition may 
become unstable with the manipulation of the heart.

Anticoagulation is achieved with the use of beef-lung heparin 
sodium (400 U/kg, intravenously) administered to prolong the acti-
vated coagulation time beyond 400 seconds. Full CPB is instituted with 
high ascending aortic cannulation and two caval cannulae. These can-
nulae must be inserted into the superior and inferior vena cavae suf-
ficiently to enable subsequent opening of the right atrium if necessary. 
The heart is emptied on CPB, and a temporary PA vent is placed in the 
midline of the main PA 1 cm distal to the pulmonary valve. This will 
mark the beginning of the left pulmonary arteriotomy.

When CPB is initiated, surface cooling with both the head jacket 
and the cooling blanket is begun. The blood is cooled with the pump-
oxygenator. During cooling, a 10° C gradient between arterial blood 
and bladder or rectal temperature is maintained.57 Cooling generally 
takes 45 minutes to an hour. When ventricular fibrillation occurs, an 
additional vent is placed in the left atrium through the right superior 
pulmonary vein. This prevents atrial and ventricular distention from 
the large amount of bronchial arterial blood flow that is common with 
these patients.

It is most convenient for the primary surgeon to stand initially on 
the patient's left side. During the cooling period, some preliminary dis-
section can be performed, with full mobilization of the right PA from 
the ascending aorta. The superior vena cava also is fully mobilized. The 
approach to the right PA is made medial, not lateral, to the superior 
vena cava. All dissection of the pulmonary arteries takes place intrap-
ericardially, and neither pleural cavity should be entered. An incision 
then is made in the right PA from beneath the ascending aorta out 
under the superior vena cava and entering the lower lobe branch of 
the PA just after the take-off of the middle lobe artery. It is important 
that the incision stays in the center of the vessel and continues into the 
lower rather than the middle lobe artery.

Any loose thrombus, if present, is removed. This is necessary to 
obtain good visualization. It is most important to recognize, however, 
that, first, an embolectomy without subsequent endarterectomy is quite 
ineffective, and second, that in most patients with chronic thromboem-
bolic hypertension, direct examination of the pulmonary vascular bed 
at operation generally shows no obvious embolic material. Therefore, 
to the inexperienced or cursory glance, the pulmonary vascular bed 
may well appear normal even in patients with severe chronic embolic 
pulmonary hypertension.

If the bronchial circulation is not excessive, the endarterectomy 
plane can be found during this early dissection. However, although 
a small amount of dissection can be performed before the initiation 

of circulatory arrest, it is unwise to proceed unless perfect visibility is 
obtained because the development of a correct plane is essential.

There are four broad types of pulmonary occlusive disease related 
to thrombus that can be appreciated, and the authors use the following 
classification58,59 (Box 24-3):

Type I disease (approximately 10% of cases of thromboembolic pul-
monary hypertension): Major vessel clot is present and readily 
visible on the opening of the pulmonary arteries (Figure 24-7). As 
mentioned earlier, all central thrombotic material has to be com-
pletely removed before the endarterectomy.

Type II disease (approximately 70% of cases): No major vessel throm-
bus can be appreciated (Figure 24-8). In these cases, only thickened 
intima can be seen, occasionally with webs, and the endarterec-
tomy plane is raised in the main, lobar, or segmental vessels.

Type III disease (approximately 20% of cases): This type presents the 
most challenging surgical situation (Figure 24-9) because the dis-
ease is very distal and confined to the segmental and subsegmental 
branches. No occlusion of vessels can be seen initially. The endart-
erectomy plane must be raised carefully and painstakingly in each 
segmental and subsegmental branch. Type III disease is most often 
associated with presumed repetitive thrombi from indwelling cath-
eters (such as pacemaker wires) or ventriculoatrial shunts.

Type IV disease does not represent primary thromboembolic pul-
monary hypertension and is inoperable. In this entity, there is 
intrinsic small-vessel disease, although secondary thrombus may 

BOX 24-3. JAMIESON'S CLASSIFICATION

Figure 24-7 A typical case of type 1 chronic thromboembolic 
 pulmonary hypertension. On opening the pulmonary artery major 
 vessel, thrombus is encountered. This should be removed. However, the 
operation is an endarterectomy not an embolectomy, and from this illus-
tration, it is obvious that removal of the thrombus without subsequent 
endarterectomy will be ineffective in restoring blood flow.
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occur as a result of stasis. Small-vessel disease may be unrelated to 
thromboembolic events (“primary” pulmonary hypertension) or 
occur in relation to thromboembolic hypertension as a result of 
a high-flow or high-pressure state in previously unaffected vessels 
similar to the generation of Eisenmenger syndrome. The authors 
believe that there also may be sympathetic “cross talk” from an 
affected contralateral side or stenotic areas in the same lung. 
Figure 24-10 depicts a sarcoma removed from the PA.

When the patient's temperature reaches 20°C, the aorta is cross-
clamped and a single dose of cold cardioplegic solution (1 L) is admin-
istered. Additional myocardial protection is obtained by the use of a 
cooling jacket. The entire procedure is performed with a single aor-
tic cross-clamp period with no further administration of cardioplegic 
solution.

A modified cerebellar retractor is placed between the aorta and 
superior vena cava. When blood obscures direct vision of the pulmo-
nary vascular bed, thiopental is administered (500 mg to 1 g) until the 
electroencephalogram becomes isoelectric. Circulatory arrest then is 
initiated, and the patient undergoes exsanguination. All monitoring 
catheters to the patient are turned off to prevent the aspiration of air. 
Snares are tightened around the cannulae in the superior and infe-
rior vena cavae. It is rare that one 20-minute period for each side is 
exceeded. Although retrograde cerebral perfusion has been advocated 
for total circulatory arrest in other procedures, it is not helpful in this 
operation because it does not allow a completely bloodless field, and 
with the short arrest times that can be achieved with experience, it is 
not necessary (see Chapter 21).

Any residual loose, thrombotic debris encountered is removed. 
Then a microtome knife is used to develop the endarterectomy plane 
posteriorly because any inadvertent egress into this site could be 
repaired readily, or simply left alone. Dissection in the correct plane 
is critical because if the plane is too deep, the PA may perforate with 
fatal results; and if the dissection plane is not deep enough, inad-
equate amounts of the chronically thromboembolic material will be 
removed. The plane should only be sought in the diseased parts of 
the artery. This often requires the initial dissection to begin quite 
distally. When the proper plane is entered, the layer will strip eas-
ily, and the material left with the outer layers of the PA will appear 
somewhat yellow. The ideal layer is marked with a pearly white plane, 
which strips easily. There should be no residual yellow plaque. If the 
dissection is too deep, a reddish or pinkish color indicates the adven-
titia has been reached. A more superficial plane should be sought 
immediately.

Once the plane is correctly developed, a full-thickness layer is left 
in the region of the incision to ease subsequent repair. The endart-
erectomy then is performed with an eversion technique, using a spe-
cially developed dissection instrument (“Jamieson aspirator”; Fehling 
Corporation, Acworth, GA). Because the vessel is partly everted and 
subsegmental branches are being worked on, a perforation here will 
become completely inaccessible and invisible later. This is why abso-
lute visualization in a completely bloodless field provided by circula-
tory arrest is essential. It is important that each subsegmental branch 
is followed and freed individually until it ends in a “tail,” beyond 
which there is no further obstruction. Residual material should never 
be cut free; the entire specimen should “tail off ” and come free spon-
taneously. Once the right-sided endarterectomy is completed, circu-
lation is restarted, and the arteriotomy is repaired with a continuous 
6—0 polypropylene suture. The hemostatic nature of this closure is 

Figure 24-9 Type 3 chronic thromboembolic pulmonary hyperten-
sion. The plane is raised, and the endarterectomy is performed at each 
segmental and subsegmental level. This is the most difficult and time-
consuming of the spectrum of disease, often associated with in-dwelling 
catheters, pacing wires, and atrioventricular shunts. With appropriate 
time and attention paid to removing all obstruction, good results can 
be obtained.

Figure 24-10 Occasionally, pulmonary artery tumors (sarcoma) mimic 
thromboembolic disease. The diagnosis often is made before surgery 
because of the presence of main pulmonary artery obstruction. The 
treatment, although palliative, is the same: pulmonary endarterectomy.

Figure 24-8 A typical case of type 2 chronic thromboembolic 
 pulmonary hypertension. No major vessel thrombus is present, and the 
obstruction is caused by thickened intima and media of the pulmonary 
artery, representing unresolved thrombus that becomes incorporated 
into the vessel wall.
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aided by the nature of the initial dissection, with the full thickness of 
the PA being preserved immediately adjacent to the incision.

After the completion of the repair of the right arteriotomy, the sur-
geon moves to the patient's right side. The pulmonary vent catheter is 
withdrawn, and an arteriotomy is made from the site of the pulmonary 
vent hole laterally beneath the pericardial reflection, and again into the 
lower lobe, but avoiding entry into the left pleural space. Additional lat-
eral dissection does not enhance intraluminal visibility, may endanger 
the left phrenic nerve, and makes subsequent repair of the left PA more 
difficult. There often is a lymphatic vessel encountered on the left PA at 
the level of the pericardial reflection, and it is wise to clip this prior to 
it being divided with the PA incision.

The left-sided dissection is virtually analogous in all respects to that 
accomplished on the right. By the time the circulation is arrested once 
more, it will have been reinitiated for at least 10 minutes, by which 
time the venous oxygen saturations are in excess of 90%. The duration 
of circulatory arrest intervals during the performance of the left-sided 
dissection is subject to the same restriction as the right.

After the completion of the endarterectomy, CPB is reinstituted and 
warming is commenced. Methylprednisolone (500 mg, intravenously) 
and mannitol (12.5 g, intravenously) are administered, and during 
warming a 10° C temperature gradient is maintained between the per-
fusate and body temperature, with a maximum perfusate temperature 
of 37° C. If the systemic vascular resistance (SVR) is high, nitroprusside 
is administered to promote vasodilatation and warming. The rewarm-
ing period generally takes approximately 90 to 120 minutes but varies 
according to the body mass of the patient.

When the left pulmonary arteriotomy has been repaired, the PA vent 
is replaced at the top of the incision. The right atrium is then opened 
and examined. Any intra-atrial communication is closed. Although tri-
cuspid valve regurgitation is invariable in these patients and is often 
severe, tricuspid valve repair is not performed unless there is inde-
pendent structural damage to the tricuspid valve itself. RV remodel-
ing occurs within a few days, with the return of tricuspid competence. 
If other cardiac procedures are required, such as coronary artery or 
mitral or aortic valve surgery, these are conveniently performed dur-
ing the systemic rewarming period. Myocardial cooling is discontin-
ued once all cardiac procedures have been concluded. The left atrial 
vent is removed, and the vent site is repaired. All air is removed from 
the heart, and the aortic cross-clamp is removed. When the patient has 
rewarmed, CPB is discontinued. Dopamine is routinely administered 
at renal doses, and other inotropic agents and vasodilators are titrated 
as needed to sustain acceptable hemodynamics. The CO is generally 
high, with a low SVR. Temporary atrial and ventricular epicardial pac-
ing wires are placed. Despite the duration of extracorporeal circula-
tion, homeostasis is readily achieved, and blood products are generally 
unnecessary. Wound closure is routine. A vigorous diuresis is usual for 
the next few hours, also a result of the previous systemic hypothermia.

ANESTHETIC MANAGEMENT FOR 
PATIENTS UNDERGOING PULMONARY 
THROMBOENDARTERECTOMY

Preoperative Preparation
Patients are admitted before surgery for a full workup. Right-heart cath-
eterization demonstrates the severity of pulmonary hypertension, typi-
cally with a PVR greater than 300 dynes.sec.cm−5 or more and mPAPs 
greater than 25 mm Hg. With disease awareness and more recognition 
of CTEPH surgical candidates, more advanced cases are presenting with 
PVRs well above 1000 dynes.sec.cm−5 and suprasystemic pulmonary 
hypertension. Hartz et al60 found that a preoperative PVR greater than 
1100 dynes.sec.cm−5 and an mPAP greater than 50 mm Hg predicted a 
higher operative mortality. In a recent report of 500 surgical patients by 
Jamieson et al,19 a postoperative mortality rate of 10% was associated 
with a preoperative PVR above 1000 dynes.sec.cm−5, compared with 
1.3% in patients with a preoperative PVR less than 1000 dynes.sec.cm−5. 

The preoperative right-heart catheterization focuses on specific data: RA 
pressures, RV pressures, with RV diastolic pressures more than 14 mm 
Hg, suggesting RV failure, PAPs, and PVR. CO and index also provide 
an insight to RV dysfunction. Before surgery, all PTE patients undergo 
inferior vena caval filter placement to prevent future PE after the endart-
erectomy. Transthoracic echocardiogram is a valuable diagnostic tool for 
PAH to exclude primary pathology of the LV, valvular disease, or intrac-
ardiac shunting as the cause for the clinical presentation. Preoperative 
TTE evaluates right heart chamber enlargement and function, paradoxi-
cal interventricular septal motion, and intracardiac shunting, and iden-
tifies any thrombus in the RA or pulmonary arteries. All these data are 
critical to identify before proceeding with induction.

On the day of surgery, a large-bore peripheral intravenous catheter 
and a radial arterial catheter are placed before surgery. Benzodiazepines 
occasionally are administered as sedation but with extreme caution, 
with full monitoring, and preferably in the operating room. It should 
be individualized on a case-to-case basis, noting that anxiety and pain 
can increase PVR, whereas excessive sedation can cause hypercarbia 
and hypoxia, resulting in an increase in PVR.

Hemodynamic Consideration and Induction
The majority of patients with CTEPH presenting for PTE are with-
out left ventricular pathology. Induction and decision making are, 
thus, centered on RV function. The right ventricle typically is hyper-
trophied and dilated, associated with a dilated right atrium. PTE 
patients have a relatively fixed PVR and concomitant RV dysfunc-
tion; therefore, any significant decrease in mean arterial pressure 
during induction may compromise RV perfusion, causing cardio-
vascular collapse and death. Maintenance of adequate SVR, adequate 
inotropic state, and normal sinus rhythm serve to preserve systemic 
hemodynamics, as well as RV coronary perfusion. Attempts to reduce 
PVR pharmacologically using nitroglycerin or nitroprusside should 
be avoided because they have minimal efficacy in treating the rela-
tively fixed PVR and result in SVR reduction that compromises RV 
coronary perfusion and RV function, rapidly leading to hypoten-
sion and cardiovascular collapse. Hence administration of vasopres-
sors, such as phenylephrine or vasopressin, is vital to maintain SVR 
and ensure adequate RV perfusion. Despite a relatively fixed PVR, 
attempts should be made to minimize conditions that increase PVR 
further such as avoiding episodes of hypoxia, hypercarbia, and aci-
dosis, and any changes should be treated aggressively. The choice of 
anesthetic induction drugs depends on the degree of hemodynamic 
instability. Etomidate frequently is used because it maintains sympa-
thetic tone and does not possess significant direct myocardial depres-
sant effect. Succinylcholine or a rapid-sequence dose of rocuronium 
can be used to achieve a fast intubation environment and control of 
the airway. However, other nondepolarizing agents remain appropri-
ate choices. It is recommended that titration of narcotics take effect 
after control of ventilation to avoid any chest rigidity and hypoventi-
lation episodes, as well as any response to intubation. Inotropic sup-
port with an infusion of a catecholamine is used in patients who are 
at high risk for cardiovascular collapse (Box 24-4).

A pulmonary artery catheter (PAC) routinely is placed after induction 
rather than before because the hemodynamic status and goals are usually 
known. A PAC is vital to assess the impact of surgery on pulmonary vas-
cular reactivity without delay. In addition, patients with advanced disease 
are unable to lie supine or in Trendelenburg position, which sometimes 
can lead to cardiorespiratory collapse. If the preoperative TTE reveals 

BOX 24-4. SIGNS OF IMPENDING COLLAPSE

. . −5
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evidence of RA, RV, or main PA thrombi, TEE is performed  immediately 
after induction and before placement of the PAC (Figure 24-11). In this 
instance, PAC placement is guided with TEE and the PAC is left in the 
superior vena cava (at 20 cm) until completion of the surgical proce-
dure. PAC placement can be challenging because of the dilated right 
atrium and right ventricle, as well as significant TR. TEE guidance often 
assists in placement. Because all PTE patients undergo prolonged CPB 
and circulatory arrest, a femoral arterial catheter is placed after induc-
tion to monitor arterial pressure after CPB as a radial artery catheter sig-
nificantly underestimates systemic arterial pressure with a gradient of 
as much as 20 mm Hg. This phenomenon has been observed by Mohr 
et al61 and Baba et al62; they proposed redistribution of blood flow away 
from the extremity as the cause (see Chapter 14).

SEDLine brain-function monitoring (Hospira, Lake Forest, IL) is 
used to monitor brain function. A four-channel processed electroen-
cephalograph monitor provides monitoring of the isoelectric electro-
encephalogram and confirmation of minimal oxygen utilization of 
the brain before circulatory arrest. It also serves as a monitor for the 
level of consciousness during the entire procedure. The INVOS  system 
(Somanetics Corporation, Troy, MI) is utilized to monitor cerebral oxi-
metry. The device represents a balance between oxygen delivery and 
consumption by the brain. In a retrospective study of more than 2000 
patients, Goldman et al63 confirmed that the institution of cerebral 
oximetry in their practice decreased the stroke rate in cardiac surgi-
cal patients. Yao et al64 observed an association between cerebral desat-
uration and neurocognitive dysfunction in 101 patients undergoing 
cardiac surgery. They found that patients with a cerebral oxygen satu-
ration of less than 40% for longer than 10 minutes had an increased 
incidence of neurocognitive dysfunction (see Chapter 16).

Temperature monitoring is achieved in several ways during PTE to allow 
accurate quantification of thermal gradients and to ensure even cooling 
and rewarming. Bladder temperature and rectal probes are used for core 
temperature estimation. A tympanic membrane probe is used for brain 
temperature estimation, and the PAC measures blood temperature.65

Acute normovolemic hemodilution often is used in the setting of an 
increased starting hematocrit without the presence of any concomi-
tant cardiac disease. Typically, 1 to 2 units of whole-blood postinduc-
tion is removed, depending on the starting hematocrit, and replaced 
with colloid in a 1:1 ratio to maintain hemodynamic stability. Acute 
normovolemic hemodilution has added benefits for deep hypo-
thermic circulatory arrest (DHCA) because it will help decrease 
blood viscosity, optimize capillary blood flow, and promote uni-
form cooling. Autologous whole blood is reinfused to the patient 
after protamine administration because it is rich in platelets and fac-
tors. Antifibrinolytics are not used routinely with PTE cases because 
patients are often inherently procoagulant.

TEE is used routinely in PTE patients to monitor hemodynamics, 
evaluate right and left ventricular function, identify any intracardiac 
thrombus or valvular pathology, and evaluate RV function and deair-

ing after bypass. A thorough intra-atrial septal evaluation, including a 
bubble study with a Valsalva maneuver, is performed to rule out a PFO 
(Figure 24-12; see Chapters 12 and 13).

PFO is present in 25% to 35% of PTE patients.66 Most PFOs are 
repaired intraoperatively if detected by color-flow Doppler or with the 
use of an agitated saline test because some patients may experience 
high right-sided pressures after surgery. In such cases, hypoxemia will 
ensue because of right-to-left shunting. In rare instances when results 
of the operation are not favorable and severe right-sided pressures are 
expected, the PFO is left open as a “pop-off” to improve RV function and 
increase CO at the expense of some hypoxemia. It has been suggested 
that closure of a PFO can be detrimental to clinical status by reducing 
LV filling and increasing filling of the noncompliant right ventricle.67

Because all PTE patients undergo circulatory arrest, the head is 
wrapped in a cooling blanket. The head-wrap system (Polar Care; 
Breg, Vista, CA) is composed of two items: the “Polar Care 500” cool-
ing device (cooling bucket, pump, pump bracket, and AC power 
transformer), which is reusable, and the actual “wrap,” which is a one-
time-use item. The “wrap” utilized was actually designed as a cold ther-
apy pad for postoperative shoulder surgery, but it functions well as a 
head wrap (Figure 24-13). In a series of 55 patients in whom this device 
was used during circulatory arrest, they had a mean tympanic mem-
brane temperature of 15.1° C.19 It is the impression that the head wrap 
provides sufficient cooling to the brain, wraps the whole head, and is 
far easier to use than ice bags. So far it has been used in more than 2400 
cases without any complication.

Initiation of Cardiopulmonary Bypass
The prebypass time is typically short unless concomitant CABG is 
planned. The bypass pump is primed with 1100 mL of plasmalyte A,  
100 mL of 25% albumin, 5–12 mL (100 units/kg) of heparin,  
12.5 grams of mannitol, and 1 ampule of bicarbonate. 
Methylprednisolone,  30 mg/kg max, is given; 3g shortly after 

Known
intracardiac or
intrapulmonary

shunt (ASD,
VSD, PFO,

pulmonary AVM)

10 mL of patient’s
blood, 5% albumin,

or hetastarch
agitated

WITHOUT ADDING
ANY AIR

30 cm PEEP
applied for
10 seconds

Echocontrast
injected as

PEEP removed,
ME 4-chamber
view recorded

No
contrast

study
Assure deairing of
lines and injections

Careful 2D
and color
Doppler

studies do
NOT identify
intracardiac

shunt

2D or color Doppler
study identifies

intracardiac shunt

ALGORITHM FOR PERFORMANCE OF
INTRAOPERATIVE ECHOCONTRAST STUDY

Figure 24-12 Algorithm for performance of intraoperative echo-
contrast study for pulmonary thromboendarterectomy patients. 
ASD, atrial septal defect; AVM, arteriovenous malformation; 2D, two-
 dimensional; ME, midesophageal; PEEP, positive end-expiratory pres-
sure; PFO, patent foramen ovale; VSD, ventricular septal defect.

Ao PA

Figure 24-11 Midesophageal ascending aortic short-axis view in a 
patient with type I Jamieson chronic thromboembolic pulmonary hyper-
tension disease. Note the dilated pulmonary artery, which is significantly 
larger than the ascending aorta. Arrow points to thrombus within the 
right pulmonary artery. Ao, ascending aorta; PA, main pulmonary artery.
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initiation of bypass and an additional 500 mg at rewarming. 
Methylprednisolone theoretically functions as a  cell-membrane sta-
bilizer and anti-inflammatory agent.68 Cooling begins immediately 
after initiation of bypass, using CPB temperature adjustment and the 
cooling blankets present under the patient, together with the head 
wrap. Allowing appropriate time to cool and warm the patient in 
each direction using rectal, bladder, tympanic, PAC, and perfusate 
temperatures with appropriate thermal gradients ensures even and 
thorough cooling and warming, respectively.

Phenytoin, 15 mg/kg of propofol, is administered by the perfusionist 
shortly after initiation of CPB for prophylaxis of postoperative seizures 
after DHCA. Thiopental, 500 mg, or 2.5 mg/kg of propofol, is adminis-
tered immediately before DHCA to provide cerebral protection because 
of dose-dependant reductions in both cerebral blood flow and cerebral 
metabolic rate.69,70 Although no clear evidence supports the benefit of 
thiopental administration for DHCA and global cerebral ischemia,71,72 
it may be beneficial in focal ischemia because brain cooling may be 
uneven or incomplete, cerebral emboli may occur as PTE is an open 
procedure, and in case of sparse electroencephalographic activity, thi-
opental will abolish any residual activity. Interestingly, Harris et al73 
found that thiopental given during profound hypothermia was associ-
ated with a dose-related increase in mean arterial pressure of 32 ± 11 
mm Hg (P < 0.0001), and flow may need to be decreased temporarily 
to prevent hypertension.

Several checklists need to be reviewed at the institution of circulatory 
arrest: The electroencephalograph must be isoelectric, tympanic mem-
brane temperature 18° C or less, bladder/rectal temperatures  20° C, 
and all monitoring catheters to the patient turned off, decreasing the 
risk for entraining air into the vasculature during exsanguination.

Rewarming Phase and Separation from 
Bypass
The temperature goals during rewarming are never to exceed a 10° C 
gradient between blood and bladder/rectal temperatures, and never 
allow the perfusate temperature to be more than 37.5° C. Warming too 
quickly promotes systemic gas bubble formation, cerebral O

2
 desatu-

ration, and uneven warming, which can aggravate cerebral ischemia. 
The rewarming period can take up to 120 minutes to achieve a core 
temperature of 36.5° C, correlating closely to the patient's weight and 
systemic perfusion.

Separation from CPB follows the same guidelines as any other cardiac 
surgery requiring CPB, with a few minor exceptions. Communication 
with the surgeon is of paramount importance because surgical classi-
fication of the thromboembolic disease and how much organized clot 
was successfully removed will dictate how much inotropic and vaso-
pressor support (if any) is needed to separate from bypass. Type I and 
type II Jamieson disease are likely to have improved hemodynamics 
with substantial reduction in PVR and improved RV function, which is 
revealed immediately postbypass with TEE74 (Figure 24-14). Blanchard 
et al75 demonstrated that the RV Tei index is abnormally increased in 
CTEPH patients and decreases substantially after PTE. Tei index is a use-
ful parameter in estimating PVR independent of ventricular geometry, 
and it is monitored easily in CTEPH patients before and after PTE.

In contrast, with type III and IV Jamieson disease, the patient is 
less likely to have reduced PVR and improved RV function immedi-
ately after PTE because surgery is likely to be only partially successful 
at best. Anticipated need for more aggressive inotropic support (e.g., 
dopamine, 3 to 7 g/kg/min, or epinephrine, 0.03 to 0.15 g/kg/min), 
together with pulmonary vasodilators such as milrinone, inhaled pros-
tacyclin, and nitric oxide (NO) usually are considered. NO frequently 
is used if surgery is partially successful because it exerts its effect on the 
pulmonary vasculature mediating vascular smooth muscle relaxation 
with minimal systemic effects. Atrial and ventricular epicardial pacing 
leads are placed routinely to improve RV and atrial function, together 
with moderate inotropic support to ensure adequate RV coronary per-
fusion. End-tidal carbon dioxide is a poor measure of ventilation ade-
quacy in these patients both before and after CPB because dead space 
ventilation is an integral part of the disease process. The arterial-to-end-
tidal carbon dioxide gradient will improve after successful surgery, but 
the response varies. Greater minute ventilation often is required to com-
pensate for a metabolic acidosis that develops after prolonged periods 
of CPB, circulatory arrest, and hypothermia. Before separation from 
CPB, intracardiac air and right and left ventricular function are assessed 
with TEE. With successful operative results, immediate improvements 
of RV function with resolution of interventricular septal distortion and 
flattening are seen on intraoperative TEE. With the dramatic resolu-
tion of pulmonary hypertension after PTE, transmitral diastolic flow 
improves in a predictable manner. Not surprisingly, this correlates 

Figure 24-13 “Polar Care 500” head wrap used during circulatory 
arrest during pulmonary thromboendarterectomy procedures.

A B

Figure 24-14 A, Midesophageal four-chamber view in a patient with chronic thromboembolic pulmonary hypertension going for pulmonary throm-
boendarterectomy (PTE; before picture). Note the severely dilated right atrium and right ventricle, with the interatrial septum bulging toward the left 
atrium. B, After PTE surgery, note the improvement in the right atrial and right ventricular size after successful PTE.
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with improvement in the CO and cardiac index.76 Tricuspid annulo-
plasty rarely is performed, even if severe TR was documented before 
surgery, because tricuspid annular geometry is restored with remodel-
ing of the right ventricle after PTE. Figure 24-15 demonstrates severe 
TR with color-flow and continuous-wave Doppler. It is of paramount 
importance that the anesthesiologist check the endotracheal tube before 
separation from CPB because the presence of frothy sputum or bleed-
ing indicates either reperfusion pulmonary edema or airway bleeding, 
two of the most dreaded complications of the procedure.77 Reperfusion 
pulmonary edema can start as early as a few hours after the endarterec-
tomy, when the endotracheal tube is suctioned, and escalating amounts 
of positive end-expiratory pressure (PEEP) are applied.

If frank blood is seen in the endotracheal tube, this signifies a 
mechanical violation of the airway barrier and stems from a technical 
error during the operation. Bleeding and pulmonary edema can be dis-
tinguished by inspection of the endotracheal tube but may coexist. The 
two main goals for the treatment of these bleeding episodes are to pre-
vent exsanguination and ensure adequate gas exchange. Management 
depends on the severity of the bleeding. Often, conservative manage-
ment consisting of PEEP, topical vasoconstrictors, reversal of heparin, 
and correction of coagulopathies will reduce the bleeding. If bleeding is 
severe, resumption of CPB is indicated, and diagnostic fiberoptic bron-
choscopy is used to evaluate the source of bleeding, as well as to help 
isolate the bleeding segment. A double-lumen tube is the best method 
for lung isolation, and differential ventilation and PEEP can be used 
effectively. The only caveat with a double-lumen tube is the difficulty 
in using a large bronchoscope that limits suctioning and diagnostic 
capabilities, and exchanging the tube can be risky. A Univent tube is an 
alternative to a double-lumen tube. Treatment options (e.g., lung iso-
lation, PEEP, topical vasoconstrictors such as vasopressin, phenyleph-
rine) depend on the severity of bleeding.77 Risk factors for bleeding in 
these patients are difficult to identify before. They include the presence 
of friable vessels, residual pulmonary hypertension, spontaneous rup-
ture, trauma, and a technically difficult procedure.

Pulmonary hemorrhage most likely manifests on reinstitution of 
pulmonary blood flow during weaning from CPB. Unfortunately, it 
is difficult to test the integrity of the PA during the endarterectomy 
because cardiac ejection of blood into the PA and appropriate  systolic 
pressure are needed. The anesthesiologist involved with these pro-
cedures should be prepared to provide diagnostic and therapeutic 
maneuvers such as bronchial blockade, differential lung ventilation, 
endobronchial administration of vasoconstrictors, and pharmacologic 
control of residual pulmonary hypertension (Figure 24-16). Massive 
pulmonary hemorrhage after PTE, although a rare event, is the third 
most common cause for perioperative mortality in the PTE popula-
tion, with residual pulmonary hypertension and reperfusion pulmo-
nary edema as the leading two causes.

A portable transport ventilator is utilized for transport to the ICU 
for all PTE patients, not only to standardize ventilation but also to 
maintain PEEP. Propofol is used during transport and in the ICU for 
sedation for the first 24 hours; although within 1 to 2 hours after arrival 
in the ICU, the patients are allowed to awaken for a brief neurologic 
examination. Most patients are discharged from the ICU on the second 
or third postoperative day, with subsequent hospital discharge approxi-
mately 1 to 2 weeks after the operation.

Postoperative Period and Adverse 
Effects
The postoperative course frequently is complicated by prolonged 
mechanical ventilation, and patients may experience minimal improve-
ment in symptoms after their surgery. Hepatic and renal insufficiency 
may complicate the perioperative period, but may improve with cor-
rection of pulmonary hypertension and RV failure. Advanced age and 
obesity increase perioperative risks but are not absolute contraindica-
tions to surgery. Coronary artery disease and valvular heart disease can 
be corrected at the time of PTE. Good postoperative management is 
essential for the success of this procedure. All patients remain intu-
bated for at least 24 hours and require diuresis with the goal of reach-
ing preoperative weight within 24 hours. Hematocrit level should be 
maintained between 28% and 30%.

Ventilation
A large tidal volume ventilation strategy initially is recommended. The 
rationale behind the larger tidal volume strategy than normally recom-
mended is due to more occlusion on the right side of the lung and the 
lower lobes than the upper lobes; thus, blood flow after PTE is directed 
toward the lower lobes and the right lung. Adequate ventilation to both 
lower lobes is necessary to avoid the gas exchange consequences asso-
ciated with areas of low ventilation/perfusion ratio or venous admix-
ture. Efforts are made to facilitate extubation on postoperative day 1 
because prolonged intubation impairs cough response, and PEEP 
can decrease right and left ventricular preload and CO. There are two 
 specific  complications to this procedure: reperfusion pulmonary edema 
and persistent pulmonary hypertension.

Reperfusion Pulmonary Edema
Most patients undergoing PTE will develop some degree of localized 
pulmonary edema or “reperfusion response.”78 Reperfusion response 
or reperfusion injury is a localized form of acute respiratory distress 
syndrome defined as a radiologic opacity seen in the areas of the lungs 
that underwent endarterectomy. It usually occurs within 24 to 72 hours, 
but in its most severe form, it is seen right after CPB separation after 

LA

RA

RV

A B
Figure 24-15 A, Modified midesophageal four-chamber view in a patient with chronic thromboembolic pulmonary hypertension (CTEPH) and 
severe tricuspid regurgitation. Note the severely dilated right atrium, right ventricle, and interatrial septum bulging toward the left atrium. The 
severely enlarged right heart often prevents proper midesophageal views, yielding difficulty in imaging the left heart. Severe tricuspid regurgitation 
often results from a dilated tricuspid annulus secondary to right ventricular dilation and may be confirmed via systolic flow reversal in the hepatic 
veins. B, Continuous-wave Doppler through a tricuspid regurgitant jet demonstrating severe pulmonary hypertension in a patient with CTEPH. LA, 
left atrium; RA, right atrium; RV, right ventricle.
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the endarterectomy, presenting as profound desaturation. Mortality 
from clinically significant reperfusion injury is observed in less than 
10% of patients. One common cause of the reperfusion pulmonary 
edema is persistent high PAPs after a thorough endarterectomy, with 
a large part of the pulmonary vascular bed affected by type IV disease. 
However, the reperfusion phenomenon may be seen in patients after 
a complete resolution of high PAPs. One theory of the cause is reac-
tive hyperemia after restoration of blood flow to segments of the PA 
bed after periods of no flow. Other contributing factors may include 
pulmonary ischemia and conditions associated with high-permeability 
lung injury. The incidence of this complication is much less common 
now secondary to the large experience acquired over the past ten years, 
leading to more complete and expeditious endarterectomies.

Management of the “Reperfusion Response.”
Aggressive measures should be taken to minimize the development 
of pulmonary edema with diuresis, maintenance of adequate hemat-
ocrit levels, and the early use of PEEP. Careful management of ventila-
tion and fluid balance is required, and usually reperfusion pulmonary 
edema resolves. PEEP is initiated with a gradual transition from vol-
ume-limited to pressure-limited inverse ratio ventilation and the 
acceptance of moderate hypercapnia.78 Inhaled NO at 20 to 40 parts 
per million (ppm) has been used occasionally to improve gas exchange. 
Extracorporeal perfusion support (extracorporeal membrane oxygen-
ation or extracorporeal carbon dioxide removal) has been limited to 
patients with hemodynamic improvement who are suffering from sig-
nificant reperfusion response.79,80

Persistent Pulmonary Hypertension
Persistent pulmonary hypertension is typically related to inadequate 
endarterectomy or surgically inaccessible disease (i.e., small-vessel 
vasculopathy). Most patients have a successful endarterectomy with 
immediate and sustained restoration of PAPs to normal levels. In a few 
patients, however, an immediate reduction of PVR is not achieved, but 
over the next few days, substantial reduction may occur because of the 
subsequent relaxation of small vessels and the resolution of intraopera-
tive factors such as pulmonary edema. In such patients, it is not unusual 
to see a large PA pulse pressure and low diastolic pressure, indicating 
good runoff yet persistent pulmonary arterial inflexibility resulting in 
a high systolic pressure.

In rare instances when certain patients will unlikely survive waiting 
for a lung transplant donor, the surgeons will operate on them despite 
considerable risk. More than one third of perioperative deaths in the 
most recent 500 patients who were operated on in this institution were 
directly attributable to inadequate relief of PAH. This was a diagnostic 
rather than an operative technical problem. Pharmacologic attempts to 
reduce high residual PVR levels with sodium nitroprusside, epopros-
tenol, or inhaled NO generally are not effective. Mechanical circulatory 
support or extracorporeal membrane oxygenation use in these patients 
is not appropriate.79,80

Pulmonary Vascular Steal
Pulmonary arterial steal is a postoperative phenomenon in which blood 
flow is diverted from the previously well-perfused segments to the 
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Figure 24-16 General algorithm for management of postcardiopulmonary bypass hemorrhage. CPB, cardiopulmonary bypass; FFP, fresh 
 frozen plasma; PAP, pulmonary arterial pressure; PEEP, positive end-expiratory pressure.
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newly endarterectomized segments.81 The steal entity was recognized 
when perfusion scans obtained after the operation showed regions of 
reduced perfusion suggestive of recurrent emboli.81 Whether the cause 
is failure of autoregulation in the newly endarterectomized segments 
or secondary small-vessel changes in the previously open segments is 
not clear. Preferentially perfused areas may be the site of reperfusion 
response in patients with steal phenomena and residual hypertension, 
leading to severe hypoxia from areas that are not effectively contribut-
ing to oxygenation. However, long-term follow-up has documented a 
decrease in pulmonary vascular steal in the majority of patients, sug-
gesting a remodeling process in the pulmonary vascular bed.82

Other Postoperative Complications
Delirium had a greater incidence in the early experience before 1990. 
A prospective study of 28 patients showed that 77% of patients who 
underwent PTE experienced delirium, with peak incidence at 72 hours 
after surgery.83 Analysis attributed delirium to a circulatory arrest time 
greater than 55 minutes. The incidence rate declined to 11% and, in a 
recent cohort of 1000 patients, to 1.3%. More experience, expeditious 
operations resulting in shorter circulatory arrest time, and the use of 
a direct cooling jacket placed around the head have contributed to the 
substantial decline in neurologic complications. Postoperative confu-
sion in PTE cases is now the same as with other cardiac surgery.

Pericardial effusion is another complication that has been reduced 
in frequency with experience. The cause is suspected to be due to lym-
phatic tissue dissection around the hilum, together with mobilization 
of the superior vena cava and reduction of cardiac size after the oper-
ation. Currently, with the practice of creating a posterior pericardial 
window or placing a posterior pericardial drain, this problem essen-
tially has been eliminated.

Lastly, the incidence rate of atrial arrhythmias is 10% in PTE 
patients, which is no more common than that encountered in similar 
cardiac surgeries.

Postoperative Anticoagulation
Lifelong anticoagulation with warfarin is begun as soon as pacing wires 
and mediastinal drainage tubes are removed, with a target international 
normalized ratio of 2.5 to 3.5. Thromboembolic recurrence is rare in 
patients who have been maintained on adequate anticoagulation.

Pulmonary Thromboendarterectomy in 
Patients with Sickle Cell Disease
Management of patients with concomitant sickle cell disease and 
CTEPH presents unique challenges because treatment of CTEPH with 
PTE involves prolonged CPB, deep hypothermia, and intervals of circu-
latory arrest, all of which are factors that may promote sickling. There 
are reports of successful completion of PTE with resolution of pulmo-
nary hypertension in two patients with sickle cell disease complicated 
with CTEPH.84 Moser and Shea85 and Collins and Orringer86 confirmed 
the relation among pulmonary infarction, cor pulmonale, and sickle 
cell states. In addition, two studies by Sutton et al87 and Simmons et 
al88 reported 20% to 60% prevalence rates of pulmonary hypertension 
in sickle cell disease, respectively. With innovations in management of 
sickle cell patients and extended life expectancy, it might be expected to 
see more sickle cell patients present with CTEPH disease.

Previous reports of CPB in adults with sickle cell disease involved 
only patients undergoing valvular or septal repair.89,90 In contrast, PTE 
patients require periods of deep hypothermia to 18° C to 20° C and cir-
culatory arrest to allow for a bloodless field. Sickling and hemolysis 
during or after CPB have been repeatedly reported.91,92 Stagnation of 
blood, deep hypothermia, anemia, and acidosis encountered during 
circulatory arrest are expected to increase the likelihood of sickling.93

“Prophylactic” exchange transfusion remains controversial. A multi-
center trial comparing conservative exchange transfusion with an aggres-
sive transfusion regimen in patients with sickle cell disease found that 
there was no difference and the conservative approach resulted in only 
half as many transfusion-associated complications.94 Hypoxia has been 

recognized to potentially incite sickling because of increased viscosity 
from a deoxygenated form of sickle hemoglobin and sickle cell adhe-
sion to endothelial cells. Particular attention should be paid to various 
hypoxic complications such as atelectasis and reperfusion pulmonary 
edema during the postoperative period, and oxygen saturation should 
be maintained at or greater than 95% throughout hospitalization.

In conclusion, patients with sickle cell disease presenting for PTE 
should undergo thorough preoperative evaluation to prepare them for 
surgery, with particular attention to correction of anemia, early screen-
ing for antibodies in blood typing, preoperative and intraoperative 
exchange transfusion, and avoidance of hypoxemia and acidosis  during 
and after surgery.

Pulmonary Thromboendarterectomy 
in Patients with Heparin-Induced 
Thrombocytopenia
Management of CPB for patients with heparin-induced thrombocy-
topenia (HIT) undergoing PTE may be challenging. In these cases, 
alternative means of anticoagulation during CPB must be used. Three 
direct-thrombin inhibitors are available for alternative anticoagu-
lant therapy, and their use is dependent on patient-specific factors 
(see Chapter 31).

There are reports of successful use of recombinant hirudin as an 
alternative anticoagulant to heparin in a patient with CTEPH and HIT 
undergoing PTE with circulatory arrest.95 Hirudin, an anticoagulant 
naturally produced by the salivary gland of the medicinal leech, inter-
acts with both the fibrinogen-binding and catalytic sites of thrombin, 
completely inhibiting all procoagulant actions of thrombin, including 
thrombin on fibrin lining the CPB circuit. It is metabolized through 
the kidney with a half-life of 80 minutes.96 Argatroban is metabolized 
through the hepatobiliary system with a half-life of 40 to 50 minutes. 
Bivalirudin is a 20-amino acid synthetic peptide, which consists of two 
peptide fragments (connected by a tetraglycine spacer) that inhibit 
thrombin by specifically binding both to the active catalytic site and 
to the anion-binding exosite of thrombin. Its unique mechanism of 
action results in a predictable, consistent anticoagulant effect.96 It 
directly inhibits thrombin; inhibits both clot-bound and circulating 
thrombin; is highly specific for thrombin, without binding to other 
plasma proteins; and binds reversibly, with a short half-life (25 min-
utes in patients with normal renal function). Clearance was reduced 
approximately 20% in patients with moderate and severe renal impair-
ment (80% in dialysis-dependent patients). There is no reversal agent 
for bivalirudin. However, because of its short half-life and enzymatic 
elimination, it is considerably safer than other direct-thrombin inhibi-
tors (argatroban, lepirudin).

Unfortunately, although the activated partial thromboplastin time is 
adequate to monitor hirudin when using small quantities as in an ICU 
setting, the activated partial thromboplastin time to hirudin relation 
flattens at the high concentrations required during CPB. Further, the 
activated coagulation time does not correlate well with hirudin levels, 
although it has been used for this purpose. Reliable results at this time 
only are obtained using the ecarin clotting time, which can be measured 
rapidly using whole blood. Because hypoprothrombinemia caused by 
hemodilution occurs on CPB, supplementation of normal human 
plasma to the blood is required for a reliable test.97,98 Unfortunately, the 
ecarin clotting time is not readily available in the United States.

Bivalirudin use as an anticoagulant has been promising during both 
off- and on-pump cardiac surgery in patients with HIT; however, its 
safety in DHCA needs further evaluation. Stagnant blood should be 
avoided because local bivalirudin levels will decrease due to its metabo-
lism by proteases in blood exposed to wound or foreign surfaces, lead-
ing to local clot formation.

The most common alternative strategy has involved the concomitant 
use of anticoagulation with unfractionated heparin (UFH), together 
with a platelet antagonist (iloprost, a prostacyclin analog, or tiro-
fiban).99 Another method used is epoprostenol (Flolan), a  freeze-dried 
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 preparation of prostacyclin itself. Its very short half-life (6 minutes) 
requires continuous infusion, and its major downside is severe hypoten-
sion often requiring intraoperative vasopressors.100 Systemic anticoag-
ulation in patients with demonstrated or suspected type II HIT (HIT 
II), utilizing the GPIIb/IIIa inhibitor tirofiban (Aggrastat) and UFH, 
has been successful in the authors' experience. Tirofiban binds compet-
itively to platelets' GPIIb/IIIa receptors and has a half-life of approx-
imately 2 hours.101–103 With greater than 80% blockage of GPIIb/IIIa 
receptors, systemic heparinization can be administered despite HIT 
and thrombosis. Ideally, tirofiban is administered before surgical inci-
sion and activation of platelets, and at least 15 minutes before systemic 
heparinization. A loading dose of 10 g/kg is given to be followed with 
a continuous infusion at 0.15 g/kg/min.102,103 Once platelet inhibition 
is greater than 80%, systemic heparinization is administered at a dose 
of 400 IU/kg. Heparin concentration is monitored every 30 minutes. 
The tirofiban infusion is stopped 1 hour before cessation of CPB. In 
patients with compromised renal function, the level is reduced during 
the last hour with ultrafiltration. UFH is neutralized with protamine as 
usual, and donor platelets are transfused if necessary.103 It is critical that 
exposure to heparin before and after bypass is avoided, as well as any 
heparin-treated components and monitoring catheters.

The University of California San 
Diego Experience
UCSD has been the pioneer in PTE surgery. Although this procedure 
is now performed at several major cardiovascular centers around the 
world, the reported world literature on this operation (exclusive of 
UCSD) is approximately 1500 cases. However, from 1970 to the present, 
more than 2400 PTE operations have been performed at UCSD. The 
perioperative mortality rate at UCSD has declined significantly from 
16% in the 1980s to 2.5% in 2008, despite a patient population with 
greater risk factors (Figure 24-17). This certainly reflects the evolution 
and refinements in the surgical technique. Table 24-1 lists the experi-
ence for the last 1100 patients' hemodynamic improvement based on 
their thromboembolic disease classification after endarterectomy.42

The secret to the success of this procedure has been the close com-
munication of multiple medical teams, including pulmonary medi-
cine, anesthesiology, perfusion, and cardiac surgery. This operation 
has revolutionized the treatment of CTEPH, providing significant 
and permanent lifestyle improvements for patients.104 The advantage 
of this procedure over lung transplant surgery, the only other alterna-
tive definitive treatment, includes a lower mortality rate, better sur-
vival, and avoidance of long-term immunosuppressive treatment and 
allograft rejection.

Between PTE becoming a safe and efficient treatment for CTEPH 
and an increased awareness of the disease, it is anticipated that surgical 
therapy will become the definitive treatment during earlier stages of 
the disease process. However, future studies in areas of CTEPH cause 

and complications such as reperfusion pulmonary edema and vascu-
lar steal are necessary. RV failure, cerebral protection, and persistent 
 pulmonary edema also remain areas of future research.

ACUTE PULMONARY EMBOLISM
Epidemiology

Venous thromboembolism (VTE) is the term used to describe DVT and 
its complication, PE. Deep vein thrombosis originating in the lower 
extremities is the most common cause of PE, and it can present in a 
variety of ways from asymptomatic to massive PE.

Acute PE carries a high risk for morbidity and mortality both in the 
United States and worldwide. Actual incidence and mortality rates for 
PE are unknown secondary to the vague clinical presentation requir-
ing a high index of suspicion for clinical diagnosis. The public has not 
been well-educated about PE; consequently, prompt diagnosis and 
early detection lags far behind the public awareness for a heart attack. 
One study estimated autopsy findings of unsuspected acute PE to be 
involved in 60% of patients who died in the hospital, and the diag-
nosis was missed in up to 70% of those cases.105 The incidental finding 
of PE at autopsy is, surprisingly, common and does not seem to have 
changed over the past few decades. Aging accounts for the increasing 
numbers of VTE and PE. Therefore, with the average age of the U.S. 
population increasing and the total number of VTEs increasing per 
year, these result in the increased incidence of PE. Primary prevention 
becomes essential to improve survival and prevent complications by 
focusing on risk-factor modification, as well as appropriate prophy-
laxis of patients at risk.
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Figure 24-17 University of California at San Diego (UCSD) periopera-
tive mortality from 1988 to 2008.

University of California San Diego (UCSD) experience for the last 1100 patients whose hemodynamic improvements were based on their thromboembolic disease classification after 
endarterectomy. Data are shown as means ± standard deviation or number (percentage). Top numbers are preoperative values and bottom numbers are postoperative values obtained 
just before removal of the Swan–Ganz catheter.

CO, cardiac output; PA, pulmonary artery; PVR, pulmonary vascular resistance.
Reprinted from Thistlethwaite PA, Kaneko K, Madani MM, Jamieson SW: Technique and outcomes of pulmonary endarterectomy surgery. Ann Thorac Cardiovasc Surg 14:274, 2008.

Thromboembolic Classification: Hemodynamic Results

Variable All Patients (n = 1100, 100%) Type 1 (n = 415, 37.7%) Type 2 (n = 469, 42.6%) Type 3 (n = 192, 17.5%) Type 4 (n = 24, 2.2%)

PVR (dynes.sec.cm–5) 859.4 ± 439.5
290.4 ± 195.7

924.2 ± 450.4
269.8 ± 176.6

799.9 ± 417.2
270.5 ± 191.3

863.2 ± 454.6
350.8 ± 183.3

884.6 ± 412.3
595.2 ± 360.2

CO (L/min) 3.9 ± 1.3
5.4 ± 1.5

3.7 ± 1.4
5.5 ± 1.5

4.1 ± 1.3
5.5 ± 1.5

4.0 ± 1.5
5.2 ± 1.4

3.8 ± 1.2
4.5 ± 1.1

Systolic PA pressure 
(mm Hg)

75.9 ± 18.6
46.4 ± 16.6

76.8 ± 18.7
4.4 ± 15.1

75.0 ± 19.5
44.5 ± 15.0

75.8 ± 16.4
52.7 ± 17.1

78.4 ± 15.6
73.8 ± 32.1

Diastolic PA pressure 
(mm Hg)

28.5 ± 9.7
18.5 ± 7.2

29.8 ± 9.6
17.7 ± 6.5

27.3 ± 10.0
17.9 ± 6.8

28.3 ± 8.8
20.6 ± 79

32.3 ± 9.5
27.3 ± 12.8

Mean PA pressure 
(mm Hg)

46.2 ± 11.3
28.4 ± 9.6

47.0 ± 11.4
27.2 ± 8.7

45.2 ± 11.6
27.5 ± 9.1

46.5 ± 10.3
31.8 ± 10.1

50.2 ± 10.5
42.4 ± 15.5

Mortality (%) 52 (4.7) 16 (3.9) 22 (4.7) 12 (6.3) 4 (16.7)

TABLE  
24-1
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The overall incidence of VTE has been relatively constant at about 
100 per 10,000 since 1980106,107 despite improved prophylaxis regimens 
and more widespread use of prophylaxis. In the United States alone, 
about 900,000 people will experience development of blood clots in the 
lungs or major veins annually; 400,000 cases have been attributed to 
nonfatal DVT, 200,000 cases to nonfatal PE, and 300,000 cases to fatal 
VTE. Community-acquired VTE accounted for approximately 300,000 
cases, and hospital-acquired VTE was estimated at 600,000 cases.108 
More than two thirds of the 900,000 VTE events were related to hospi-
tal inpatients.106 VTE poses a major national health problem of similar 
magnitude to other thrombotic diseases. Although recent studies esti-
mate the incidence of VTE to be around 120 per 100,000, this incidence 
varies markedly depending on age and sex.108,109 The incidence begins 
to increase dramatically around age 50; for octogenarians or older, the 
incidence can reach up to 1000 per 100,000. In patients younger than 
15 years, the incidence decreases substantially to less than 1 per 100,000 
person-years. Women of childbearing age and men older than 50 have 
a greater incidence of VTE.109 The incidence of VTE also varies by race. 
Compared with whites, the incidence among African Americans is 
about 30% greater, whereas Asian and Native Americans have an inci-
dence rate that is about 70% lower. The incidence among Hispanics lies 
somewhere in between whites and Asian Americans.110,111 Thirty percent 
of patients who have a history of VTE will experience development of 
a second episode within the next 10 years; recurrence is greater within 
the first 2 years.112,113 In the International Cooperative Pulmonary 
Embolism Registry (ICOPER), the overall mortality rate for all patients 

with PE during the first 3 months was 17.4%.114 Although the in-hospi-
tal mortality rate increased to 31% in patients presenting with hemo-
dynamic instability in the Management Strategies and Determinants 
of Outcome in Acute Pulmonary Embolism Trial (MAPPET),115 the 
mortality rate directly credited to PE was 45% in the ICOPER10 and in-
hospital mortality was 91% in the MAPPET.115 Thus, PE warrants rec-
ognition because it remains common, underdiagnosed, and often fatal. 
The post-thrombotic syndrome and CTEPH are long-term effects of 
VTE disease. Twelve percent of patients with post-thrombotic syn-
drome, also termed venous-stasis syndrome, had a history of DVT in 
the past,116 and approximately 30% of patients with DVT will subse-
quently experience development of venous-stasis syndrome within the 
next 10 years.117,118

Pathophysiology
The initial description of the pathogenesis of DVT dates back to 
the 19th century, when pathologist Rudolf Virchow first described 
Virchow's triad: venous stasis, injury to the intima, and enhanced coag-
ulation properties of the blood.119 Although PE and DVT share a simi-
lar pathologic process, they are, in fact, two distinct entities.

Asymptomatic venous thrombus, originating primarily from proxi-
mal deep veins, is the source of PE in 80% of patients with documented 
PE. Figure 24-18 demonstrates the pathophysiology of PE. The potent 
fibrinolytic capacity of the lung dissolves most emboli spontaneously, 
rendering them clinically silent. The size of the  thromboembolus and 
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Figure 24-18 Pathophysiology of pulmonary embolism. Pulmonary embolism usually originates from the deep veins of the legs, most commonly 
the calf veins. These venous thrombi originate predominantly in venous valve pockets and at other sites of presumed venous stasis (bottom inset). If a 
clot propagates to the knee vein or above, or if it originates above the knee, the risk for embolism increases. Thromboemboli travel through the right 
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embolism. N Engl J Med 358:1037, 2008, by permission of the Massachusetts Medical Society.)
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coexisting cardiopulmonary disease play important roles in the hemo-
dynamic response and clinical presentation associated with PE. The 
most important cause of compromised physiology is anatomic obstruc-
tion combined with the release of vasoactive and bronchoactive agents 
such as serotonin from platelets, thrombin from plasma, and histamine 
from tissue leading to deleterious ventilation/perfusion mismatch-
ing.120,121 As PVR increases, tension in the RV wall increases, leading to 
RV dilatation, dysfunction, annular dilation with TR, and ultimately, 
ischemia and RV failure. RV failure produces a decreased right-sided CO 
and ultimately impairs LV filling and output. In the first 12 to 48 hours 
after a PE, most patients maintain a normal systemic arterial pressure 
but later may abruptly develop persistent systemic arterial hypotension 
resistant to vasopressors. This leads to decreased RV stroke volume, CO, 
and hypotension. Clinically, patients may exhibit syncope or full cardiac 
arrest. Hypoxemia occurs because of ventilation/perfusion mismatch, 
leading to impaired pulmonary oxygen transfer. PE causes redistribu-
tion of blood flow so that some areas of the lung have a low ratio of ven-
tilation to perfusion, whereas others have a high ratio of ventilation to 
perfusion. The failure of supplemental oxygen to correct arterial hypox-
emia accompanying acute PE often reflects either shunting through a 
PFO as RA pressure exceeds LA pressure or intrapulmonary shunting. 
PEEP may worsen intracardiac shunting by compressing pulmonary 
vessels and increasing PVR. This further increases RA pressure, exac-
erbating the right-to-left intracardiac shunt. Total dead space increases 
because areas of the lung are ventilated despite decreased perfusion. 
This increased dead space impairs the efficient elimination of carbon 
dioxide. Despite the increased dead space, most patients with PE pres-
ent with a lower-than-normal arterial Pco

2
 with resultant respiratory 

alkalosis because of greater minute ventilation rate from stimulation of 
medullary chemoreceptors. Certain risk factors enhance the probabil-
ity for development of acute DVT and, consequently, PE. Risk factors 
for VTE are listed in Table 24-2. Recent family-based studies indicate 
an increasing genetic predisposition to venous thrombosis with a high 
prevalence of mutant genes that increase susceptibility to thrombo-
sis.122–124 Protein C, protein S, and antithrombin deficiency are potent 
risk factors for VTE, although their incidence is rare. When combined 
with environmental risk factors such as oral contraceptives or pregnancy, 
they increase the risk for VTE substantially. These findings support the 
hypothesis that an acquired or inherited thrombophilia may actually 
predict who will experience development of symptomatic VTE.125,126 
Common risk factors for a clinically recognizable PE include advanced 
age, previous VTE, prolonged immobility or paralysis, malignancy, con-
gestive heart failure, hospitalization for acute medical illness, nursing 
home  confinement, prolonged mechanical ventilation, and surgery that 
involves extensive pelvic or abdominal dissection.127,128 Obesity, cigarette 
smoking, and hypertension are the most common reversible risk  factors 

for PE. Age plays a factor in the incidence of VTE, both idiopathic and 
secondary, and might be attributable to the biology of aging rather than 
exposure to risks factors with natural aging.127 Among women, use of 
oral contraceptives, obesity, pregnancy, the postpartum period, and 
hormone therapy are common risk factors.128,129 Compared with com-
munity residents, hospitalized individuals are 100 times more likely to 
experience development of VTE and PE.107 Immobility has been noted 
in more than 50% of patients within 3 months of a PE.

Clinical Presentation
Recognizing signs and symptoms of VTE may reduce diagnostic 
delays.130,131 A high index of suspicion is necessary to diagnose PE 
because symptoms are nonspecific.132 Leg pain, warmth, or swelling 
may indicate that a patient has DVT. Dyspnea or chest pain, both evolv-
ing gradually over a period of days to weeks and/or abrupt in onset, is 
suspicious of acute PE. Pleuritic chest pain and hemoptysis together 
with a pleural rub are characteristic of patients with pulmonary infarc-
tion. Enlarged neck veins, accentuated second heart sound, a right-
sided gallop, and an RV lift are signs of right-sided strain because of 
pulmonary hypertension as a result of PE. Tachypnea and tachycardia 
are common but nonspecific findings.

Dyspnea is the most common symptom, occurring in 73% of 
patients with PE, followed by pleuritic chest pain (66%) and hemop-
tysis (13%).130 Dyspnea, chest pain, or tachypnea occurs in 97% of 
documented cases. However, signs or symptoms of venous thrombo-
sis in the lower extremities appear in less than 25% of patients with 
documented PE.132 The multicenter study Prospective Investigation of 
Pulmonary Embolism Diagnosis (PIOPED) found that symptoms are 
as likely to be present in a patient with a negative angiogram as in a 
patient with a positive one.133,134

Diagnostic Approaches
Objective testing is necessary to exclude or to establish a diagnosis of 
PE, but some tests remain too insensitive and nonspecific. A large 
alveolar-to-arterial (A-a) oxygen gradient and respiratory alkalo-
sis are common in PE, but an arterial oxygen partial pressure (Pao

2
) 

greater than 80 mm Hg or a normal A-a oxygen gradient does not 
preclude PE.131 A normal Pao

2
 may occur in patients with PE who are 

able to hyperventilate. Similarly, a low Pao
2
 is not diagnostic of PE; the 

PIOPED study showed that 74% of patients with PE had a Pao
2
 less 

than 80 mm Hg.132,135 Arterial blood gas results may be more helpful in 
assessing the severity of a PE than in diagnosing it. A chest roentgeno-
gram may show atelectasis or pulmonary parenchymal abnormalities 
in two thirds of these individuals and be normal in another 15%.130,136 
Its primary value is to exclude other pulmonary conditions. Atelectasis, 
caused by loss of surfactant and alveolar hemorrhage, also may con-
tribute to arterial hypoxemia. Classic electrocardiographic (ECG) 
findings of RV strain and S1Q3T3 are uncommon except with a mas-
sive embolus. Left-axis deviation occurs as often as right-axis devia-
tion with PE. P pulmonale, RVH, right-axis deviation, or right bundle 
branch block was noted in only 6% of PIOPED patients.137,138 The ECG 
primarily is useful to exclude conditions that may mimic PE such as 
myocardial infarction or pericarditis.139 The d-dimer test (which mea-
sures plasma levels of a specific derivative of cross-linked fibrin) may 
be useful, although a positive study is nonspecific because it also may 
be positive in patients with cancer, trauma, myocardial infarction, and 
other inflammatory states.140,141 The d-dimer is increased in almost all 
patients with PE because of endogenous, albeit ineffective, fibrinoly-
sis, which causes plasmin to digest some of the fibrin clot and release 
d-dimers into the systemic circulation. In contrast, d-dimer enzyme-
linked immunosorbent assay has been shown to have an excellent 
negative predictive value (99.6%) for acute PE.142 In addition, the 
d-dimer/fibrinogen ratio of greater than 103 is highly specific for acute 
PE.142 However, these findings do not pertain to inpatients suspected 
of PE. d-dimer testing is best considered together with clinical prob-
ability scores. Three scoring systems have been tested  prospectively 

Risk Factors for Venous Thromboembolism

Hereditary Factors Acquired Factors

Antithrombin III deficiency Reduced mobility
Protein C deficiency Advanced age
Protein S deficiency Cancer
Factor V Leiden Acute medical illness
Activated protein C resistance 

without factor V Leiden
Major surgery
Trauma

Prothrombin gene mutation Spinal cord injury
Dysfibrinogenemia Pregnancy and postpartum period
Plasminogen deficiency Polycythemia vera

Antiphospholipid antibody syndrome
Oral contraceptives
Hormone replacement therapy
Heparins
Chemotherapy
Obesity
Central venous catheterization
Immobilizer or cast

TABLE  
24-2



772 SECTION IV Anesthesia and Transesophageal Echocardiography for Cardiac Surgery

and  validated in large clinical trials: the Wells' score,143–145 Geneva 
score,145,146 and Pisa score.147,148 All three scoring systems achieved rea-
sonably good results in outpatients and emergency departments. Wells 
et al143 developed a simple clinical model to predict the likelihood of 
PE and showed that managing patients for suspected PE on the basis of 
pretest probability (low, moderate, and high: 1.3%, 16.2%, and 37.5%, 
respectively) and d-dimer results were safe, with a decreased need for 
unnecessary diagnostic imaging. Their scoring system has been exten-
sively validated (Table 24-3). The negative predictive value for the use 
of the clinical model combined with d-dimer testing in these patients 
was 99.5%.143 In patients with a low or moderate pretest probability 
and a negative ELISA-based d-dimer, the likelihood of DVT and PE is 
low and precluded the need for specific imaging studies.141,149 In con-
trast, in patients with a high pretest probability, imaging is the first step, 
not d-dimer testing.150,151

The most widely used technique to evaluate suspected PE is the radio-
nucleide ventilation perfusion scan (and in some centers, the xenon lung 
scan). As a cornerstone for diagnosis of PE, it is least affected by preexist-
ing cardiac or pulmonary disease. A negative scan essentially eliminates 
a PE, and a high-probability scan has a positive predictability of 85%.133 
However, only 13% of patients suspected of PE had a high-probability 
scan, and only 41% of suspected patients who had positive angiogra-
phy had high-probability scans in the PIOPED study.133 A corroborating 
clinical history increases the predictive ability of a lung scan.136 A high-
probability scan with low clinical suspicion was positive for PE in 56% 
of individuals. An intermediate scan was associated with a 30% likeli-
hood of PE. Spiral CT scanning is gaining acceptance as the preferred 
imaging modality for acute PE.152 It allows imaging of large areas of the 
chest, visualizing the PAs with one large breath. It has a sensitivity and 
specificity of 90% and 90%, respectively, which gives it positive and neg-
ative predictive values of 93% and 94%, respectively.136 The accuracy of 
interpreting results depends on the generation of scanner that is used. 
First-generation scanners may fail to detect one third of PEs because they 
have 5-mm resolution, especially in the subsegmental pulmonary arter-
ies. Third-generation scanners provide 1-mm resolution with a single 
breath-hold.153 Spiral CT has become the first-line method for evaluat-
ing patients with suspected PE. DeMonaco et al154 established that with 
the increasing use of spiral CT scans, the incidence of diagnosed PE is 
increasing but with lower severity of illness and lower mortality, sug-
gestive of earlier diagnosis. In a retrospective review of 1500 consecutive 
patients suspected of acute PE, anticoagulation was withheld based on a 
negative spiral CT.155

Pulmonary angiography remains the gold standard because it detects 
approximately 98% of all clinically significant PE.137,156 It may actually 
be underutilized because less than 15% of patients with nondiagnostic 

ventilation-perfusion scans undergo angiography.136 Angiography is a 
contributing factor in the death of less than 0.5% of patients.157

Ventilation-perfusion scanning is most likely to be diagnostic in the 
absence of cardiopulmonary disease, and a normal lung scan effectively 
rules out acute PE.133 However, large trials have demonstrated that most 
patients with suspected embolism who underwent  ventilation-perfusion 
scanning did not have any findings.

The PIOPED II trial compared the use of multidetector CT arte-
riography alone with its use in combination with CT venography for 
detecting suspected acute PE. Spiral CT arteriography sensitivity alone 
was 83%, whereas when combined with CT venography, the sensitivity 
increased to 90%, suggesting that a combined approach might facili-
tate clinical management, particularly for the treatment of inpatients 
with complex cases.158,159 Figure 24-19 depicts a diagnostic algorithm 
for suspected acute PE.

Echocardiography is not recommended to definitively diagnose 
PE.160 However, echocardiography has emerged as the principal tool to 
assess the risk for mortality during acute PE.161 Patients fall into three 
categories: (1) low risk (no RV dysfunction), (2) submassive PE (RV 
dysfunction with preservation of systolic blood pressure), and (3) mas-
sive PE (RV dysfunction and shock) that carry an in-hospital mortality 
rate of less than 4%, 5% to 10%, and greater than 30%, respectively.160 
RV function is significant as an independent predictor of mortality.162

A PE may occur in all operative settings, but recognition may be dif-
ficult during general anesthesia.163 The extensive pulmonary  vascular 
network of the lung may be obliterated up to 50% by a clot, yet ven-
tilation-perfusion matching could be minimally affected. Abrupt 
hemodynamic changes may appear with the onset of a PE. Meanwhile, 
other symptoms and signs of respiratory distress such as wheezing, 
cyanosis, hypoxemia, and hypocapnia may not occur under anesthe-
sia. Capnography and pulse oximetry findings are nonspecific. Even 
if the patient is being monitored with a PAC, acute onset of PAH with 
a  normal pulmonary capillary wedge pressure also may represent 
hypoxia, pneumothorax, pulmonary aspiration, vasoconstrictive med-
ications, or air embolism.164 Assessment of RV dysfunction with TEE 
better delineates PE and assesses and guides therapeutic measures.160

MASSIVE PULMONARY EMBOLISM
Massive PE represents 5% of cardiac arrests, with more than 60% of 
those noted to have pulseless electrical activity.160 It is characterized as 
massive by the presence of arterial hypotension in addition to clini-
cal signs of tissue hypoperfusion and hypoxia, inclusive of an altered 
level of consciousness, a urine output of less than 30 mL/hr, or cold 
and clammy extremities. Signs and symptoms include profound dys-
pnea at rest, cyanosis, tachycardia, and increased central venous pres-
sure. Massive PE occurs with 50% or greater obstruction of pulmonary 
blood flow, leading to RV failure. On mechanical obstruction, humoral 
mediators are released, augmenting pulmonary vasoconstriction and 
PAH. This sudden increase in RV afterload results in RV dilation and 
dysfunction that displaces the interventricular septum (IVS), causing 
underfilling of the LV (Figure 24-20). Low CO and severe hypotension 
follow, ultimately leading to circulatory collapse and death.165 Increased 
RV pressure also compresses the right coronary artery, causing RV 
ischemia and contributing to RV failure.166 Mortality rate is 40% to 
80% within 2 hours of the onset of a PE. Massive PE should be con-
sidered with the onset of unexplainable severe and sudden hypoxia 
or hypotension. The diagnosis is solidified if LV function is relatively 
maintained in the midst of profound RV dysfunction.160 The differen-
tial diagnosis is cardiac tamponade, myocardial infarction, aortic dis-
section, and severe mitral regurgitation.167 Interventions that improve 
RV function should receive priority because perfusion pressure to the 
right side is compromised.166 It is controversial whether resuscitation 
should proceed with crystalloid versus vasopressor administration. 
Excessive fluid administration in the presence of RV dysfunction fre-
quently exacerbates RV wall stress, intensifies RV ischemia, and causes 
further interventricular septal shift toward the left, which compromise  

Canadian Wells clinical model to predict the likelihood of PE. Their scoring system has a 
maximum of 12.5 points based on 7 variables.

DVT, deep venous thrombosis; PE, pulmonary embolism.
Adapted from Chagnon I, Bounameaux H, Aujesky D, et al: Comparison of two clinical 

prediction rules and implicit assessment among patients with suspected pulmonary 
embolism, Am J Med 113:269–275, 2002.

Canadian Wells Prediction Score for Likelihood 
of Pulmonary Embolism

Risk Factors Points

DVT symptoms and signs 3.0
Different diagnosis less likely than PE 3.0
Heart rate > 100 beats/min 1.5
Immobilization or surgery in previous  

4 weeks
1.5

Previous DVT or PE 1.5
Hemoptysis 1.0
Cancer 1.0
Clinical Probability
 Low: < 2.0
 Intermediate: 2.0–6.0
 High: > 6.0

TABLE  
24-3
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LV compliance and filling, thereby reducing CO.121 Epinephrine and dob-
utamine are first-line inotropic agents for patients in shock  secondary 
to a PE. Both agents increase CO, but also increase PAP to a lesser extent, 
thus potentially decreasing PVR and decreasing the stress on the right 
ventricle. Norepinephrine is another vasoactive agent often used to 
achieve hemodynamic stability. Although isoproterenol is appealing 
because of its -adrenergic properties and pulmonary vasodilatation, 
RV perfusion pressure may decline, worsening RV ischemia.167

Treatment Modalities
A major goal of treatment after acute PE is the prevention of new 
thrombi and reducing the risk for death. Recurrence of PE is a major 
risk and associated with a very high mortality. Frequently, the initial clot 
of a PE is small and symptoms are few or nonspecific, but a subsequent 
clot may significantly increase PVR and compromise  hemodynamics 

without a clear warning. Prevention of recurrence may include one or 
more of the following: anticoagulation, thrombolysis, mechanical inter-
ruption (vena caval filters), and embolectomy. Anticoagulation lessens 
morbidity, mortality, and recurrence of PE by addressing VTE.168 Thus, 
as soon as massive PE is suspected or a patient has a high-probability 
ventilation-perfusion scan with strong clinical suspicion, anticoagula-
tion is begun. Anticoagulation is initiated with a heparin bolus of 80 U/kg 
followed by a heparin infusion of 18 U/kg to maintain the activated 
partial thromboplastin time at 1.5 to 2 times control.169 In the mean-
time, warfarin is initiated simultaneously with UFH or low-molecu-
lar-weight heparin (LMWH) until the international normalized ratio 
is in the therapeutic range (2.0 to 3.0) for 2 days. Subsequently, the 
oral anticoagulant is continued for at least 3 months. Several major 
trials compared the efficacy of LMWH with UFH in patients with 
DVT or PE.170,171 LMWH was demonstrated to be as effective as UFH 
in preventing recurrence of DVT. LMWH has several advantages over 

Clinical suspicion of
pulmonary embolism

Consider initiation
of therapy

Chest CT
anteriography

No
treatment

No
treatment

Additional
testing

Additional
testing

Pulmonary
embolism

absent
High

clinical
suspicion

Pulmonary
embolism
present

High probability
of pulmonary

embolism

Low or moderate High

ELISA D-dimer

Normal

Normal

Nondiagnostic

Treatment Treatment

NondiagnosticNormal

Abnormal

Abnormal

VQ scan

No treatment Chest radiography

Figure 24-19 Diagnostic approach to suspected acute pulmonary embolism. The use of prediction rules and D-dimer testing may reduce the need 
for imaging. If the risk for bleeding is deemed to be low, initiation of therapy before a proven diagnosis of pulmonary embolism should be  considered. 
At this juncture, the chest radiograph and other specific imaging may already be completed. A ventilation-perfusion (V/Q) scan is more likely to yield 
a diagnosis when there is no associated cardiopulmonary disease. A scan indicating a high probability of pulmonary embolism is  confirmatory except 
when there has been a prior pulmonary embolism, in which case a previous V/Q scan may be useful in proving that defects are new. As with computed 
tomography arteriography (CTA), the approach to a nondiagnostic scan includes evaluation of clinical probability, as well as consideration of additional 
testing. Deep venous thrombosis discovered by leg ultrasonography, computed tomography (CT) venography, or magnetic resonance venography 
suggests concomitant pulmonary embolism. Standard pulmonary arteriography or venography is rarely necessary. Adding CT venography to CT arte-
riography enhances the overall sensitivity for detecting venous thromboembolism, although an excellent outcome has been demonstrated without 
additional testing when CTA is negative. With the use of CTA or CT venography, caution is advised when the creatinine level increases above 1.5 mg/dL; 
the patient's age relative to the creatinine clearance should be considered.36 ELISA, enzyme-linked immunosorbent assay. (Originally adapted from 
Tapson VF: Acute pulmonary embolism. N Engl J Med 358:1037, 2008, by permission of the Massachusetts Medical Society).



774 SECTION IV Anesthesia and Transesophageal Echocardiography for Cardiac Surgery

UFH—it does not require monitoring, has greater bioavailability, is 
more predictable, and is easier to use. In addition, LMWH is admin-
istered subcutaneously rather than as an intravenous infusion and has 
lower rates of HIT.172,173 Tinzaparin and fondaparinux172 are approved 
for use in acute PE, whereas enoxaparin is approved for treatment of 
DVT. Fondaparinux is contraindicated in patients with chronic renal 
insufficiency. Platelet count should be monitored in patients receiv-
ing LMWH or UFH for HIT. In cases in which patients develop HIT, 
alternative anticoagulation methods should be used such as direct 
thrombin inhibitors (e.g., argatroban, or lepirudin). If PE recurs dur-
ing anticoagulation, a continuing predisposition to PE exists, or if there 
is a contraindication to anticoagulation, a Greenfield filter is placed 
transvenously in the inferior vena cava to prevent a fatal embolus. The 
inferior vena caval filter is effective in 98% of cases but does not pro-
vide absolute protection.174

With the advent of fibrinolytic agents that convert circulating plas-
minogen to plasmin, clots in the PAs may be lysed, thus removing or 
decreasing mechanical obstruction to pulmonary blood flow. This is 
referred to as thrombolytic therapy; however, there is no absolute indi-
cation for this therapy with PE. Thrombolytic therapy generally is con-
sidered if pulmonary blood flow is reduced by 40% to 50% with severe 
hypoxia or right-sided failure and/or deteriorating hemodynamics.175 
Successful thrombolysis may reverse right-sided heart failure. An over-
view of the five randomized, controlled trials that included patients 
with massive PE (shock or major disability) demonstrated a 50% 
reduction in the overall mortality of PE with thrombolytic therapy 
compared with heparin anticoagulation alone.176 Thrombolytic ther-
apy has been shown to produce more rapid (2 to 24 hours) clot lysis 
when compared with heparin alone based on angiography, perfusion 
scans, or echocardiography.

Thrombolytic agents now are recognized as superior to heparin ther-
apy alone for correcting defects found on angiographic and perfusion 
scans, as well as for correcting hemodynamic abnormalities includ-
ing RV dysfunction. Fewer complications and more rapid improve-
ment occur with thrombolytic therapy than with heparin alone.165,177 
There is also a reduced incidence of recurrent PE compared with hepa-
rin therapy, in part because of a resolution of the probable underlying 
venous thrombus and less RV hypokinesis.160 Nonetheless, anticoagula-
tion with heparin should be started simultaneously with thrombolytic 
therapy. Based on RV dysfunction identified on echocardiography and 
impending right-sided heart failure, thrombolysis and anticoagulation 
together provide better results than anticoagulation alone.178

Streptokinase and urokinase are the most commonly used fibrin-
olytic agents. Because they are not fibrin specific, there is an increased 
risk for severe bleeding compared with heparin alone (22% vs. 12%, 
respectively).176,179 The development of more specific thrombolytic 

agents, such as recombinant tissue-type plasminogen activator, which 
preferentially activates plasminogen in the presence of fibrin, should 
lessen severe bleeding. Direct comparisons of recombinant tissue-type 
plasminogen activator and urokinase in two separate trials, however, 
found no statistically significant differences between the two fibrin-
olytic agents.177

Bleeding complications are more likely with thrombolysis than with 
heparin alone, particularly if the patient has undergone pulmonary 
angiography (Box 24-5). Specific thrombolytic agents, such as recom-
binant tissue-type plasminogen activator, appear to reduce bleeding 
complications. It is paramount to detect any neurologic deterioration 
in a patient receiving thrombolysis. Intracranial bleeding, the most 
feared complication, occurs in 1.9% of patients receiving thromboly-
sis178 and represents a medical emergency. Bleeding can be treated with 
immediate transfusion of 10 units cryoprecipitate and 2 units fresh-
frozen plasma.

Beyond thrombolysis, pulmonary embolectomy remains an option 
for massive PE if pharmacologic thrombolysis has been unsuccess-
ful. Echocardiography is particularly valuable in the triage of patients 
to either thrombolysis, catheter embolectomy, or surgical embolec-
tomy.167,180 As previously noted, RV function after PE is a major deter-
minant of outcome, so aggressive efforts to reverse RV dysfunction 
should be pursued early after the onset of PE. Multiple percutaneous 
techniques are available to treat massive PE including local catheter-
directed thrombolytic therapy, thrombus aspiration with mechanical 
fragmentation techniques, and percutaneous mechanical thrombec-
tomy.177,181 The rationale for proximal clot dissolution is that the sig-
nificantly greater cross-sectional area of the peripheral pulmonary 
arterioles than the central pulmonary arteries will permit the clot to 
travel distally and be tolerated far better hemodynamically than central 
PA obstruction. Catheter embolectomy reduces embolic load with suc-
tion of clot in the PA through a venotomy site, but mortality rate may 
reach 32%. Percutaneous mechanical thrombectomy uses a combina-
tion of devices to fragment the thrombus.182 However, fragmentation 
of the embolus versus extraction can distribute the fragments more 
distally in the pulmonary circulation with subsequent pulmonary 
hypertension. Figure 24-21 depicts treatment algorithm for patients 
diagnosed with acute PE.

BOX 24-5. CONTRAINDICATIONS OF 
THROMBOLYTIC THERAPY

Absolute Contraindications

Relative Contraindications

LA

RA

RV

Figure 24-20 Midesophageal four-chamber view in a patient with 
severe chronic thromboembolic pulmonary hypertension (CTEPH). 
Note the dilated and hypertrophied right ventricle, which is signifi-
cantly larger than the left ventricle, and the dilated right atrium with 
the interatrial septum bulging toward the left atrium. The arrow points 
to a vastly underfilled left ventricle. LA, left atrium; RA, right atrium; RV, 
right ventricle.
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Anesthesia Considerations for Pulmonary 
Embolectomy
The first surgical embolectomy was described by Trendelenburg in 1908, 
and until 1924 there were no reports of long-term survival after acute 
embolectomy. In 1958, 12 reports of survivors emerged in the European 
literature, including Steenberg et al183 reporting the first survivor of the 
“Trendelenburg operation” in the United States. A significant milestone 
in the success of the embolectomy procedure was the introduction of 
CPB described by Cooley et al184 in 1961 and by Sharp185 in 1962. This 
procedure has been on the decline since the introduction of pulmo-
nary thrombolysis. In general, it has been reserved for PE patients 
with refractory circulatory compromise, failed medical management, 
or contraindications to thrombolysis. Open pulmonary embolectomy 
before RV ischemia and cardiac arrest ensue is imperative for the favor-
able outcome of patients with massive acute PE.186 Contraindication to 
thrombolysis accounts for more than one third of embolectomies.177 
The best surgical candidates are the ones with an accessible clot in the 
main PA or proximal right and left PA. More distal embolic disease 
results in less successful procedures. Patients with shock caused by RV 
failure had a mortality rate of 30%, whereas patients with an episode of 
cardiac arrest had a significant mortality rate of 70%.121

The overall mortality of pulmonary embolectomy varies between 
20% and 90%.187 Most patients awaiting embolectomy are in sus-
tained, acute shock; up to two thirds require closed-chest massage.188 
Preoperative cardiac arrest increases operative mortality rate by more 
than 50%. Age older than 60 years and a long history of dyspnea also 
increase the mortality of embolectomy. Echocardiography and spi-
ral CT have greatly decreased the time to surgery by enabling a rapid 
and reliable diagnosis to be made, which has improved not only initial 
 survival rate of embolectomy but long-term survival.186

Induction of anesthesia is a critical period, especially in the pres-
ence of PE and RV dysfunction. Intraoperative monitoring should 
include an arterial catheter, ECG, pulse oximeter, capnograph, and 
CVP catheter or PAC. Large-bore intravenous catheters are necessary 
to ensure good venous access in case of massive pulmonary hemor-
rhage.189 Frequently, an inotrope is required before or during induction 
to maintain perfusion pressure to the right heart. In cases of a massive 
PE in which 50% of the pulmonary blood flow is obstructed, a fixed 
CO makes them extremely susceptible to hemodynamic collapse. Some 
surgeons prefer cannulation of the femoral vessels before induction in 
preparation for immediate CPB in the setting of hemodynamic com-
promise. A right atrial pressure of 15 to 20 mm Hg usually is adequate; 
however, the RA pressure may be unreliable in the setting of RV failure. 

Pulmonary embolism diagnosed

IVCF

Anticoagulation
contraindicated

Anticoagulation when safe;
consider IVCF removal

Anticoagulation

Yes

Yes

No

No

Anticoagulation not
contraindicated

Hemodynamic
instability

Right ventricular
dysfunction

Fluid administration
and vasopressors

Thrombolytic therapy
contraindicated

Consider surgical
embolectomy

Thrombolytic
therapy

Thrombolytic therapy
not contraindicated

Consider
thrombolytic therapy

Figure 24-21 Treatment approach of acute pulmonary embolism. Low-molecular-weight heparin is preferable to unfractionated heparin in 
most settings. Use of an optional (retrievable) inferior vena caval filter (IVCF) offers the potential for removal when risk factors are deemed transient. 
Anticoagulation should be initiated when the risk for bleeding subsides. Although the clearest indication for thrombolytic therapy is hemodynamic 
instability with cardiogenic shock caused by acute pulmonary embolism, hypotension, particularly if refractory to initial supportive measures (e.g., 
cautious fluid administration), also merits consideration of this approach. Some clinicians consider right ventricular dysfunction to be an indication 
for thrombolysis, but no study has been large enough to prove that thrombolytic therapy reduces mortality in this setting or in the setting of severe 
hypoxemia and respiratory failure. Each case must be considered individually. Thrombolytic agents with shorter infusion times, such as tissue plasmi-
nogen activator (t-PA; 100 mg given intravenously over a period of 2 hours) have been recommended. Intracranial abnormalities are generally consid-
ered to be absolute contraindications. (Originally adapted from Tapson VF: Acute pulmonary embolism. N Engl J Med 358:1037, 2008, by permission 
of the Massachusetts Medical Society.)
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It is imperative to avoid RV distention that inevitably worsens hemo-
dynamics.190 It is also extremely important to implement measures to 
decrease PVR, such as treating acidosis and maintaining hypocapnia, 
without excessively increasing airway pressure.

Induction methods should emphasize the importance of avoiding 
any situations that would lead to hypoxia, hypercarbia, or hypoten-
sion. Anesthetic agents that increase PVR must be used with caution 
in this setting. Furthermore, it should be emphasized that any decrease 
in the systemic blood pressure or increase in RV pressure will compro-
mise the RV blood/oxygen supply. The hemodynamics of the patient 
primarily depends on the degree of pulmonary vascular obstruction. 
Dobutamine and epinephrine, when titrated to maintain a moderate 
blood pressure, improve ventricular performance, whereas PVR does 
not increase significantly.190,191 Isoproterenol decreases PVR and is 
associated with arrhythmias, hypotension, and a worse outcome.191

TEE is used in all patients to exclude a PFO, atrial septal defect, or 
any visible thrombus in the right atrium, right ventricle, or main PA. 
The presence of a PFO or intracardiac thrombi alters the surgical proce-
dure. The surgical approach is through a median sternotomy with can-
nulation for CPB accomplished after full heparinization. Typically, the 
patient is maintained normothermic, the aorta is not cross-clamped, 
and cardioplegia is not administered unless concomitant repair of a 
PFO is required. The main PA is approached through a longitudinal 
arteriotomy, and fresh clot is removed under direct vision.192

PULMONARY ARTERIAL HYPERTENSION
PAH is a disorder in which flow to the pulmonary arterial circulation is 
constrained, leading to increased vascular remodeling and proliferation, 
resulting in increased PVR and ending with right-heart failure. By defini-
tion, PAH constitutes an mPAP greater than 25 mm Hg at rest or more, 
a PVR greater than 300 dynes.sec.cm−5, and a PAOP less than 15 mm Hg. 
Severe PAH is defined as an mPAP greater than 50 mm Hg and a PVR 
greater than 600 dynes.sec.cm−5.

The World Health Organization recently revised the classification 
for PAH into the following groups:

I—includes idiopathic pulmonary arterial hypertension (IPAH), 
familial pulmonary arterial hypertension, and PAH associated 
with conditions such as connective tissue disorder, portal hyper-
tension, pulmonary veno-occlusive disease, HIV, and anorexia

II—PAH with left-heart disease
III—PAH with lung diseases and/or hypoxemia
IV—PAH caused by chronic thromboembolic disease
V—miscellaneous193

Regardless of the primary pathologic mechanisms, once PAH exists, 
the effects on the right heart and pulmonary arteries are similar.

IPAH is a rare debilitating disorder, affecting the pulmonary vascu-
lature, leading to PAH and, consequently, right-heart failure and death. 
It is identified when no cause for the PAH is established; diagnosis is 
often delayed an average of 2 years because of the nonspecific nature of 
the symptoms. In 1951, Dresdale et al194 revealed the first antemortem 
pathologic findings for IPAH. They were consistent with prothrom-
botic diathesis, excessive endothelial proliferation, and antiapoptotic 
cells within the vascular lumen. The endothelium displays an imbal-
ance between vasoconstrictors relative to vasodilators.195,196

“Plexogenic pulmonary arteriopathy” is the pathologic hallmark of 
primary pulmonary hypertension, and it reflects a dysregulation of 
phenotypically altered endothelial growth.197–199 PAH is a panvascul-
opathy mostly affecting small and medium arterial vessels with a wide 
range of abnormalities, including intimal hyperplasia, medial hyper-
trophy, adventitial proliferation, and plexiform arteriopathy.

Epidemiology
The annual incidence of IAPH is roughly 6 per million, with 6% to 
12% involving autosomal dominance inheritance. Women are two 
times more likely to experience development of PAH compared with 

men, with a mean age at diagnosis of 35 years and mean survival of 2.8 
years if left untreated.200–202

The differences between the sexes are not well understood, though 
female predominance is not common before puberty. With better 
understanding of the PAH disease process, the 1-year survival rate for 
these patients increased from 68% in the 1980s to 85% current.203,204 
Familial PAH is as a result of a mutation in BMP-RII, an inherited 
autosomal dominant disease, with incomplete penetrance and genetic 
anticipation. It is found in up to 25% of patients with IPAH and in 15% 
of patients with PAH caused by anorexogenics.205

Pathogenesis
The pulmonary vasculature is a low-pressure, high-flow circuit balanc-
ing vasodilatation and constriction, leaning toward vasodilatation. The 
endothelium modulates vascular smooth muscle cell activity through 
the production of various vasodilators (prostacyclin and NO) and 
vasoconstrictors (thromboxane A

2
 and endothelin). The endothelium 

of the lung is markedly different from endothelium of the systemic vas-
culature.206 Although the stimuli that trigger primary PAH may differ, 
an undefined injury to the endothelium causes increased coagulation, 
proliferation, and vasoconstriction, which are instrumental in the 
development of PAH. The endothelium releases thromboxane A

2
, a 

potent vasoconstrictor, cell proliferators, and powerful platelet activa-
tor, in addition to prostacyclin, a potent vasodilator and potent inhibi-
tor of platelet aggregation.207 Mediator imbalance results in pulmonary 
vasoconstriction that leads to the disordered endothelial cell prolifera-
tion in combination with proliferation of intimal cells that form the 
characteristic plexiform lesions (Figure 24-22). However, there is no 
specific histopathologic lesion that defines primary PAH. Evidence of 
proliferative and obliterative intimal lesions composed of myofibro-
blasts is found in the pulmonary arteries and arterioles from increased 
production of endothelial mediators. In addition, thickened arterial 
smooth muscle (isolated medial hypertrophy), destruction and fibrosis 
of vessel walls, and in situ thrombosis lead to stiffening of the arteries, 
contributing to greater vasoconstriction (see Figure 24-22). Eventually, 
the endothelial mediators that maintain the low-pressure, high-flow 
pulmonary circulation (NO, endothelium-derived hyperpolariz-
ing factor, natriuretic peptides, adrenomedullin, and 

2
-agonists) are 

lost, and PAP increases at rest and exercise. Regardless of the primary 
pathophysiologic pathways to PAH, a similar end point is reached.

Hypercoagulability is enhanced by increased platelet activity, 
increased levels of serotonin, plasminogen activator inhibitor, and 
fibrinopeptide A, together with a decrease in thrombomodulin lev-
els.208 Endothelin-1 (ET-1), a potent vasoconstrictor, was found in high 
levels in arterial plasma compared with venous plasma in IAPH, sug-
gesting ET-1 may contribute to increased PVR in these patients.209–211 
IPAH has been associated with increased local expression of ET-1 in 
pulmonary vascular endothelial cells, contributing to the pathogene-
sis of PAH.212 The inhibition of voltage-gated (Kv) channels raises the 
membrane potential, activating the voltage-gated L-type calcium chan-
nel, which increases the calcium levels leading to vasoconstriction and 
possibly initiating cell proliferation213 (Figure 24-23).

Clinical Manifestation
Diagnosis of PAH often is significantly delayed because of the nonspe-
cific symptoms that mimic known underlying pulmonary or cardiac 
disorders. Gradual onset of shortness of breath is the earliest symptom 
of PAH, reflecting an inability to increase CO in proportion to activ-
ity. Right-sided chest pain is prevalent in PAH despite normal coro-
nary arteries, together with syncope, fatigue, and peripheral edema. 
Hemoptysis may occur as a result of rupture of dilated distended 
 pulmonary vessels. The recurrent laryngeal nerve may be compressed 
by the enlarged PA, leading to hoarseness in these patients.

Physical examination focuses on signs of both PAH and RVH 
(Table 24-4). Accentuation of the pulmonic component of the second 
heart sound might be the only finding on physical examination and 
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Figure 24-22 Characteristic lung pathology in primary pulmonary hypertension. A, Muscular pulmonary artery from a patient with primary pul-
monary hypertension and medial hypertrophy (white arrow), luminal narrowing by intimal proliferation (black arrow), and proliferation of adventitia (X). 
B, Characteristic plexiform lesion from an obstructed muscular pulmonary artery (arrow). (Reprinted from Gaine SP, Rubin LJ: Primary pulmonary hyper-
tension. Lancet 352:721, 1998.)
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Figure 24-23 Schematic depicting the potential “hits” involved in the development of pulmonary arterial hypertension (PAH). An increase in 
[Ca2+] cytosine (cyt) in pulmonary artery smooth muscles (PASMCs; caused by increased voltage-gated potassium channel (Kv) activity and membrane 
depolarization, which opens voltage-dependent calcium channels [VDCCs]; upregulated transient receptor potential channels (TRPCs) that participate 
in forming receptor- and store-operated calcium ion (Ca2+) channels; and upregulated membrane receptors [e.g., serotonin, endothelin, or leukotriene 
receptors] and their downstream signaling cascades) causes pulmonary vasoconstriction, stimulates PASMC proliferation, and inhibits the bone mor-
phogenetic protein (BMP) signaling pathway that leads to antiproliferative and proapoptotic effects on PASMCs. Dysfunction of BMP signaling because 
of BMP type II receptor (BMP-RII) mutation and BMP-RII/BMP-RI downregulation and inhibition of Kv channel function and expression attenuate PASMC 
apoptosis and promote PASMC proliferation. Increased angiopoietin (Ang-1) synthesis and release from PASMCs enhance 5- hydroxytryptamine (5-HT) 
production and downregulate BMP receptor IA (BMPR-IA) in pulmonary arterial endothelial cells (PAECs) and further enhance PASMC contraction and 
proliferation, whereas inhibited nitric oxide and prostacyclin synthesis in PAECs would attenuate the endothelium-derived relaxing effect on pulmonary 
arteries and promote sustained vasoconstriction and PASMC proliferation. Increased activity and expression of the 5-HT transporter (5-HTT) would serve 
as an additional pathway to stimulate PASMC growth via the mitogen-activated protein kinase (MAPK) pathway. 5-HTR, 5-hydroxytryptophan; AVD, 
apoptotic volume decrease; Co-Smad, common smad; DAG, diacylglycerol; Em, membrane potential; ET-1, endothelin-1; ET-R, endothelin receptor; 
GPCR, G protein-coupled receptor; IP3, inositol 1,4,5-trisphosphate; K, potassium; NO/PGI2, nitric oxide/prostacyclin; PDGF, platelet-derived growth 
factor; PIP2, phosphatidylinositol biphosphate; PLC, phospholipase C; PKC, protein kinase C; ROC, receptor-operated calcium channel; R-Smad, recep-
tor-activated smad signaling pathway; RTK, receptor tyrosine kinase; SOC, store-operated channel; SR, sarcoplasmic reticulum; TIE2, tyrosine-protein 
kinase receptor. (Reprinted from McLaughlin VV, Archer SL, Badesch DB, et al: ACCF/AHA 2009 expert consensus document on pulmonary hyperten-
sion: A report of the American College of Cardiology Foundation Task Force on Expert Consensus Documents. J Am Coll Cardiol 53:1573, 2009, by 
permission of the American College of Cardiology Foundation and American Heart Association.)
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easily is overlooked. Hepatomegaly and peripheral edema are signs of 
advanced PAH.

The first step in diagnosing PAH is recognition of patients at high 
risk for development of pulmonary vasculopathy, including those 
with genetic substrates, risk factors, or symptoms and physical exam-
ination findings suggestive of PAH. Chest radiograph and ECG may 
display markers indicative of PAH but are not very specific. Based on 
the history and physical examination, echocardiography is the most 
appropriate next step. The consensus was that no treatment should be 
initiated based on exercise-induced PAH alone. CT scanning and mag-
netic resonance imaging are techniques available to further explore the 
diagnosis. A right-heart catheterization including assessment of PVR 
and right atrial and ventricular pressures, together with LV pressures, 
is required to confirm the diagnosis and to define the hemodynamic 
profile with greater precision. Figure 24-24 outlines an algorithm for 
the evaluation of PAH. The number of patients with PAH related to 
pulmonary venous hypertension (systolic and diastolic heart failure 
with PAH), chronic lung disease with hypoxemia, and thromboem-
bolic pulmonary disease is far greater than the number of patients 
with IPAH. The term secondary PAH is being used less because of the 
many therapies for PAH regardless of cause, and the underlying disease 
often overshadows the clinical manifestations of PAH. Once the cause 
of PAH is identified, treatment should begin immediately because it 
is most effective if instituted before the onset of right-heart failure. 

Unfortunately, PAH often has progressed to the point that the value 
of any treatment is limited to palliation of incapacitating symptoms. 
Decisions about whether specific therapy should be undertaken and 
how to take care of such patients should be made on a case-by-case 
basis by experienced PAH centers. RV function plays a major role in 
prognosis of PAH. A combination of echocardiography and catheter-
ization is needed to effectively diagnose RV failure.

The Right Ventricle and Pathophysiology 
of Right Ventricular Failure
The right ventricle is a unique, asymmetric, crescent-shaped struc-
ture that is designed to accommodate the entire venous return while 
maintaining a low RA pressure and to provide sustained low- pressure 
perfusion through the lungs. The right ventricle receives coronary 
blood supply throughout the cardiac cycle, that is, during systole 
and diastole, because of the continuous coronary perfusion pres-
sure gradient between the aorta and the right ventricle. Any attempts 
to treat PAH or increase RV pressure can compromise RV perfusion 
 pressure because RV perfusion pressure is directly proportional to sys-
temic pressure and inversely proportional to RV pressure. The right 
ventricle ejects blood from the right atrium to the lungs because of 
the low- pressure, low-resistance, and high-compliance circuit of the 
 pulmonary vascular bed. In contrast, the LV generates high pressure 

PH, pulmonary hypertension.
Reprinted from McLaughlin VV, Archer SL, Badesch DB, et al: ACCF/AHA 2009 expert consensus document on pulmonary hypertension: A report of the American College of Cardiology 

Foundation Task Force on Expert Consensus Documents. J Am Coll Cardiol 53:1573, 2009, by permission of the American College of Cardiology Foundation and American Heart 
Association.

Features of the Physical Examination Pertinent to the Evaluation of Pulmonary Hypertension

Sign Implication

Physical Signs That Reflect Severity of PH
Accentuated pulmonary component of S

2
 (audible at apex in > 90%) High pulmonary pressure increases force of pulmonic valve closure

Early systolic click Sudden interruption of opening of pulmonary valve into high-pressure artery
Midsystolic ejection murmur Turbulent transvalvular pulmonary outflow
Left parasternal lift High right ventricular pressure and hypertrophy present
Right ventricular S

4
 (in 38%) High right ventricular pressure and hypertrophy present

Increased jugular “a” wave Poor right ventricular compliance
Physical Signs That Suggest Moderate-to-Severe PH
Moderate-to-severe PH
 Holosystolic murmur that increases with inspiration Tricuspid regurgitation
 Increased jugular v waves
 Pulsatile liver
 Diastolic murmur Pulmonary regurgitation
 Hepatojugular reflux High central venous pressure
Advanced PH with right ventricular failure
 Right ventricular S

3
 (in 23%) Right ventricular dysfunction

 Distention of jugular veins Right ventricular dysfunction or tricuspid regurgitation or both
 Hepatomegaly Right ventricular dysfunction or tricuspid regurgitation or both
 Peripheral edema (in 32%)
 Ascites
 Low blood pressure, diminished pulse pressure, cool extremities Reduced cardiac output, peripheral vasoconstriction
Physical Signs That Suggest Possible Underlying Cause or Associations of PH
Central cyanosis Abnormal V/Q, intrapulmonary shunt, hypoxemia, pulmonary-to-systemic shunt
Clubbing Congenital heart disease, pulmonary venopathy
Cardiac auscultatory findings, including systolic murmurs, diastolic murmurs, 

opening snap, and gallop
Congenital or acquired heart or valvular disease

Rales, dullness, or decreased breath sounds Pulmonary congestion or effusion, or both
Fine rales, accessory muscle use, wheezing, protracted expiration, productive cough Pulmonary parenchymal disease
Obesity, kyphoscoliosis, enlarged tonsils Possible substrate for disordered ventilation
Sclerodactyly, arthritis, telangiectasia, Raynaud phenomenon, rash Connective tissue disorder
Peripheral venous insufficiency or obstruction Possible venous thrombosis
Venous stasis ulcers Possible sickle cell disease
Pulmonary vascular bruits Chronic thromboembolic PH
Splenomegaly, spider angiomata, palmar erythema, icterus, caput medusa, ascites Portal hypertension

TABLE  
24-4
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with low  compliance to  optimize organ perfusion. Functionally and 
anatomically, the right ventricle is adapted for generation of sustained 
low-pressure perfusion.

The right ventricle is divided by a circular muscular band that sep-
arates the inflow portion, the sinus, which generates pressure  during 
systole and the outflow portion, and the conus, which regulates this 
pressure.214 RV contraction occurs in three phases: contraction of the 
papillary muscles; then a bellows-like peristaltic movement of the 
RV free wall toward the IVS; and, finally, contraction of the LV that 
causes a “wringing”-type motion of the IVS, which further empties 
the right ventricle. The net effect is that the sinus generates pressure 
starting from the apex moving toward the compliant conus, which is 
able to decrease the peak RV pressure and PAP, thereby prolonging 

ejection. The right ventricle tolerates small changes in venous return 
well  without changing end-diastolic pressure or volume; however, this 
is not true with larger amounts of venous return. The RV pressure-
volume loop has a triangular shape, in contrast with the rectangular 
shape of the LV pressure-volume loop. This means that the right ven-
tricle has longer periods of ejection and shorter periods of isovolumic 
contraction and relaxation.215 This implies that the prolonged low-
pressure ejection of the right ventricle is very sensitive to any changes 
in PAPs seen with PAH. Therefore, in PAH, the RV pressure-volume 
loop adapts to the same rectangular shape, resembling the LV pressure-
 volume loop,216  leading to prolonged isovolumic contraction and ejec-
tion time, causing increase in myocardial oxygen consumption. When 
acute or chronic RV dysfunction ensues, the normally  thin-walled, 

History
Exam
CXR
ECG

RVSP RV

VHD,

Por

V

V
Ex
V

Contingent tests Contribue to
assessment of:

Pivotal tests

m

PFTs

P yOv
ox y

TEE
Ex

V

s

V

y
m

(6MWT

Figure 24-24 Diagnostic approach to pulmonary arterial hypertension (PAH). The diagnosis of idiopathic pulmonary arterial hypertension (IPAH) 
is one excluding all other reasonable possibilities. Pivotal tests are those that are essential to establishing a diagnosis of any type of PAH either by 
identification of criteria of associated disease or exclusion of diagnoses other than IPAH. All pivotal tests are required for a definitive diagnosis and 
baseline characterization. An abnormality of one assessment (such as obstructive pulmonary disease on pulmonary function test [PFTs]) does not 
preclude that another abnormality (chronic thromboembolic disease on ventilation-perfusion scintigram [V/Q scan] and pulmonary angiogram) is 
contributing or predominant. Contingent tests are recommended to elucidate or confirm results of the pivotal tests and need only be performed in 
the appropriate clinical context. The combination of pivotal and appropriate contingent tests contributes to assessment of the differential diagno-
ses in the right-hand column. It should be recognized that definitive diagnosis may require additional specific evaluations not necessarily included in 
this general guideline. 6MWT, 6-minute walk test; ABGs, arterial blood gases; ANA, antinuclear antibody serology; CHD, congenital heart disease; 
CPET, cardiopulmonary exercise test; CT, computerized tomography; CTD, connective tissue disease; CXR, chest X-ray; ECG, electrocardiogram; 
HIV, human immunodeficiency virus screening; Htn, hypertension; LFT, liver function test; PE, pulmonary embolism; PH, pulmonary hypertension; RA, 
rheumatoid arthritis; RAE, right atrial enlargement; RH Cath, right-heart catheterization; RVE, right ventricular enlargement; RVSP, right ventricular sys-
tolic pressure; SLE, systemic lupus erythematosus; TEE, transesophageal echocardiography; VHD, valvular heart disease. (Reprinted from McLaughlin 
VV Archer SL, Badesch DB, et al: ACCF/AHA 2009 expert consensus document on pulmonary hypertension: A report of the American College of  
Cardiology Foundation Task Force on Expert Consensus Documents. J Am Coll Cardiol 53:1573, 2009 by permission of the American College  
of Cardiology Foundation and American Heart Association.)
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crescent shape allows the right ventricle to be highly compliant, accom-
modating a large increase in preload with minimal changes in RV 
 end-diastolic pressure. Consequently, the initial primary compensatory 
mechanism of RV dysfunction often is dilatation that is usually well 
tolerated.217 Normally, the right ventricle is two-thirds the area of the 
LV with a wall thickness around 5 mm, compared with the LV, which 
is double the thickness and performs one-quarter the stroke work. The 
IVS is responsible for approximately one-third the RV stroke work 
under normal conditions. Actually, during RV infarction and loss of 
the RV free wall, it is the septum that continues to generate RV systolic 
pressure. It is important to note that the afterload effect on RV systolic 
function typically is more significant than the afterload effect on LV 
performance. Essentially, the right ventricle is a thin-walled, volume-
pumping chamber that is exquisitely sensitive to acute increases in PAP, 
whereas the thick-walled LV is a pressure-pumping chamber that often 
can preserve its ejection function with increases in systemic arterial 
pressure. RV ejection fraction decreases in a linear fashion in response 
to an increase in PAP. Increase in RV afterload leads to increase in RV 
wall tension and RV oxygen demand, thereby reducing the oxygen sup-
ply, leading to ischemia. In the presence of PAH, the right coronary 
artery perfusion pressure occurs during diastole if RV systolic pres-
sure is greater than aortic systolic pressure, rather than throughout 
systole and diastole, further decreasing oxygen supply. Once RV after-
load increases and ventricular dilation ensues, decreased RV oxygen 
supply compromises RV contractility. The decrease in RV CO, as well 
as septal shift toward the LV, result in decrease LV filling, decreased 
CO, and systemic hypotension (Box 24-6). Normally, the IVS is shifted 
toward the RV free wall, contributing to RV ejection. However, when 
the RV pressure increases, the IVS paradoxically shifts toward the LV, 
no  longer contributing to the RV ejection. Increasing the SVR, that is, 
aortic constriction, therefore, can restore the contribution of the IVS 
to RV ejection.218–220 Therefore, systemic vasoconstrictors can be used 
in this fashion to restore RV ejection and blood supply. There are sev-
eral ways to diagnose right ventricular failure (RVF): clinical signs and 
symptoms that are very nonspecific or diagnostic modalities such as 
cardiac biomarkers, cardiac magnetic resonance imaging, echocar-
diography, and right-heart catheterization, which yield better results. 
Cardiac magnetic resonance imaging accurately assessed RV size and 
function as predictors of mortality in 64 patients with IPAH. A low 
RV stroke output, RV dilatation, and impaired LV filling independently 
predicted mortality.221

Predictors of survival after the first year of therapy with epopros-
tenol included functional class and improvements in exercise tolerance, 
cardiac index, and mPAP. A 6MW test was found to be an indepen-
dent predictor of survival in several studies, leading to use of this test 
as the primary end point for many prospective trials.222,223 N-terminal 

pro–brain natriuretic peptide levels are independent predictors of sur-
vival, and they correlate well with RV enlargement and dysfunction.224 
Presence of cardiac troponin T potentially suggests RV ischemia and, 
therefore, confers poor prognosis225 (Box 24-7).

Echocardiography is an easy, accessible bedside technique for diag-
nosing and following patients suspected of having PAH. TTE easily 
assesses RA and RV enlargement, reduced RV function, displacement 
of the IVS, and TR. The presence of a pericardial effusion has proved a 
consistent predictor of mortality.228 There are two simple visual methods 
to assess RV chamber size: (1) RV chamber area relative to LV chamber 
area in the midesophageal four-chamber view; and (2) RV extension 
relative to the apex of the heart. RV dilation is severe when the RV area 
is more than the LV area and the RV apex extends beyond the LV apex. 
Echocardiographic evaluation of RV wall thickness also may serve to 
evaluate global RV performance in conditions of RV pressure overload 
causing compensatory RVH. RVH may be diagnosed when the RV free 
wall thickness is more than 5 mm at end-diastole.229 Common causes 
of RV pressure overload causing secondary RVH include pulmonary 
stenosis, PAH from mitral stenosis, PE, and CTEPH, among other 
causes. When RV dysfunction ensues, the compensatory RV dilation 
causes the normal complex RV geometry to change from a triangular, 
crescent shape to a more ellipsoid, circular, D-shape.227 Although such 
changes point to RV dysfunction, they do not distinguish whether the 
RV dysfunction is related to RV volume overload, RV pressure over-
load, or both. Echocardiographic evaluation of the shape and motion 
of the IVS may be useful to differentiate between RV volume overload 
and RV pressure overload pathology.230

BOX 24-6. CAUSES OF RIGHT VENTRICULAR 
FAILURE

RV Pressure Overload

RV Volume Overload

BOX 24-7. ASSESSMENT OF RIGHT 
VENTRICULAR DYSFUNCTION

A. ECG

B. ECHO (+TEE)

C. Right-Heart Catheterization

D. Increased Levels of Biomarkers
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Right Ventricular Volume Overload
Normally, the IVS is curved in a convex fashion toward the right ven-
tricle during the entire cardiac cycle as a result of its motion being con-
trolled by the more abundant and centrally located LV muscle mass. As 
the right ventricle progressively dilates and hypertrophies such that the 
RV mass increases to equal that of the LV, the convex shape of the IVS 
toward the LV begins to flatten. Moreover, when RV volume and mass 
exceed LV volume and mass, paradoxical septal motion appears in that 
the IVS abnormally bows toward the LV.

The RV volume is largest at end-diastole, which corresponds to the 
time of peak diastolic filling. With RV volume overload, instead of 
the normal IVS convex curvature toward the right ventricle, the IVS 
appears flattened and curves toward the LV at end-diastole, corre-
sponding to peak RV overfilling (Figure 24-25). Additional signs of RV 
volume overload include RA enlargement, dilatation of the tricuspid 
annulus, hepatic, or great veins, and/or leftward deviation of the atrial 
septum. Such findings of RV volume overload suggest severe TR, atrial 
septal defect, or PAH (because of left-sided heart disease or intrinsic 
lung disease).229,230

Right Ventricular Pressure Overload
Although RV pressure overload alone may occur because of pulmonary 
stenosis or PAH, pure RV pressure overload is uncommon in the adult 
heart because RV hypertension usually is associated with TR and RV 
dilatation. Initially, RV pressure overload reduces the normal motion 
and curvature of the IVS toward the right ventricle and causes the 
appearance of abnormal IVS flattening throughout the cardiac cycle. 
As RV pressure overload progresses to more severe RVH, the center of 
mass of the heart shifts toward the right ventricle. This causes a char-
acteristic paradoxical septal motion of the IVS bowing toward the LV 
that is most pronounced at end-systole when RV systolic afterload is at 
its peak (i.e., the time when RV pressure is the highest) (Figure 24-26). 
When comparing the paradoxical septal motion of RV pressure over-
load versus RV volume overload, the key point to remember is that the 
most pronounced IVS bowing toward the LV occurs at end-systole with 
RV pressure overload and at end-diastole with RV volume overload.

Tricuspid annular plane systolic excursion (TAPSE) is another 
method to assess global RV systolic function. TAPSE refers to the long-
axis, apex-to-base tricuspid annulus systolic excursion. TAPSE appears 
more as a hingelike motion secondary to the relatively fixed septal 
attachment of the tricuspid annulus with the predominant tricuspid 
annular displacement being asymmetric and more lateral. Normal 
TAPSE is 20 to 25 mm toward the cardiac apex, and reductions in nor-
mal TAPSE values are suggestive of RV systolic dysfunction.231–233

Right-heart catheterization remains the gold standard in assess-
ment of hemodynamics in patients with PAH, as well as a confirma-
tory method for diagnosis. Right-heart catheterization is performed 

in patients who, after the initial screening, have suspected PAH. This 
procedure focuses on measuring PAPs, PVR, and the effects of vasodi-
lator therapy on the pulmonary circulation. The underlying principle 
for vasodilator testing as a diagnostic step is identifying patients who 
are responders to vasodilator therapy because these patients are more 
likely to benefit from treatments with vasodilators, such as oral calcium 
channel blockers, than nonresponders.234 Inhaled NO most commonly 
is used in acute vasodilator testing, but intravenous epoprostenol and 
adenosine are acceptable alternatives. Vasodilator testing that is positive 
with an acute response is defined as a decrease in mPAP of at least 10 
mm Hg to an absolute mPAP less than 40 mm Hg, without a decrease 
in  the CO (Figure 24-27).

Treatment Options for Pulmonary 
Arterial Hypertension
The goal for treatments in patients with PAH is geared toward improv-
ing symptoms and quality of life. Another important objective is to 
reduce PAP and normalize CO as early in the disease process as possi-
ble before RVF ensues. Anticoagulation therapy with warfarin has been 
recommended in patients with IPAH as prospective and retrospective 
studies proved increased survival.235 Diuretics are indicated in patients 
with RVF as manifested with increased jugular venous pressure, lower 
extremity edema, and ascites. It is not infrequent to maintain these 
patients on oxygen to keep oxygen saturation above 90% to prevent 
further vasoconstriction from hypoxemia. Patients whose vasodilator 
test was positive with an acute response and who meet the criteria may 
be treated with calcium channel blockers.

Alternative or additional therapy should be instituted if patients 
do not improve to functional Class I or II on their current treatment. 
Continuous epoprostenol infusion therapy (Flolan) was found to 
improve hemodynamics and exercise tolerance and to prolong s 
urvival. Several open-label randomized trials demonstrated signifi-
cant improvements of the primary end point 6MW test. Intravenous 
epoprostenol is titrated based on relief of symptoms or side effects. 
Most experts would not exceed a dosage between 25 and 40 ng/
kg/min for most adult patients when used as monotherapy.236 
Common adverse effects include headache, jaw pain, flushing, nau-
sea, diarrhea, skin rash, and musculoskeletal pain. Infections and 
infusion interruptions can lead to severe hypotension and cardio-
vascular collapse. Epoprostenol use should be limited to centers 
experienced with its administration and with systematic follow-up 
of patients.

Because prostaglandin therapy requires continuous intravenous 
administration to be efficacious, alternate forms have been created: 
oral (beraprost), subcutaneous (treprostinil), and inhaled (iloprost). 

LV

RV

Figure 24-25 Transgastric midpapillary short-axis view demonstrating 
right ventricular volume overload. Note the interventricular septal flat-
tening during end-diastole. Arrow points to the associated electrocar-
diogram denoting end-diastole. LV, left ventricle; RV, right ventricle.

LV

RV

Figure 24-26 Transgastric midpapillary short-axis view demonstrat-
ing right ventricular pressure overload. Note the interventricular septal 
 flattening yielding a D-shaped left ventricle in systole. Arrow points to 
the associated electrocardiogram denoting end-systole. LV, left ventri-
cle; RV, right ventricle.
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Prostaglandin therapy contains valuable anti-inflammatory proper-
ties and is directed at the various pathologic mechanisms considered 
responsible for PAH besides pulmonary vasodilatation. Newer agents 
targeting thromboxane inhibition (terbogrel, riociguat), and endothe-
lin-receptor antagonism (bosentan, and ambrisentan) have been 
developed. Treprostinil is a stable prostanoid with an elimination half-
life of about 4.5 hours that resulted in a modest but statistically signif-
icant improvement of 16 minutes on the 6MW test compared with the 
 placebo group.237 In 2004, intravenous treprostinil was approved by 
the U.S. Food and Drug Administration (FDA) for use in patients with 
functional Classes II, III, and IV. Iloprost is another prostanoid that is 
delivered by inhalation method. Iloprost was used for 12 weeks in a 
randomized trial comparing its 6MW test with placebo in 207 patients 
with functional Class III and IV with either IPAH, PAH caused by 
connective tissue disease, or inoperable patients with CTEPH disease. 
This study utilized an end point of improvement in functional class 
by at least one level and improvement in 6MW test by at least 10% 
in the absence of clinical deterioration. Iloprost had an increase of 36 
m on the 6MW test compared with the placebo group (P = 0.004).238 
Common adverse effects include cough, headache, flushing, and jaw 

pain. Iloprost was approved by the FDA in 2004 for functional Classes 
III and IV PAH.

Bosentan, a promising endothelin-receptor antagonist, works by 
blocking the ET-1 vasoconstriction effect on the pulmonary circulation. 
Patients with PAH were found to have high levels of circulating ET-1, 
which correlated with the severity and prognosis of IPAH.239 Bosentan 
was used in a randomized, double-blind, placebo-controlled, multicenter 
study in 32 functional Class III or IV IPAH or scleroderma spectrum of 
diseases with PAH. The median improvements from baseline was 51 m 
with bosentan versus 6 m with placebo. Bosentan had a great impact on 
the functional status of these patients with improvements in cardiac index 
and noticeable decrease in PVR.240 Bosentan is widely used in patients 
with PAH. The FDA requires that liver function tests be checked monthly 
and hematocrit every 3 months to ensure safety in these patients.

PDE inhibitors play a big role in the treatments of PAH. NO exerts 
its vasodilatory effect by its ability to augment and sustain guanosine 
3 , 5 -cyclic monophosphate (cGMP) content in vascular smooth mus-
cle. The brief vasorelaxation effect of cGMP is due to PDEs. That is, 
decreased endothelial NO levels241 and increased PDE-5 expression and 
activity in lung tissue242,243 and RV myocardium244 will lead to PAH. 
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of the pulmonary artery
or bypass graft failure

Volume overload state Acute RVMI or PE or
hypovolemic state

Cardioversion
P

V

Nitric oxide trial (inhaled)
or inhaled prostanoids

Minimize transfusions

Pulmonary embolism

RV myocardial infarction

Pulmonary arterial
hypertension

Endocarditis

Selected CHD

HF with LV dysfunction

RV

Preload
optimization

Hemodynamically
unstable

(low output syndrome)
Maintenance of

SR and AV synchrony
Ventilatory

support

Avoid

P

Figure 24-27 Proposed approach to acute right ventricular failure. AV, antrioventricular; BB, -blockade; CHD, congenital heart disease; CVVHF, 
continuous veno-venous hemofiltration; D/C, discontinue; ECMO, extracorporeal membrane oxygenation; HF, heart failure; L, liter; LV, left ventricular; 
PCI, percutaneous coronary intervention; PE, pulmonary embolism; PEEP, positive end-expiratory pressure; RV, right ventricular; RVMI, right ventricu-
lar myocardial infarction; SR, sinus rhythm. (Used with permission from Haddad F. Couture P, Tousignant C, Denault AY: The right ventricle in cardiac 
surgery, a perioperative perspective: II. Pathophysiology, clinical importance, and management, Anesth Anal 108(2):422–433.)
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Therefore, PDE-5 inhibitors, such as sildenafil and tadalafil, act by 
inactivating the phosphodiesterase enzymes that inactivate the second 
messengers for the vasodilating signals, cyclic adenosine monophos-
phate (cAMP) and cGMP in lung tissues.245 The SUPER-1 (Sildenafil 
Use in Pulmonary Arterial Hypertension) was a double-blinded, pla-
cebo-controlled study that randomly assigned 278 symptomatic PAH 
patients with sildenafil orally three times daily for 12 weeks versus pla-
cebo. The primary end point was symptomatic improvement from 
baseline after 12 weeks in the 6MW test. Sildenafil monotherapy signif-
icantly reduced PAP and improved exercise capacity and World Health 
Organization functional class.246

Tadalafil, a longer-acting PDE inhibitor, was evaluated in a random-
ized, placebo-controlled (PHIRST) study in 405 patients with PAH 
either treated with bosentan or not for 16 weeks. The primary end 
point was symptomatic improvement from baseline after 16 weeks. 
Tadalafil, 40 mg, was well tolerated and improved quality of life and 
time to clinical deterioration. Patients who were not receiving bosen-
tan fared better.247

Sildenafil and tadalafil are both indicated for use in patients with 
mild to moderately severe symptoms (World Health Organization 
Class II or III); in patients with severe (Class IV) symptoms, intrave-
nous epoprostenol or treprostinil is preferred. Combination therapy 
is an attractive option considering the availability of medications 
with different mechanisms of action. The goal of combination ther-
apy should be to maximize efficacy, whereas reducing side effects. 
Despite all the advances in the medical treatment for PAH, invasive 
therapies are still a valid option for patients who are refractory to 
medical treatments with worsening right-heart  failure leading to poor 
quality of life. It is in these patients, as well as in CTEPH patients, 
that interventional and surgical therapeutic options should be con-
sidered, including atrial septostomy and lung or combined heart and 
lung transplantation, or PTE as the treatment of choice. With the 
latest advances in cardiac surgery in patients with severe refractory 
right-heart failure, left and biventricular assist devices have proved 
effective and are other viable options for these patients.

A prothrombotic state, with increased levels of tissue plasminogen 
activator inhibitor-1 and decreased tissue factor pathway inhibitor, has 
been well documented in those with primary PAH.248 Consequently, 
anticoagulation is recommended to prolong survival.249

Anesthetic management of individuals with PAH  undergoing car-
diac or general surgery is challenging because perioperative increases 
in PVR readily occur and may provoke right-sided heart failure, result-
ing in death. The tolerance of the right ventricle is a major concern. 
Anesthetic consideration in PAH patients is discussed in detail in the 
PTE section of this chapter. In general, intravenous anesthetics have less 
effect on hypoxic pulmonary vasoconstriction, PVR, and oxygenation 
than do volatile agents.250 Nitrous oxide has been reported to increase 
PVR, but it is not contraindicated in these patients.250 Isoflurane may 
be beneficial by decreasing PAP and has been frequently used during 
noncardiac procedures. Fentanyl may be given as an adjunct or a pri-
mary anesthetic agent in these patients because it causes little myocar-
dial depression and excellent circulatory stability.

Successful management of RV failure is an important aspect of 
PAH and requires a great deal of attention. Treatment of RV failure 
has focused on optimizing ventricular preload, vasodilators, vaso-
constrictors, inotropic support, balance between oxygen supply and 
demand, maintenance of normal AV conduction, and mechanical 
assist devices. However, the selection of the most appropriate treat-
ment option depends largely on RV afterload and contractility of the 
right ventricle. In cases where PVR and RV function are normal, vol-
ume expansion is appropriate, though there are conflicting results 
from several clinical studies that report variable responses to volume 
challenge.251–254 Moreover, volume expansion is limited by the peri-
cardium to a ventricular filling pressure of approximately 12 mm Hg, 
and any further expansion has been shown to distort the IVS, lead-
ing to a reduction in both LV compliance and output.251 In these  
circumstances, inotropic support is more favorable and required to 
maintain compliance of both ventricles. Dobutamine is the preferred 

inotropic agent that has the least deleterious effects on afterload, 
arrhythmias, and oxygen consumption. Dell'Italia253 et al demon-
strated that volume loading by itself did not improve CO; however, 
dobutamine administration following appropriate volume loading 
considerably improved CO and RV ejection fraction even more than 
nitroprusside. In patients with severe hypotension, agents with pres-
sor effects (such as dopamine) are a better choice to maintain adequate 
coronary perfusion pressure. Laver255 demonstrated the ability of vaso-
pressor therapy with phenylephrine to maintain RV perfusion pressure 
by increasing aortic diastolic pressure while treating RV failure. The 
“inodilator” agents such as milrinone and isoproterenol both have pos-
itive inotropy and pulmonary vasodilatation effects, which are ideal for 
treatment of patients with increased RV afterload. One potential prob-
lem with the use of intravenous vasodilator agents is that their effects 
are not limited to the pulmonary circulation and, because of the unde-
sirable effect of systemic hypotension, can have a deleterious effect on 
the RV perfusion pressure256 (see Chapters 10, 27, 32, and 34).

Inhaled NO, a selective pulmonary vasodilator, has been shown to 
significantly increase CO and stroke volume by decreasing PVR without 
exerting any systemic effects.257 Palmer et al258 proved that the endothe-
lium relaxing factor that Furchgott and Zawadzki259 proposed was, in 
fact, NO, which is produced by the vascular endothelium and acts on 
vascular smooth muscle, causing vasodilatation. NO is synthesized 
from the terminal guanidine nitrogen of l-arginine by NO synthetase 
in endothelial cells. NO exists in gaseous form and is rapidly inactivated 
by the heme component of hemoglobin. Once it is inhaled through the 
lungs, NO rapidly diffuses across the alveolar-capillary membrane to 
exert its relaxing effect by stimulating the production of cGMP. Once in 
the blood vessel lumen, it immediately binds to  hemoglobin and is inac-
tivated. Once bound to hemoglobin, it is converted to nitrosyl hemo-
globin, then methemoglobin, which is then converted to nitrates and 
nitrites by methemoglobin reductase in the erythrocytes.260 Therefore, 
NO has a relatively short half-life of less than 1 minute and regional 
vasodilatory effects. Inhaled NO in humans was first reported in adult 
patients with primary PAH.261 Pepke-Zaba et al showed that 40 parts 
per million (ppm) NO in air given to eight patients with primary PAH 
decreased PVR significantly with no effect on SVR. Because NO selec-
tively decreases RV afterload and improves RV function, with no effect 
in the systemic circulation, it offers particular advantage in cardiac sur-
gical patients with PAH. Fullerton et al262 demonstrated that inhalation 
of NO (20 and 40 ppm) in patients undergoing CABG produced a sig-
nificant reduction in PAP and PVR; moreover, there was no difference 
in the vasodilatory effect achieved between 40 and 20 ppm.

Case 1*
Pulmonary Thromboendarterectomy: Transesophageal 
Echocardiography, Right Atrial Thrombus
Framing
Patients with CTEPH often suffer from hypercoagulability and chronic 
thromboembolism with resultant PAH secondary to PE. Evidence of throm-
bosis may be found throughout the venous system, right heart, and 
pulmonary vasculature. Although the finding of right-heart thrombi peri-
operatively is uncommon, the implications may become evident during anes-
thetic induction, invasive catheter placement, and the surgical procedure.

Where is the thrombus located? What are the nature and mobility of 
the thrombus? Is dislodgement likely during induction of anesthesia, 
central catheter placement, or right-heart catheterization? Are there 
implications with CPB cannulation?

Data Collection
Preoperative data including TTE and cardiac catheterization may reveal 
imaging evidence of thrombus formation or indirect evidence such 
as difficulty with internal jugular vein cannulation. In patients with  
preoperative evidence of vena cava or right-heart thrombus  formation, 

*See Videos on the website.
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special consideration must be given to central catheter location and  
right-heart catheterization. Preprocedural TEE will assist with identifi-
cation of thrombus location, mobility, and likelihood of dislodgement. 
Typical fresh thrombus formation will appear as homogenous, round 
masses that may be adherent to native cardiac structures or intracardiac 
devices such as pacemaker leads (Figure 24-28A, B). Chronic thrombus 
may be flatter and laminated in nature. Indirect clues to thrombus forma-
tion include dilated right atrium and right ventricle, intracardiac devices, 
or the presence of spontaneous echo contrast. CTEPH patients may exhibit 
thrombus throughout the venous circulation, therefore demanding a full 
examination of the right heart inclusive of vena cava, right atrium, RA 
appendage, right ventricle, and PAs (see Figure 24-28C). Therefore, the 
midesophageal four-chamber, midesophageal ascending aortic short-axis, 
RV inflow-outflow, and bicaval views are essential in such patients.

Discussion
A feared complication of venous or intracardiac thrombus formation 
is dislodgement and embolization resulting in tricuspid valve obstruc-
tion (RV inflow) and/or main PA obstruction (saddle embolism) with 
resultant cardiovascular collapse. Consideration must be given to para-
doxical emboli through a PFO because of the increased RA pressures in 
CTEPH and resultant opening of a probe PFO.

Identification and knowledge of thrombus formation before surgery 
assist with anesthetic and surgical planning. Routine intraoperative 
right-heart catheterization is utilized during PTE to monitor RV func-
tion, PAPs, and surgical results. Precentral venous catheter TEE probe 
placement may aid in detection of thrombus, resulting in  TEE-guided 

catheterization or simply deferred placement until thrombectomy  
occurs. Often, CTEPH patients have Jamieson type I disease with large 
PA thrombus formation in the right or left PAs, which do not necessar-
ily preclude central venous and PA catheterization. Care must be taken 
when advancing the PA catheter after the PA tracing is  identified. Again, 
preprocedural TEE may provide guidance. More proximal throm-
bus formation may lead to dislodgement and right-heart obstruction; 
therefore, careful consideration of risks and benefits of right-heart 
catheterization is necessary.

Typical CPB venous cannulation for PTE includes bicaval cannulation 
for blood evacuation of the right heart. Identification of SVC or infe-
rior vena cava thrombus may alter the surgical approach to cannulation; 
therefore, a thorough discussion of findings with the surgical and perfu-
sion teams is essential. Right atrial and ventricular thrombus formation 
dictates minimal cardiac manipulation before commencing CPB.

Case 2
Pulmonary Thromboendarterectomy: Transesophageal 
Echocardiography, Patent Foramen Ovale
Framing
An estimated 25% of the adult population exhibits a probe patient PFO. 
Secondary to increased RA pressures, a PFO present in CTEPH patients 
may be complicated by hypoxia from right-to-left shunting, as well as 
paradoxical emboli. Identification perioperatively is imperative in surgi-
cal planning to reduce the risk for hypoxia and systemic embolization.

A B RA mass

TV

C

Figure 24-28 Thrombus formation in a patient with chronic thromboembolic pulmonary hypertension (CTEPH). A 57-year-old man with CTEPH, 
hypertension, and poor exercise tolerance was scheduled for pulmonary thromboendarterectomy (PTE). Preoperative transthoracic echocardiogra-
phy (TTE) demonstrated right atrial and pulmonary artery thrombi. After induction of anesthesia, the TEE probe was placed to further define the 
location and mobility of various thrombi. A, A slightly right-rotated midesophageal four-chamber view demonstrated a severely enlarged right atrium 
(RA), spontaneous echo contrast, and a 3 × 4 cm homogenous-appearing, round, mobile mass. B, Three-dimensional reconstruction demonstrated its 
relation to the tricuspid valve (TV). C, The midesophageal ascending aortic short-axis view demonstrated flat, laminated-appearing thrombus in the 
right pulmonary artery (PA). A central line sheath was placed using continuous TEE monitoring of the guidewire. The PA catheter was placed after a 
successful PTE and thrombectomy through a right atriotomy. The application of TEE was critical in identifying thrombus location, guiding invasive line 
placement, and altering management strategies.



 24 Pulmonary Thromboendarterectomy for Chronic Thromboembolic Pulmonary Hypertension 785

Does the patient have a history suggestive of systemic embolization 
(i.e., stroke or transient ischemic attack)? Does the patient have a PFO? 
What is the size of the PFO? What is the degree of intracardiac shunt-
ing of blood flow? What is the degree of RV dysfunction and PAH?

Data Collection
A careful history for transient ischemic attacks, strokes, or unex-
plained hypoxia raises suspicion for the existence of a PFO. The basis 
of PFO detection consists of 2D echo, color-flow Doppler, and contrast 
echocardiography in midesophageal views (Figure 24-29A, B). CTEPH 
patients often have greater RA than LA pressures; however, Valsalva 
maneuvers to increase RA pressures relative to LA pressure during con-
trast injection may increase the sensitivity of detection.

Discussion
Patients with CTEPH often exhibit multiple risk factors for paradoxical 
embolism such as recurrent thromboembolism despite anticoagula-
tion, RV dysfunction, residual PAH after surgery, or previous paradox-
ical embolism. In fact, a PFO is detected in 25% to 35% of patients 
undergoing PTE. The surgical procedure typically involves CPB with 
bicaval cannulation and DHCA. Therefore, the addition of surgical 
PFO closure via right atriotomy does not change the circulatory man-
agement or significantly alter the length of CPB.

Case 3
Pulmonary Thromboendarterectomy: Transesophageal 
Echocardiography, Right Ventricular Dysfunction
Framing
Patients with CTEPH often present with New York Heart Association 
Class III or IV cardiac impairment and evidence of RV failure (i.e., 
 jugular venous distention, hepatomegaly, peripheral edema). Induction 

of anesthesia and maintenance of anesthesia in the prebypass period 
may be complicated by profound hemodynamic instability, requiring 
pharmacologic therapy, and rapid institution of CPB. Identification 
of the cause of hemodynamic instability, with attention to RV func-
tion, is imperative in the proper treatment of such patients. CTEPH 
patients extend across a large age range, and coexisting diseases such 
as coronary insufficiency or valvular disease also may be present.

What is the severity of the RV dysfunction? Is there evidence of para-
doxical septal motion? RV pressure or volume overload? Is there  evidence 
of increased RA pressure? D  oes the patient have TR? What is the severity 
of the right ventricle? What is the estimated PAP? Is there coexisting LV 
or valvular disease? What is the response to pharmacologic therapy?

Data Collection
Preoperative workup including symptomatology, vital signs, cardiac 
catheterization, and TTE may provide an impression of baseline RV 
function before anesthetic induction. TEE has a category I indication 
in the setting of hemodynamic instability and, therefore, plays a key 
role in identifying the cause of instability. In addition to an abbreviated, 
focused examination on all cardiac structures, particular attention to 
the right heart in CTEPH patients is imperative. Transgastric midpap-
illary short-axis view allows a view of LV size, as well as the presence 
of paradoxical septal motion (RV pressure vs. volume overload). The 
midesophageal four-chamber view allows assessments of RV dilation 
and RVH, RA size, and tricuspid valve function. Particular to this view, 
TAPSE allows a quantifiable assessment of RV function. Lastly, the RV 
inflow-outflow view allows assessments of RV free wall function and 
right-sided valvular function, as well as parallel alignment with TR jets 
for PAP estimation (Figure 24-30).

Discussion
Patients with CTEPH have fixed PVR because of the proximal nature 
of the disease in the pulmonary vascular tree. However, they may still  

A
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Figure 24-29 Patent foramen ovale (PFO) in a patient with chronic thromboembolic pulmonary hypertension (CTEPH). A 39-year-old woman 
with history of CTEPH scheduled for pulmonary thromboendarterectomy (PTE). The patient denied history of transient ischemic attacks or stroke; 
preoperative TTE did not demonstrate a PFO. After induction of anesthesia, the TEE probe was inserted for routine monitoring, which includes evalu-
ation for PFO in CTEPH patients. A, A zoomed perspective of the midesophageal RV inflow-outflow view demonstrated the appearance of a PFO. 
B and C, Application of color-flow Doppler confirmed transseptal flow, also demonstrated in a modified bicaval view. D, Lastly, an agitated saline 
study confirmed transseptal flow. The patient underwent successful PTE and PFO closure via right atriotomy. TEE played a critical role in the identifi-
cation of a PFO, altering surgical management and potentially reducing future paradoxical embolic risk. AV, aortic valve.
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demonstrate increases in PVR in response to hypoxia, hypercarbia, 
 acidosis, pain, or anxiety. PVRs in excess of 1000 dynes.sec.cm−5 are asso-
ciated with impending decompensation. Therefore, such exacerbating 
factors should be avoided during induction of anesthesia and prebypass 
maintenance of anesthesia. In response to chronically increased PVR, 
the right ventricle both dilates and hypertrophies, taking on a coronary 
perfusion pattern similar to the LV (primarily during diastole). With an 
increased RV end-diastolic pressure in the failing right heart, declines 
in systemic blood pressure result in decreased coronary perfusion pres-
sure and are poorly tolerated. Phenylephrine often is used to maintain 
 systemic blood pressure and, therefore, coronary perfusion pressure.

A decreased CO often is evidenced on preoperative TTE and 
right-heart catheterization. Identification of increased RV end-
 diastolic pressure (> 14 mm) and severe TR (typically from annu-
lar dilation) also are indicative of impending decompensation. 
The intraoperative TEE often corroborates this information, in 
which a decreased TAPSE (< 2.5 cm), paradoxical septal motion, 
an  underfilled LV, and shifted interatrial septum (indicative of RA 
pressure greater than LA pressure) are observed in patients with 
poor RV function and decreased CO. Inotropic support, such as 
dopamine or epinephrine, commonly is used before the induction 
of anesthesia.

A B

C D

Figure 24-30 Right ventricular dysfunction in a patient with chronic thromboembolic pulmonary hypertension (CTEPH). A 49-year-old woman 
with a medical history of CTEPH and stroke was admitted to the intensive care unit (ICU) for worsening cardiac function and hypoxia (89% on 10 L 
oxygen by face mask), and scheduled for pulmonary thromboendarterectomy (PTE). During induction of anesthesia, the patient exhibited marked 
hemodynamic instability prompting rapid median sternotomy and initiation of cardiopulmonary bypass (CPB). A, An abbreviated transesopha-
geal echocardiography (TEE) examination revealed a transgastric midpapillary short-axis view with significant right ventricular dilation, paradoxical 
 septal motion, and an underfilled left ventricle. B, Midesophageal views were difficult to obtain secondary to significant RA and RV enlargement. 
C, Transgastric RV inflow view demonstrated significant tricuspid regurgitation because of annular dilatation. D, Lastly, the midesophageal ascending 
aortic short-axis view confirmed near-complete occlusion of the right pulmonary artery. After a successful bilateral PTE and PFO closure, the patient 
had improved RV function after discontinuing CPB. The application of TEE was critical in identifying the cause of hemodynamic instability, directing 
inotropic therapy, and prompting the rapid institution of CPB.
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Battery-operated, implantable pacing devices were first introduced in 
1958, just 4 years after the invention of the transistor. The complex-
ity, calculation, and data storage abilities of these devices have grown 
in a manner similar to that seen within the computer industry. The 
natural progression of pacemaker developments led to the invention of 
the implantable cardioverter-defibrillator (ICD) around 1980. As this 
technology has advanced, the lines between these devices have become 
less clear. For example, every ICD currently implanted has antibrady-
cardia pacing capability; and patients, news media, and even physicians 
often misidentify an implanted defibrillator as a pacemaker. The con-
sequence of mistaking an ICD for a conventional pacemaker can lead 
to patient harm, either because of electromagnetic interference (EMI) 
issues resulting in inappropriate ICD therapy, or the unintentional 
disabling of ICD therapies in some ICDs that can be permanently 
disabled by magnet placement.1 Figure 25-1 shows a three-lead defi-
brillation system and identifies the right ventricular (RV) shock coil, 
which  differentiates an ICD system from a conventional pacemaking 
system. The complexity of cardiac pulse generators and the multitude 
of programmable parameters limit the number of sweeping generaliza-
tions that can be made about the perioperative care of the patient with 
an implanted pulse generator. Population aging, continued enhance-
ments in implantable technology, and new indications for implantation 
will lead to growing numbers of patients with these devices in the new 
millennium. Both the American College of Cardiology and the North 
American Society for Pacing and Electrophysiology/The Heart Rhythm 
Society (HRS-NASPE)* have taken note of these issues, and guidelines 
have been published regarding the care of the perioperative patient 
with a device.2,3 Pinski and Trohman4,5 also have reviewed this subject, 

KEY POINTS

Preoperative Key Points
 1. Identify the manufacturer and model of the 

generator.
 2. Have the pacemaker or defibrillator 

interrogated by a competent authority shortly 
before the procedure.

 3. Obtain a copy of this interrogation. Ensure that 
the device will appropriately pace the heart.

 4. Consider replacing any device near its elective 
replacement period in a patient scheduled to 
undergo either a major operation or surgery 
within 25 cm of the generator.

 5. Determine the patient's underlying rate, 
rhythm, and pacing dependency to determine 
the need for backup pacing support.

 6. If magnet use is planned, ensure that a magnet 
mode exists; for pacemakers, verify the magnet 
rate and pacing mode.

 7. Consider programming minute ventilation and 
other rate responsiveness features off, if present.

 8. Consider programming rate enhancements off, 
if present.

 9. Consider increasing the pacing rate to optimize 
oxygen delivery to tissues for major operations.

 10. Disable antitachycardia therapy, if present, if 
electromagnetic interference is likely, or if a central 
venous catheter guidewire will be placed into the 
chest. Although a magnet might work, magnet 
therapy has been associated with inappropriate 
implantable cardioverter-defibrillator (ICD) discharge.

Intraoperative Key Points
 1. Monitor cardiac rhythm/peripheral pulse with 

pulse oximeter (plethysmography) or arterial 
waveform.

 2. Disable the “artifact filter” on the 
electrocardiograph monitor.

 3. Avoid use of the monopolar electrosurgical unit 
(ESU), or limit ESU bursts to less than 5 seconds.

 4. Use bipolar ESU if possible; if not possible, 
then pure cut (monopolar ESU) is better than 
“blend” or “coag.”

 5. Place the ESU current return pad in such a 
way to prevent electricity from crossing the 
generator-heart circuit, even if the pad must 
be placed on the distal forearm and the wire 
covered with sterile drape.

 6. If the ESU causes ventricular oversensing and 
pacer quiescence, limit the period(s) of asystole.

 7. Temporary pacing might be necessary, and 
consideration should be given to the possibility 
of pacemaker or defibrillator failure.

 8. Consider avoiding sevoflurane, isoflurane, or 
desflurane in the patient with long QT syndrome.

Postoperative Key Points
 1. Have the device interrogated by a competent 

authority after surgery. Some rate enhancements 
can be reinitiated, and optimum heart rate 
and pacing parameters should be determined. 
The ICD patient must be monitored until the 
antitachycardia therapy is restored.

*The North American Society of Pacing and Electrophysiology changed their name 
in 2004 to the Heart Rhythm Society. The abbreviation HRS-NASPE is used in this 
chapter to avoid confusion.
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and they have published similar recommendations. Additional reviews 
have been published, and the American Society of Anesthesiologists 
has issued a practice advisory.6–8

PACEMAKERS
Since 1958, more than 26 companies have produced more than 2000 
pacemaker models. Determining the actual number of implants and 
prevalence of devices is difficult. A variety of economic and market 
reports suggest that more than 300,000 adults and children in the 
United States underwent pacemaker placement (new or revision) 
in 2009. It is likely that more than 3 million patients have pacemak-
ers today. Many factors lead to confusion regarding the behavior of a 

device and the perioperative care of a patient with a device, especially 
because case reports, textbooks, and literature reviews have not kept 
pace with technologic developments, and many of these reviews con-
tain incorrect statements.9,10 In addition, sometimes the preoperative 
consultation process leads to improper advice as well.11 Most patients 
with a pacemaker have significant comorbid disease. The care of these 
patients requires attention to both their medical and psychological 
problems. In addition, an understanding of pulse generators and their 
likely idiosyncrasies in the operating or procedure room is needed. 
Whether the patient with a pacemaker is at increased perioperative risk 
remains unknown, but two reports suggest that these patients deserve 
extra perioperative attention. In 1995, Badrinath et al12 retrospectively 
reviewed ophthalmic surgery cases in one hospital in Madras, India, 
from 1979 through 1988 (14,787 cases), and wrote that the presence of 
a pacemaker significantly increased the probability of a mortal event 
within 6 weeks after surgery, regardless of the anesthetic technique. In 
2007, Pili-Floury et al13 reported a prospective study of 65 consecutive 
patients undergoing any anesthetic for any invasive noncardiac proce-
dure unrelated to their device; they found seven (11%) postoperative 
myocardial infarctions, two (3%) patients experienced development of 
left ventricular failure, and two (3%) patients died of cardiac causes 
during their hospitalization.

No discussion of pacemakers can take place without an understanding 
of the generic pacemaker code (NBG; Table 25-1), which has been pub-
lished by the North American Society of Pacing and Electrophysiology 
(HRS-NASPE) and British Pacing and Electrophysiology Group. This 
code, initially published in 1983, was revised in 2002.14 The code 
describes the basic behavior of the pacing device. Pacemakers also come 
with a variety of terms generally unfamiliar to the anesthesiologist, 
many of which are shown in the Glossary at the end of this chapter.

Pacemaker Indications
Indications for permanent pacing are shown in Box 25-1 and are 
reviewed in detail elsewhere.15 Devices have also been approved by the 
U.S. Food and Drug Administration (FDA) for three-chamber pac-
ing (right atrium, both ventricles) to treat dilated cardiomyopathy 
(DCM16,17; also called biventricular pacing [BiV] or cardiac resynchroni-
zation therapy [CRT]). Also, specially programmed devices are used to 
treat hypertrophic obstructive cardiomyopathy in both adults and chil-
dren.18,19 BiV and hypertrophic obstructive cardiomyopathy indications 
require careful attention to pacemaker programming because effective 
pacing in these patients often requires a pacing rate greater than native 
sinus or junctional escape rate (often accomplished with drugs) and 
an atrioventricular delay shorter than the native P-R interval so that 

SVC shock coil

RA pacing
electrodes

RV shock coil

CS (LV)
pacing
electrode

RV pacing electrode

Figure 25-1 A defibrillator system with biventricular (BiV) antibra-
dycardia pacemaker capability. Note that three leads are placed: 
a conventional bipolar lead to the right atrium (RA), a tripolar lead to 
the right ventricle (RV), and a unipolar lead to the coronary sinus (CS). 
This system is designed to provide “resynchronization (antibradycardia) 
therapy” in the setting of a dilated cardiomyopathy with a prolonged 
QRS (and frequently with a prolonged P-R interval as well). The bipo-
lar lead in the right atrium will perform both sensing and pacing func-
tion. In the RV, the tip electrode functions as the cathode for pacing and 
sensing functions. The presence of a “shock” conductor (termed shock 
coil ) on the RV lead in the RV distinguishes a defibrillation system from a 
conventional pacemaking system. In this particular patient, the RV shock 
coil also functions as the pacing and sensing anode (this is called an 
integrated bipolar defibrillator lead; true bipolar leads have a ring elec-
trode between the tip electrode and the shock coil). The lead in the CS 
depolarizes the left ventricle, and the typical current pathway includes 
the anode in the RV. Because of the typically wide QRS complex in a left 
bundle branch pattern, failure to capture the left ventricle can lead to 
ventricular oversensing (and inappropriate antitachycardia therapy) in 
an implanted cardioverter-defibrillator (ICD) system. Many defibrillation 
systems also have a shock coil in the superior vena cava (SVC), which is 
electrically identical to the defibrillator case (called the can). When the 
defibrillation circuit includes the ICD case, it is called active can configu-
ration. Incidental findings on this chest radiograph include the presence 
of sternal wires from prior sternotomy, as well as the lung cancer seen in 
the right upper lobe.

BOX 25-1. PACEMAKER INDICATIONS

Symptomatic sinus node disease
Symptomatic atrioventricular node disease
Long QT syndrome
Hypertrophic obstructive cardiomyopathy*
Dilated cardiomyopathy*

*See text and Pacemaker Programming for special precautions.

North American Society of Pacing and Electrophysiology/British Pacing and Electrophysiology Group Revised (2002) Generic 
Pacemaker Code (NBG)

Position I Position II Position III Position IV Position V

Pacing Chamber(s) Sensing Chamber(s) Response(s) to Sensing Programmability Multisite Pacing
O = None O = None O = None O = None O = None
A = Atrium A = Atrium I = Inhibited R = Rate Modulation A = Atrium
V = Ventricle V = Ventricle T = Triggered V = Ventricle
D = Dual (A+V) D = Dual (A+V) D = Dual (T+I) D = Dual (A+V)

TABLE  
25-1
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the ventricle is paced 100% of the time.20 Inhibition or loss of pacing 
(i.e., from native conduction, atrial irregularity, ventricular irregular-
ity, development of junctional rhythm, or EMI) can lead to deteriorat-
ing hemodynamics in these patients. BiV can lengthen the Q-T interval 
in some patients, producing torsade de pointes.21 Multisite atrial pacing 
to prevent or treat atrial arrhythmias remains in clinical trial.22,23

Pacemaker Magnets
Despite oft-repeated folklore, most pacemaker manufacturers warn 
that magnets were never intended to treat pacemaker emergencies or 
prevent EMI effects. Rather, magnet-activated switches, both electronic 
(Hall-effect sensor) and mechanical (reed switch), were incorporated to 
produce pacing behavior that demonstrates remaining battery life and, 
sometimes, pacing threshold safety factors. Newer pacemakers provide 
telephonic data “uplinks” that are routed directly to the patient's pace-
maker physician.

Placement of a magnet over a generator might produce no change 
in pacing because not all pacemakers switch to a continuous asynchro-
nous mode when a magnet is placed. Also, not all models from a given 
company behave the same way. Although more than 90% of pacemak-
ers have “high-rate (80 to 100 beats/min)” asynchronous pacing with 
magnet application, some switch to asynchronous pacing at program 
rate, and some respond with only a brief (60 to 100 beats) asynchro-
nous pacing event. Possible effect(s) of magnet placement are shown in 
Box 25-2.24–26 In many devices, magnet behavior can be altered via pro-
gramming. Also, any pacemaker from Boston Scientific (Natick, MA)* 
will ignore magnet placement after any electrical reset, which is a possi-
bility in the presence of strong EMI. Appendix 25-1 lists pacemakers by 
manufacturers and has a complete listing of all magnet behaviors.

For all generators, calling the manufacturer remains the most reli-
able method for determining magnet response and using this response 
to predict remaining battery life. A list of telephone numbers is shown 
in Appendix 25-2 at the end of this chapter.

For generators with programmable magnet behavior (Biotronik 
[Berlin, Germany; US Headquarters: Lake Oswego, OR], Boston 
Scientific, and St. Jude Medical [Syl Mar, CA]), only an interrogation 
with a programmer can reveal current settings. Most manufacturers 
publish a reference guide, although not all of these guides list all mag-
net idiosyncrasies.

Preanesthetic Evaluation and Pacemaker 
Reprogramming
Preoperative management of the patient with a pacemaker includes 
evaluation and optimization of coexisting disease(s). No special lab-
oratory tests or radiographs (chest films are remarkably insensitive 
for determination of lead problems) are needed for the patient with a 
pacemaker. Such testing should be dictated by the patient's underlying 
disease(s), medication(s), and planned intervention. For programma-
ble devices, interrogation with a programmer remains the only reli-
able method for evaluating lead performance and obtaining  current 
 program information. A chest film might be useful to document the 
position of the coronary sinus lead in a patient with a BiV pacemaker or 
defibrillator, especially if central venous catheter placement is planned, 
because spontaneous coronary sinus lead dislodgement was found in 
more than 11% of patients in early studies.27,28 A chest radiograph is 
certainly indicated for the patient with a device problem discovered 
during his or her pacemaker evaluation.

The prudent anesthesiologist will review the patient's pacemaker 
history and follow-up schedule. Under the name NASPE, the HRS has 
published a consensus statement suggesting that pacemakers should be 
evaluated routinely with telephone checks for battery condition at least 
every 3 months. NASPE also recommends a comprehensive evaluation 
(interrogation) at least once per year. There are additional checks for 
devices implanted fewer than 6 or greater than 48 (dual chamber) or 
72 (single chamber) months.29 In abstract form, Rozner et al30 reported 
a two-year retrospective review of follow-up intervals in patients who 
presented for an anesthetic, finding that more than 32% of 172 patients 
presenting for an anesthetic at their hospital did not meet the HRS-
NASPE guideline for comprehensive evaluation. They also reported 
that 5% of the patients presented for their anesthetic with a pace-
maker in need of replacement for battery depletion, and nearly 10% 
of patients had less than optimal pacing settings.30 Note that a recent 
preoperative interrogation remains a part of the American College of 
Cardiology guidelines.2

Important features of the preanesthetic device evaluation are 
shown in Box 25-3. Determining pacing dependency might require 
temporary reprogramming to a VVI mode with a low rate. In patients 
from countries where pacemakers might be reused,31,32 battery perfor-
mance might not be related to length of implantation in the current 
patient. Clinicians also should note that in a registry of 345 pace-
maker generator failures, 7% of failures were not related to battery 
depletion.33

BOX 25-2. PACEMAKER MAGNET BEHAVIOR

Asynchronous pacing without rate responsiveness using 
parameters possibly not in patient's best interest—this is the 
most common behavior, although pacemakers manufactured 
by Biotronik, Boston Scientific, and St. Jude Medical have 
programmable magnet behavior

Unexpected behavior (e.g., VOO in Medtronic or VDD in Biotronik 
dual-chamber pacemaker) suggests elective replacement has 
been reached and the pacemaker should be interrogated 
promptly

No apparent rhythm or rate change
Magnet mode disabled permanently by programming (possible 

with Biotronik, Boston Scientific, St. Jude Medical) or temporarily 
suspended (see Medtronic)

Program rate pacing in already paced patient (many older 
pacemakers)

Improper monitor settings with pacing near the current heart rate 
(pace filter on)

No magnet sensor (some pre-1985 Cordis, Telectronics models)
Brief (10–100 beats) asynchronous pacing, then return to program 

values (most Biotronik and Intermedics pacemakers)
Continuous or transient loss of pacing
Discharged battery (some pre-1990 devices)
Pacer enters diagnostic “Threshold Test Mode” (some Intermedics, 

Medtronic, St. Jude Medical devices, depending on model and 
programming)

Also see Appendix 25-1.

BOX 25-3. PREANESTHETIC PULSE GENERATOR 
(PACEMAKER, IMPLANTED CARDIOVERTER-
DEFIBRILLATOR) EVALUATION

Determining the indication for and date of initial device placement
Identifying the number and types of leads
Determining the last generator test date and battery status
Obtaining a history of generator events (if any)
Obtaining the current program information (device interrogation)
Ensuring that generator discharges become mechanical systoles 

with adequate safety margins
Ensuring that magnet detection is enabled
Determining whether the pacing mode should be reprogrammed*Boston Scientific purchased the Guidant Medical Corporation in 2005, thus becom-

ing the owner of the Guidant and CPI trademarks.
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Appropriate reprogramming (Box 25-4) might be the safest way to 
avoid intraoperative problems, especially if monopolar “Bovie” electro-
cautery will be used. For lithotripsy, consideration should be given to 
programming the pacing function from an atrial-paced mode, as some 
lithotriptors are designed to fire on the R wave, and the atrial pacing 
stimulus could be misinterpreted as the contraction of the ventricle.34

Most cardiac rhythm management device manufacturers stand 
ready to assist with this task (see Appendix 25-2 for company tele-
phone numbers). Reprogramming a pacemaker to asynchronous pac-
ing at a rate greater than the patient's underlying rate usually ensures 
that no oversensing or undersensing during EMI will take place, thus 
 protecting the patient. Reprogramming a device will not protect it from 
internal damage or reset caused by EMI.

Experts do not agree on the appropriate reprogramming for the 
 pacing-dependent patient. Setting a device to asynchronous mode to 
prevent inappropriate oversensing and ventricular output suppression 
can cause the pacemaker to ignore premature atrial or ventricular systo-
les, which could have the potential to create a malignant rhythm in the 
patient with significant structural compromise of the myocardium.35 
Reviews by Stone and McPherson,7 as well as Rozner,36 and several case 
reports37,38 demonstrate inappropriate R-on-T pacing with the develop-
ment of a malignant ventricular rhythm. Hayes and Strathmore39 sug-
gest the VVT mode for the pacing-dependent patient because EMI will 
generally increase the pacing rate rather than inhibit the pacing out-
put. However, they do not consider the upper pacing rate for this mode. 
Although some pacemakers limit VVT pacing rates to the maximum 
tracking rate (i.e., Boston Scientific), others will pace to the lower of 
the runaway pacing rate (typically around 200 beats/min) or the min-
imum V-V interval defined by the ventricular refractory period (i.e., 
Medtronic Corporation, Minneapolis, MN), which is typically 200 mil-
liseconds (representing 300 beats/min). There are two other caveats for 
this mode: for the patient with a dual-chamber device and in need of 
atrioventricular synchrony to sustain cardiac output, hemodynamics 
might be compromised during VVT operation because ventricular pac-
ing will take place without regard to atrial activity. In addition, in the 
VVT mode without rate-smoothing enabled, considerable increases 
and decreases in paced rate could result during EMI. If VVT reprogram-
ming is to be considered, the manufacturer should be contacted regard-
ing programming for the upper rate.

In general, rate responsiveness and other “enhancements” (hysteresis, 
sleep rate, atrioventricular search, etc.) should be disabled by program-
ming because many of these can mimic pacing system malfunction 
(see Figure 25-2).40–42 Note that for many CPI Boston Scientific devices, 
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Figure 25-2 A, The search feature “managed ventricular pacing” mimics pacing system malfunction. This is a patient with a sinus rate of 50 and a 
native PR interval of nearly 500 milliseconds. Her Medtronic pacing device was set to AAIR-DDDR (called managed ventricular pacing [MVP]), which 
does not pace the ventricle in response to an atrial event until a native QRS is not conducted (dropped). The next atrial event will be followed by an 
immediate (60-millisecond) paced QRS. Two such events (marked X) are shown after the third and seventh P waves. The subsequent paced QRS mor-
phology axis is nearly orthogonal to the sensing axis, which is labeled (but might not actually be) lead 2, depending on the placement of the actual 
leads. MVP does not permit two consecutive dropped QRS events, and if two of any four QRS events are dropped, the pacing device paces in DDD 
mode for at least 1 minute before resuming MVP. However, because oversensing from monopolar electrosurgery can convince a pacing device that 
ventricular systoles are present, a patient with atrioventricular nodal disease undergoing surgery with monopolar electrosurgery could demonstrate 
many dropped QRS events. B, The feature “search hysteresis” mimics pacemaker malfunction. This patient has a single-chamber VVI pacemaker set 
to a lower rate of 70/min. It was placed for complete atrioventricular block. This programmable feature causes the pacemaker to delay pacing every 
256th event for 1400 milliseconds (equal to a rate of 50/min). This delay in pacing is shown between the third and fourth QRS complexes. From top 
to bottom, the tracings are lead II, lead V5, the invasive arterial pressure, and the central venous pressure. Hysteresis (where the pacemaker delays 
pacing after an intrinsic event) and search hysteresis often confuse caregivers regarding pacemaker malfunction (called pseudomalfunction). This 
electrocardiographic tracing could also result from ventricular oversensing, usually related to the T wave.

BOX 25-4. PACEMAKER REPROGRAMMING 
PROBABLY NEEDED

Any rate-responsive device (problems are well-known,151,152 
problems have been misinterpreted with potential for patient 
injury,24,42,44,153 and the FDA has issued an alert regarding devices 
with minute ventilation sensors; see Box 25-5 for pacemakers 
with minute ventilation sensors49)

Special pacing indication (hypertrophic obstructive 
cardiomyopathy, dilated cardiomyopathy, pediatric patient)

Pacing-dependent patient
Major procedure in the chest or abdomen
Special procedures (see Box 25-6)
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the physician's manual recommends increasing the pacing voltage to 
“5 volts or higher” in any case in which the monopolar electrosurgi-
cal unit (ESU) will be used. In 1986, Levine et al43 noted an increase 
in the amount of energy required to pace the ventricle (i.e., a pacing 
threshold increase) in the setting of intrathoracic surgery and mono-
polar ESU use. Both Pili-Floury et al13 and Rozner et al30 have reported 
increases in atrial (Rozner only) and ventricular (both reports) pacing 
thresholds after operations involving pacemaker (but not ICD) cases 
in which the monopolar ESU was used, large volume and blood shifts 
were observed, or both. Although many of the operations were thoracic 
explorations, no pacing threshold changes were noted for these cases. 
No cardiopulmonary bypass cases were in these cohorts.

Special attention must be given to any device with a minute ven-
tilation (bioimpedance) sensor (Box 25-5), because inappropriate 
tachycardia has been observed secondary to mechanical ventilation,44,45 
monopolar “Bovie” ESU,44,46,47 and connection to an electrocardio-
graphic (ECG) monitor with respiratory rate monitoring.48,49

Intraoperative (or Procedure) 
Management
No special monitoring or anesthetic technique is required for the 
patient with a pacemaker. However, ECG monitoring of the patient 
must include the ability to detect pacemaker discharges. Often, noise 
filtering on the ECG monitor must be changed to permit demonstra-
tion of the pacemaker pulse, and devices such as a nerve stimulator can 
interfere with detection and display of the pacemaker pulses.50

In addition, patient monitoring must include the ability to ensure 
that myocardial electrical activity is converted to mechanical systoles. 
Mechanical systoles are best evaluated by pulse oximetry plethysmogra-
phy or arterial waveform display. Some patients might need an increased 
pacing rate during the perioperative period to meet an increased oxygen 
demand. A pulmonary artery catheter (PAC), an esophageal Doppler 
monitor, or a transesophageal echocardiogram can be used to evaluate 
pacing frequency and its relation to cardiac output. In addition to blood 
pressure and systemic vascular resistance, the monitoring of acid-base 
status might be needed to determine adequacy of cardiac output.

With respect to anesthetic technique, no studies have championed 
one over another. Nevertheless, a number of reports of prolongation 
of the QT interval with the use of isoflurane or sevoflurane have been 
published. Halothane appears to reduce this interval.51–55 No interac-
tions have been reported for enflurane or desflurane.

Monopolar “Bovie” electrocautery (ESU) use remains the principal 
intraoperative issue for the patient with a pacemaker. Between 1984 and 
1997, the FDA was notified of 456 adverse events with pulse generators, 
255 from electrocautery, and a “significant number” of device failures.56 
Monopolar ESU is more likely to cause problems than bipolar ESU, 
and patients with unipolar electrode configuration are more sensitive 
to EMI than those with bipolar configurations. Coagulation ESU will 
likely cause more problems than nonblended “cutting” ESU.57 Magnet 
placement during electrocautery might allow reprogramming of an 

older (pre-1990) generator; however, newer generators are relatively 
immune to such effects. In fact, most devices from Boston Scientific, 
as well as St. Jude, cannot be reprogrammed in the presence of a mag-
net. Note, however, that strong EMI can produce an electrical reset or 
a detection of battery depletion, which might change the programming 
mode or rate, or both. If monopolar electrocautery is to be used, then 
the current return pad should be placed to ensure that the electrocau-
tery current path does not cross the pacemaking system. For cases such 
as head and neck surgery, the pad might be best placed on the shoul-
der contralateral to the implanted device. For breast and axillary cases, 
the pad might need to be placed on the ipsilateral arm with the wire 
prepped into the field by sterile plastic cover. Procedures with special 
pacing ramifications are shown in Box 25-6.

The use of an ultrasonic cutting device, commonly called a harmonic 
scalpel, has been championed to prevent EMI while providing the surgeon 
with the ability to both cut and coagulate tissue. A number of case reports 
demonstrate successful surgery without EMI issues in these patients.58–61

At this time, MRI deserves special mention. In general, MRI has been 
contraindicated in pacemaker and ICD patients.62,63 However, a landmark 
article showing that MRI could be conducted safely in some patients has 
led to performance of MRI evaluations in these patients.64 Nevertheless, 
not all MRI sequences and energy levels have been studied, and judicious 
monitoring and caution are advised.65,66 Medtronic Corporation is testing 
a pacing generator and lead system called Enrhythm MRI SureScan (cur-
rent model is EMDR01), which has special programming modes and leads 
for MRI scanning.67 It is already approved in several European countries.

Pacemaker Failure
Pacemaker failure has three causes: (1) failure of capture, (2) lead failure, 
or (3) generator failure. Failure of capture because of a defect at the level 
of the myocardium (i.e., the generator continues to fire but no myocar-
dial depolarization takes place) remains the most difficult problem to 
treat. Myocardial changes that result in noncapture include myocardial 
ischemia/infarction, acid-base disturbance, electrolyte abnormalities, or 
abnormal levels of antiarrhythmic drug(s). Note that temporary pacing 
(transvenous, transcutaneous, transthoracic, or transesophageal) might 
inhibit pacemaker output at voltages that will not produce myocardial 
capture.68 Sympathomimetic drugs generally lower pacing threshold. 
Outright generator or lead failure is rare.

Temporary Pacemakers
Several techniques are available to the anesthesiologist to establish reli-
able temporary pacing during the perioperative period or in the inten-
sive care unit.69 Cardiovascular anesthesiologists are more likely than 

BOX 25-5. PACEMAKERS WITH MINUTE 
VENTILATION (BIOIMPEDANCE) SENSORS

Boston Scientific/Guidant/CPI—Pulsar, Pulsar Max I and II (1170, 
1171, 1172, 1180, 1181, 1270, 1272, 1280); Insignia Plus or Ultra 
(1190, 1194, 1290, 1291, 1297, 1298); Altrua 40 or 60 (S401, 
S402, S403, S404, S601, S602, S603, S606)

ELA Medical—Brio (212, 220, 222); Chorus RM (7034, 7134); Opus 
RM (4534); Reply DR (no number); Rhapsody (D2410 [outside 
United States only], DR2530); Symphony (DR2550); Talent (113, 
133, 213, 223, 233 )

Medtronic—Kappa 400 series (KDR401, KDR403, KSR401, KSR403)
Telectronics/St. Jude—Meta (1202, 1204, 1206, 1230, 1250, 1254, 

1256); Tempo (1102, 1902, 2102, 2902)

BOX 25-6. SPECIAL PROCEDURES IN PATIENTS 
WITH IMPLANTABLE GENERATORS

Lithotripsy—acceptable with precautions to protect the generator 
and, possibly, programming out of an atrial pacing mode34

TUR and uterine hysteroscopy—procedures using monopolar 
electrocautery that can be easily accomplished after device 
reprogramming

Magnetic resonance imaging (MRI)—absolutely contraindicated by 
most generator manufacturers, and deaths have been reported62; 
however, a recent report suggests that appropriate patients can 
safely undergo MRI,64 but not without appropriate precautions65

Electroconvulsive therapy—requires asynchronous (nonsensing) 
mode154

Nerve stimulator testing/therapy—inappropriate detection 
of transcutaneous electrical nerve stimulation (TENS), 
neuromuscular, and chiropractic electrical muscle stimulation 
as ventricular tachycardia or ventricular fibrillation has been 
reported155,156
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the generalists to routinely use temporary transvenous or epicardial 
pacing in their practices. Temporary cardiac pacing can serve as defini-
tive therapy for transient bradyarrhythmias or as a bridge to perma-
nent generator placement.

The various forms of temporary pacing include many transvenous 
catheter systems, transcutaneous pads, transthoracic wires, and esoph-
ageal pacing techniques. This section reviews the indications for 
temporary cardiac pacing and discusses the techniques available to 
the anesthesiologist. Many of the references in this section are older 
because temporary pacing is a well-established technique and not 
many advances have taken place since the early 1990s. Table 25-2 sum-
marizes these techniques.

Regardless of temporary modality, most implanted pacemakers or 
ICDs need to be reprogrammed when placing any temporary pacing 
device. Electrical energy entering the body from a temporary pacing 
device can be sensed by the permanent device on the atrial lead, the 
ventricular lead, or both. Energy sensed on a ventricular lead can result 
in an inappropriate shock from an ICD or pacing inhibition from a 
pacemaker or ICD. Pacing inhibition in a pacing-dependent patient 
will produce asystole. If energy enters the cardiac rhythm manage-
ment device on the atrial lead in a dual-chamber device, then rapid 
ventricular pacing might result (intrinsic atrial rate plus temporary 
atrial rate). The cardiac rhythm management device might “detect” an 
atrial arrhythmia condition, resulting in ventricular pacing only, which 
might produce untoward hemodynamics.

Indications for Temporary Pacing
Temporary pacemakers are commonly used after cardiac surgery,70 in 
the treatment of drug toxicity resulting in arrhythmias, with certain 
arrhythmias complicating myocardial infarction, and for intraopera-
tive bradycardia caused by -blocker use. On occasion, the placement 
of a temporary pacing system can assist in the hemodynamic man-
agement in the perioperative period. Abnormal electrolytes, preopera-
tive -blocker use, and many intraoperative drugs have the potential 
to aggravate bradycardia and bradycardia-dependent arrhythmias.71 
Because drugs used to treat bradyarrhythmias have a number of impor-
tant disadvantages compared with temporary pacing, hemodynami-
cally unstable perioperative bradyarrhythmias should be considered an 
indication for temporary pacing (Table 25-3). If the patient already has 
epicardial wires or a pacing catheter or wires, or transesophageal pac-
ing is feasible, pacing is preferred to pharmacologic therapy. However, 
transcutaneous and ventricular-only transvenous pacing, even if feasi-
ble, may exacerbate hemodynamic problems in patients with heart dis-
ease because these pacing modalities do not preserve atrioventricular 
synchrony (i.e., produce ventricular or global activation).

Nearly every indication for a permanent pacemaker is an indication 
for temporary pacing in patients without a pacemaker who, because 
of circumstances (emergency surgery, critically ill), cannot have elec-
tive permanent pacemaker implantation. Temporary pacing also may 
be needed before implantation of a permanent pacemaker to stabilize 
patients with hemodynamically significant bradycardia.

Temporary pacing is also indicated if a patient with a myocar-
dial infarction complicated by second- or third-degree heart block is 
scheduled for emergency surgery. Bifascicular block in an asymptom-
atic patient is not reason enough for temporary pacing before sur-
gery.72 Bellocci et al73 reported no occurrence of complete heart block 
in 98 patients with preoperative bifascicular block undergoing gen-
eral anesthesia, despite 14% having prolonged conduction through 
their His-Purkinje system. The development of new bifascicular block 
immediately after surgery, though, suggests perioperative myocar-
dial ischemia or infarction, and temporary pacing might be required. 

Comparison of Temporary Pacing Techniques

Temporary Pacing Method Time to Initiate Chambers Paced Advantages Disadvantages Uses

Transcutaneous 1–2 minutes Right ventricle Simple, rapid, safe Variable capture, chest 
wall movement, patient 
discomfort

Arrest, intraoperative, 
prophylactic

Transesophageal Minutes Left atrium Reliable atrial capture, 
safe, simple

Requires special generator Prophylactic atrial pacing, 
overdrive pacing 
for supraventricular 
tachyarrhythmia, 
monitoring atrial 
electrogram

Transvenous semirigid 3–20 minutes Atrium and/or 
ventricle

Most reliable, well 
tolerated

Invasive, time, consuming, 
potential complications

Arrest, prophylactic, 
maintenance

Transvenous flow-directed 3–20 minutes Right ventricle Simple, does not require 
fluoroscopy

Invasive, stability questions, 
less readily available

Arrest, intraoperative, 
prophylactic, maintenance

Pacing pulmonary artery 
catheter (PAC)

Minutes (if PAC 
in place)

Atrium and/or 
ventricle

Reliable ventricular 
capture, well tolerated

Requires specific PAC, which 
must be placed first

Arrest, intraoperative, 
prophylactic, maintenance

Epicardial pacing wires < 1 minute Atrium and/or 
ventricle

Reliable short-term Postoperative only, early lead 
failure

Arrest, prophylactic, 
maintenance

Transthoracic 10–60 seconds Ventricle Rapid and simple Many potential complications Arrest only

TABLE  
25-2

AF, atrial fibrillation; SVT, supraventricular tachycardias, VT, ventricular tachycardia.

Temporary Pacing Indications

Patient Condition Event Requiring Temporary Pacing

Acute myocardial 
infarction

Symptomatic bradycardia, medically refractory
New bundle branch block with transient complete 

heart block
Complete heart block
Postoperative complete heart block
Symptomatic congenital heart block
Mobitz II with anterior myocardial infarction
New bifascicular block
Bilateral bundle branch block and first-degree 

atrioventricular block
Symptomatic alternating Wenckebach block
Symptomatic alternating bundle branch block

Tachycardia treatment 
or prevention

Bradycardia-dependent VT
Torsade de pointes
Long QT syndrome
Treatment of recurrent SVT or VT

Prophylactic Pulmonary artery catheter placement with left 
bundle branch block (controversial)

New atrioventricular block or bundle branch block 
in acute endocarditis

Cardioversion with sick sinus syndrome
Postdefibrillation bradycardia
Counteract perioperative pharmacologic 

treatment causing hemodynamically significant 
bradycardia

AF prophylaxis postcardiac surgery
Postorthotopic heart transplantation

TABLE  
25-3
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Surgical resection of neck and carotid sinus tumors may cause bradyar-
rhythmias requiring temporary cardiac pacing during surgical manip-
ulation. Neurosurgical procedures involving the brainstem also may be 
associated with significant bradycardia.

Temporary antitachycardia pacing is most commonly used after 
cardiac surgery.74 With increased availability of effective noninvasive 
pacing technology, antitachycardia pacing might be offered to other 
perioperative patients as well. Even when used properly, these tech-
niques can induce more dangerous arrhythmias, and proper resuscita-
tion equipment should be available.

Atrioventricular junctional tachycardia can occur after cardio-
pulmonary bypass, when it could be a manifestation of reperfusion 
injury or, possibly, inadequate myocardial protection during perfu-
sion. Atrioventricular junctional tachycardia does not respond well to 
most drug therapy, although its rate (  120 beats/min in adults) may 
be slowed by -adrenergic blockers or edrophonium. Atrioventricular 
junctional tachycardia is best managed by atrial or atrioventricu-
lar sequential overdrive pacing because both of these modalities will 
 preserve atrioventricular synchrony. Frequently, there is resumption of 
sinus rhythm on withdrawal of temporary pacing.

Most sudden-onset paroxysmal supraventricular tachycardia 
(PSVT) is initiated by a premature beat, which could be of atrial, atrio-
ventricular junctional, or ventricular origin. PSVT may be terminated 
by competitive, atrial underdrive pacing (paced rate < PSVT rate) if, 
by chance, an atrial capture beat interferes with the circulating wave-
front perpetuating the tachycardia. In contrast, with overdrive pacing, 
PSVT is paced at a rate 10% to 15% in excess of the tachycardia rate 
until there is evidence of 1:1 capture with paced beats. Pacing is con-
tinued at this rate for 20 to 30 seconds, then gradually slowed to some 
predetermined rate, and finally terminated. As with all pacing modal-
ities, a gradual reduction in pacing rate is recommended in patients 
known to have sinus node dysfunction to reduce the risk for prolonged 
asystole when pacing is terminated. If pacing fails to terminate PSVT, 
or PSVT produces circulatory collapse, immediate DC cardioversion is 
recommended.

Type I atrial flutter (flutter rate < 320 to 340 beats/min) is pace 
 terminable, but type II flutter (> 340 beats/min) is not. Type I flutter is 
treated by atrial overdrive pacing at a rate 15 to 20 beats/min more than 
the flutter rate and is increased by 10 to 20 beats/min if the first attempt 
is not successful. Once atrial capture is evident, pacing is continued for 
20 to 30 seconds and then slowed as for PSVT. Usually, type I atrial flut-
ter can be terminated by overdrive pacing, with prompt restoration of 
normal sinus rhythm.

Relative contraindications to transvenous ventricular pacing include 
digitalis toxicity with ventricular tachycardia (VT), tricuspid valve 
prostheses, or the presence of a coagulopathy. Pacing in the setting 
of severe hypothermia might induce ventricular fibrillation (VF) or 
alter the normal compensatory physiologic mechanisms to the hypo-
thermia, although one prospective study in dogs using transcutaneous 
pacing suggests that pacing decreases rewarming time.75 Atrial fibril-
lation, multifocal atrial tachycardia, and significant atrioventricular 
conduction system disease are contraindications to transvenous atrial 
pacing.

Transvenous Temporary Pacing
Transvenous cardiac pacing provides the most reliable means of 
temporary pacing. Temporary transvenous pacing is dependable and 
well tolerated by patients. With a device that can provide both atrial 
and ventricular pacing, transvenous pacing can maintain atrio-
ventricular synchrony and improve cardiac output. Disadvantages 
include the need for practitioner experience, time to appropriately 
place the wire(s) to provide capture, the potential complications of 
line placement and manipulation, and the need for fluoroscopy in 
many cases. Three different types of typical transvenous leads are 
shown in Figure 25-3. (See Videos on the website.)

Rapid catheter positioning is most easily obtained by using the right 
internal jugular vein, even without fluoroscopy,76 although a prudent 

practitioner might want to clearly document the final position(s) of the 
catheters. The left subclavian vein is also easily utilized in emergent sit-
uations. Other sites are often impassable without fluoroscopy. In addi-
tion, brachial and femoral venous routes can increase the  frequency of 
lead dislodgments during motion of the extremities, especially during 
patient transport.

Once central access is obtained, the lead is guided into position using 
hemodynamic data (not possible with the simple bipolar lead cathe-
ter) or by fluoroscopic guidance. Electrocardiographic guidance is less 
desirable. The right atrial appendage and RV apex provide the most 
stable catheter positions. Techniques for placement into these positions 
are part of cardiology training and likely are foreign to most anesthe-
siologists. When fluoroscopy is unavailable or in emergency situa-
tions, a flow-directed catheter can be attempted using pressure or ECG 
guidance. Once the right ventricle is entered, the balloon is deflated, if 
used, and the catheter gently advanced until electrical capture is noted. 
Flow-directed catheters and a right internal jugular approach afford 
the shortest insertion times.77 The reported incidence of successful 
capture in urgent situations without fluoroscopy ranges from 30% to 
90%.76,78,79

Once catheters are positioned, pacing is initiated using the dis-
tal electrode as the cathode and the proximal electrode as the anode. 
Ideally, the capture thresholds should be less than 1 mA and genera-
tor output should be maintained at three times threshold as a safety 
margin. In dual-chamber pacing, atrioventricular delays of between 
100 and 200 milliseconds are used. Many patients are sensitive to this 
parameter. Cardiac output optimization with echocardiography and/
or mixed venous oxygen saturation can be used to maximize hemo-
dynamics when adjusting atrioventricular delay.80 Atrioventricular 
sequential pacing is clearly beneficial in many patients,80–84 but it should 
be remembered that emergency pacing starts with ventricular capture 
alone. There is a potential risk of interference of external pacemaker 
generators by walkie-talkies and digital cellular phones.85,86 Clinicians 
should also be aware of all complications related to transvenous lead 
placement.87

Pacing Pulmonary Artery Catheters
The pulmonary artery atrioventricular pacing TD catheter (see 
Figure 25-3C) was described by Zaidan in 1983.88 It allows for atrio-
ventricular sequential pacing via electrodes attached to the outside 
of the catheter, as well as routine PAC functions. Combination of 
the two functions into one catheter eliminates the need for separate 
insertion of temporary transvenous pacing electrodes. However, 
 several potential disadvantages exist with this catheter including: 
(1) varying success in initiating and maintaining capture,88 (2) 
external electrode displacement from the catheter,89 and (3) rel-
atively high cost as compared with standard PACs. The Paceport 
PAC (see Figure 25-3B) provides ventricular pacing with a sepa-
rate bipolar pacing lead (Chandler probe), which allows for more 
stable ventricular pacing, as well as hemodynamic measurements.90 
This catheter has been used for successful resuscitation after car-
diac arrest during closed-chest cardiac massage when attempts to 
capture with transcutaneous and transvenous flow-directed bipolar 
pacing catheters had failed. However, this unit does not provide the 
potential advantages associated with atrial pacing capability. The 
newer pulmonary artery A-V Paceport adds a sixth lumen to the 
older Paceport to allow placement of an atrial J-wire, flexible tip 
bipolar pacing lead. Both of these Paceport catheters are placed by 
transducing the RV port to assure correct positioning of the port 
1 to 2 cm distal to the tricuspid valve. This position usually guides 
the ventricular wire (Chandler probe) to the apex where adequate 
capture should occur with minimal current requirements. Although 
ventricular capture is easily obtained, atrial capture can be more 
difficult and less  reliable.80 This catheter has been used successfully 
after cardiac surgery.80,91 The atrial wire can be used to diagnose 
supraventricular tachyarrhythmias (SVTs) by atrial electrograms 
and to overdrive atrial flutter and reentrant SVTs.92
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Transcutaneous Pacing
Transcutaneous pacing, first described by Zoll,93 is readily available 
and can be implemented rapidly in emergency situations. Capture rate 
is variable and the technique may cause pain in awake patients, but 
usually it is tolerated until temporary transvenous pacing can be insti-
tuted. It may be effective even when endocardial pacing fails.94 It is now 
considered by many to be the method of choice for prophylactic and 
emergent applications.95

The large patches typically are placed anteriorly (negative electrode 
or cathode) over the palpable cardiac apex (or V

3
 lead location) and 

posteriorly (positive electrode or anode) at the inferior aspect of the 
scapula. The anode also has been placed on the anterior right chest with 
success in healthy volunteers.96 The skin should be cleaned with alco-
hol (but not abraded) to reduce capture threshold and improve patient 
comfort. Abraded skin can cause more discomfort. Typical thresholds 
are 20 to 120 mA, but pacing may require up to 200 mA at long pulse 
durations of 20 to 40 milliseconds.97 Transcutaneous pacing appears to 
capture the right ventricle, followed by near-simultaneous activation of 
the entire left ventricle. The hemodynamic response is similar to that of 
RV endocardial pacing. Both methods can cause reductions in left ven-
tricular systolic pressure, a decrease in stroke volume, and an increase in 
right-sided pressures because of atrioventricular dyssynchrony. Capture 
should be confirmed by palpation or display of a peripheral pulse. 
Maintenance current is set 5 to 10 mA above threshold as tolerated by 
the patient. Success rates appear to be greatest when the system is used 

prophylactically or early after arrest, upward of 90%.98,99 When used in 
emergent situations, successful capture rates are usually lower but range 
from 10% to 93%.100–102 A 3-year study of out-of-hospital asystolic arrest 
showed no difference in survival for the group that received early tran-
scutaneous pacing compared with the group that received basic CPR 
without pacing.103 Similarly, early use during  in-hospital arrests may not 
alter long-term survival.104 This technique also has been used to termi-
nate VT, atrioventricular nodal reentrant tachycardia, and atrioventric-
ular reciprocating tachycardia.102,105

Coughing and discomfort from cutaneous stimulation are the most 
frequent problems. The technique poses no electrical threat to medi-
cal personnel, and complications are rare. There have been no reports 
of significant damage to myocardium, skeletal muscle, skin, or lungs 
in humans despite continuous pacing for up to 108 hours and inter-
mittent pacing for up to 17 days.93,98,106 Several commercially available 
defibrillators include transcutaneous pacing generators as standard 
equipment.

Esophageal Pacing
The newest technique available to anesthesiologists is esophageal pac-
ing, and it has been shown to be quite reliable,107–109 even in children.110 
Significant bradycardia, secondary to underlying sinus node pathology 
or pharmacologic effects, can occur during anesthesia. The response to 
pharmacologic therapy for significant bradycardia with vagolytic drugs 
can be unpredictable and difficult to sustain accurately.111 Chronotropic 

B

A

C

Figure 25-3 A variety of transvenous pacing leads is shown. A, A simple, flow-directed, bipolar pacing wire. This lead is placed through a 6F 
introducer sheath, and it is advanced (usually under fluoroscopy) into the atrium or ventricle until mechanical systoles result from the electrical pacing 
event (called pacing capture). The principal disadvantage of this lead is the lack of hemodynamic measurements to guide placement. B, A specially 
adapted pulmonary artery catheter with a channel for a bipolar, ventricular pacing wire. The bipolar pacing wire, side-port adapter, and condom are 
packaged separately from the pulmonary artery catheter. Note that the electrode is shown protruding from its orifice just distal to the 20-cm mark on 
the pulmonary artery catheter. C, An atrioventricular-capable, pacing pulmonary artery catheter. Five electrodes are present: two for ventricular pac-
ing and three for atrial pacing. This catheter is positioned to provide adequate ventricular capture, after which atrial pacing is attempted using two 
of the three atrial electrodes. Sometimes the entire PA catheter must be repositioned to obtain atrial capture. In the setting of a functioning atrio-
ventricular node, atrial capture can be determined by the presence of a narrow complex QRS following the atrial pace. In the setting of a significant 
atrioventricular block, atrial capture can be difficult to assess.
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drugs may have little effect, or they can produce tachyarrhythmias or 
myocardial ischemia, or both. Esophageal pacing is relatively noninva-
sive and well tolerated, even in the majority of awake patients, and it 
appears to be devoid of serious complications. This modality is useful 
for heart rate support of cardiac output, overdrive suppression of reen-
trant SVT, and for diagnostic atrial electrograms. Ventricular capture 
must be excluded before attempts at rapid atrial pacing for overdrive 
suppression to prevent potential VT or VF. Some surgical positions 
(e.g., three-quarter prone) can increase the chance of unintentional 
ventricular capture.112

Problems with esophageal pacing include (1) the necessity for special 
generators that must provide 20 to 30 mA of current with wide pulse 
widths of 10 to 20 milliseconds and (2) the ability to pace only the left 
atrium reliably and not the left ventricle, which can be a significant 
problem in emergency situations.107 In comparison, typical temporary 
generators designed for endocardial pacing have a maximum output of 
20 mA with pulse width durations of only 1 to 2 milliseconds.

A typical transesophageal pacing generator and lead are shown in 
Figure 25-4. As noted in Figure 25-4, the pacing stimulus is  delivered 

in asynchronous atrial-only mode through a modified esophageal 
stethoscope. Pacing is initiated by connecting the system and plac-
ing the esophageal stethoscope to a depth of 30 to 40 cm from the 
teeth. Capture should be confirmed using the peripheral pulse (i.e., 
from the pulse oximeter plethysmogram or an invasive hemody-
namic monitor) because the pacing stimulus often is large relative 
to the QRS and frequently fools the ECG counting algorithm on 
the monitor (Figure 25-5). Atrial capture is obtained in virtually all 
patients using outputs of 8 to 20 mA, and the output should be set 
to two to three times the threshold for capture. Thresholds are not 
influenced by weight, age, atrial size, or previous cardiac surgery.109 
Because there is no sensing element involved, esophageal pacing is 
AOO mode pacing.

Transesophageal ventricular pacing is generally unreliable, yet the 
optimal site appears to be 2 to 4 cm distal to the atrial site.113 The esoph-
ageal stethoscope also can be used (with a special adapter) to record the 
intra-atrial electrogram.

No long-term complications with this modality have been described. 
Induction of ventricular tachyarrhythmias during rapid atrial pacing 
has been noted. No significant esophageal trauma has been reported 
despite long-term use of up to 60 hours.114 Phrenic nerve stimulation 
has been described.108

Transthoracic Pacing
Transthoracic pacing involves the direct introduction of a pac-
ing wire or needle through the thorax into the ventricular cavity. 
Several commercial kits are available, and even the use of a spi-
nal needle has been described. The technique is rapid, is simple, 
and does not require venous access or fluoroscopy. In contrast 
with other temporary pacing modalities, there is a large potential 
for misadventure, and no study demonstrates any benefit in sur-
vival. Transcutaneous techniques have supplanted this procedure in 
essentially all situations.

B
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Figure 25-4 A typical transesophageal pacing generator (A) and 
esophageal stethoscope with bipolar electrodes (B). The esophageal 
stethoscope is placed to between 30 and 40 cm from the teeth, and 
pacing is initiated at a rate greater than the patient's native heart rate 
using an output setting of at least 20 mA. Atrial capture is determined 
by an increase in peripheral pulse rate. Detection of capture using only 
electrocardiographic monitoring can be difficult to discern because the  
pacing impulse from these generators produces a large artifact and 
often distorts the surface electrocardiogram.

Figure 25-5 An electrocardiographic strip from a patient with 
a transesophageal pacemaker demonstrating atrial capture and 
Wenckebach second-degree A-V nodal block. An 84-year-old man with 
coronary artery disease and taking atenolol developed a sinus brady-
cardia (rate, 37/min) with hypotension during a general anesthetic for 
transurethral bladder resection. An esophageal pacemaker was placed 
and the rate was set to 85 beats/min (this is AOO pacing mode). The 
top two tracings are electrocardiographic leads II and V5. The down-
ward depolarization artifacts are the pacing stimuli from the esopha-
geal pacemaker (15-mA output). The upward depolarization events are 
the QRS inscriptions, which are highlighted by the downward arrows. 
Atrial P waves can be found shortly after the esophageal pulse. Note 
the lengthening PR interval with the dropped ventricular depolariza-
tions. Also note how distorted the electrocardiographic signal becomes 
in the setting of an esophageal pacemaker. The third tracing is the pulse 
oximeter plethysmographic waveform. The small graticules (represent-
ing the 40-millisecond time points) and the monitor text were digitally 
removed from this strip to increase the contrast.
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Postanesthesia Pacemaker Evaluation
Any pacemaker that was reprogrammed for the perioperative period 
should be re-evaluated and programmed appropriately. For nonrepro-
grammed devices, most manufacturers recommend interrogation to 
ensure proper functioning and remaining battery life if any monopolar 
electrosurgery was used. In their retrospective review, Trankina et al115 
reported 6% of 169 patients showed a problem during postoperative 
checks of pacemakers. Senthuran et al116 suggested that failure to per-
form a postoperative pacemaker check led to an unexpected postop-
erative death in Great Britain, and both Pili-Floury et al13 and Rozner 
et al30 reported perioperative pacing issues that could be found and 
mitigated at the postoperative check. American College of Cardiology 
guidelines recommend a postprocedure interrogation.2

IMPLANTABLE CARDIOVERTER-
DEFIBRILLATORS
The development of an implantable, battery-powered device able to deliver 
sufficient energy to terminate VT or VF has represented a major medical 
breakthrough for patients with a history of ventricular tachyarrhythmias. 
These devices prevent death in the setting of malignant ventricular tachyar-
rhythmias,117–119 and they clearly remain superior to antiarrhythmic drug 
therapy.120,121 Initially approved by the FDA in 1985, the implantation rate 
currently exceeds 10,000 ICDs per month in the United States.122 Industry 
sources report that more than 300,000 patients have these devices today.

A significant number of technologic advances have been applied 
since the first ICD was placed, including considerable miniaturization 
(pectoral pocket placement with transvenous leads is the norm), as 
well as battery improvements that now permit permanent pacing with 
these devices. Thus, clinicians could easily confuse a pectoral ICD with 
a pacemaker. Like pacemakers, ICDs have a generic code to indicate 
lead placement and function (see Table 25-4).123 The most robust form 
of identification, called the label form, expands the fourth character 
into its component generic pacemaker code (NBG; see Table 25-1).

ICDs have many programmable features, but essentially they mea-
sure each cardiac R-R interval and categorize the rate as normal, too fast 
(short R-R interval), or too slow (long R-R interval). When the device 
detects a sufficient number of short R-R intervals within a period of 
time (all programmable), it will begin an antitachycardia event. The 
internal computer will decide to choose antitachycardia pacing (less 
energy use, better tolerated by patient) or shock, depending on the 
presentation and device programming. If shock is chosen, an internal 
capacitor is charged. Most newer devices are programmed to recon-
firm VT or VF after charging to prevent inappropriate shock therapy 
(IST). Some ICDs will deliver immediate antitachycardia pacing while 
charging the capacitor in preparation for a shock. Typically, ICDs have 
six to eight therapies available for each type of event (VT, fast VT, VF), 
and some of these therapies can be repeated before moving to the next 
higher energy sequence. Thus, ICDs can deliver many shocks per event. 
In an ICD with antitachycardia pacing, once a shock is delivered, no 
further antitachycardia pacing will take place.

IST occurs in 20% to 40% of ICD patients, with shocks for rhythm 
other than VT or VF.124–126 Atrial fibrillation with rapid ventricular 

response and supraventricular tachycardia remain the most common 
cause of IST.127 Whether inappropriate shocks injure patients remains 
a subject of considerable debate, but a significant number of patients 
who receive an inappropriate shock will demonstrate increased tro-
ponin levels in the absence of an ischemic event,128 and a death has been 
reported.129 Also, IST predicts increased mortality,130 and statin therapy 
might reduce the incidence of IST through a reduction in atrial fibril-
lation.131 Dual-chamber ICD technology might reduce IST from atrial 
fibrillation as well. Programmable features in current ICDs to differenti-
ate VT from a tachycardia of supraventricular origin (SVT) include132:
 1. Onset criteria—in general, onset of VT is abrupt, whereas onset 

of SVT has sequentially shortening R-R intervals
 2. Stability criteria—in general, the R-R interval of VT is relatively 

constant, whereas the R-R interval of atrial fibrillation with rapid 
ventricular response is quite variable

 3. QRS width criteria—some ICDs measure the QRS width using 
the RV lead tip to ICD case-sensing pathway; in general, the QRS 
width in SVT is narrow (<110 milliseconds), whereas the QRS 
width in VT is wide (>120 milliseconds)

 4. “Intelligence” in dual-chamber devices attempting to associate 
atrial activity with ventricular activity

 5. Morphology waveform analysis with comparison with stored 
 historic templates

Note that once the R-R interval becomes sufficiently short for VF 
detection, the ICD will begin a shock sequence. As noted earlier, once 
the device delivers any shock therapy, no further antitachycardia pac-
ing will take place. An ICD with antibradycardia pacing capability will 
begin pacing when the R-R interval is too long. In July 1997, the FDA 
approved devices with sophisticated dual-chamber pacing modes and 
rate-responsive behavior for ICD patients who need permanent pacing 
(about 20% of ICD patients).

Implantable Cardioverter-Defibrillator 
Indications
Initially, ICDs were placed for hemodynamically significant VT or VF. 
Newer indications associated with sudden death include long QT syn-
drome, Brugada syndrome (right bundle branch block, ST-segment 
elevation in leads V

1
-V

3
), and arrhythmogenic RV dysplasia.133 Recent 

studies suggest that ICDs can be used for primary prevention of sudden 
death (i.e., before the first episode of VT or VF) in young patients with 
hypertrophic cardiomyopathy,134 and data from the second Multicenter 
Automatic Defibrillator Intervention Trial (MADIT II) suggest that any 
post-MI patient with ejection fraction (EF) less than 30% should undergo 
prophylactic implantation of an ICD.135 Currently, however, the Centers 
for Medicare and Medicaid (CMS) requires a prolonged QRS interval 
(to > 120 milliseconds) to qualify for ICD placement in this group.

Several newer trials have included patients with nonischemic cardio-
myopathy as well. Data from the Sudden Cardiac Death–Heart Failure 
Trial (SCD-HeFT),121 as well as the Defibrillators In Non-Ischemic 
Cardiomyopathy Treatment Evaluation (DEFINITE)136 study, now suggest 
that ICD placement will lower mortality in any patient with EF less than 
35% regardless of the cause of the cardiomyopathy. The DEFINITE results 
are important because these patients were randomized only after initia-
tion of -blockade and angiotensin-converting enzyme inhibitor therapy, 
which form the backbone of medical therapy for cardiomyopathy.

Three-chamber (leads placed in atrium, right ventricle, and coronary 
sinus) ICDs (see Figure 25-1) for CRT (also called biventricular pacing [BiV]) 
have been FDA approved for patients with DCM and prolonged QRS inter-
vals. Two-chamber (leads placed in atrium and right ventricle) ICDs are 
in clinical trial for patients with hypertrophic obstructive cardiomyopathy 
who have experienced VT or VF. Box 25-7 reviews ICD indications.

Dilated Cardiomyopathy
With the advent of CRT pacing (CRT-P) for the patient with DCM and 
prolonged QRS interval,137 and the approval of ICDs with CRT capabil-
ity (CRT-D), the presence of a defibrillator with BiV pacing will become 

Position I Position II Position III Position IV

Shock 
Chambers(s)

Antitachycardia 
Pacing 
Chamber(s)

Tachycardia 
Detection

Antibradycardia 
Pacing 
Chamber(s)

O = None O = None E = Electrogram O = None
A = Atrium A = Atrium H = Hemodynamic A = Atrium
V = Ventricle V = Ventricle V = Ventricle
D = Dual 

(A+V)
D = Dual (A+V) D = Dual (A+V)

North American Society of Pacing and 
Electrophysiology/British Pacing and Electrophysiology 
Group Generic Defibrillator Code (NBD)

TABLE  
25-4
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more common. Currently, about 550,000 new diagnoses of congestive 
heart failure are made annually in the United States,138 and the prevalence 
of this disease includes 5.7 million patients.139 Significant risk factors 
for the development of congestive heart failure include both ischemic 
heart disease and hypertension.140 These data, combined with the recent 
results from SCD-HeFT121 and MADIT II trials (ICD is indicated in any 
patient with cardiomyopathy and EF < 30–35%),135 suggest that the 
number of patients eligible to receive a defibrillator to include CRT-P 
will increase dramatically. Whether any country's economy can absorb 
this economic burden remains to be seen. Currently, CRT-P improves 
functional status and quality of life141 and reduces congestive heart fail-
ure events,142 primarily by decreasing the dyssynchrony between the two 
ventricles in the dilated heart (see Videos on the website.) whether the 
CRT device includes ICD capability (CRT-D) or not (CRT-P). In addi-
tion, CRT-D has been shown to reduce mortality in some but not all 
studies.17 However, about 30% of patients who undergo CRT implanta-
tion achieve no additional benefit from the multichamber pacing.143

Implantable Cardioverter-Defibrillator 
Magnets
Like pacemakers, magnet behavior in some ICDs can be altered by 
programming. Most devices will suspend tachyarrhythmia detection 
(and therefore therapy) when a magnet is appropriately placed to acti-
vate the magnet sensor. Some devices from Angeion, Boston Scientific, 
Pacesetter, and St. Jude Medical can be programmed to ignore magnet 
placement. Antitachycardia therapy in some CPI devices can be perma-
nently disabled by magnet placement for 30 seconds,1 although recent 
upgrades to the Boston Scientific programmer have eliminated this 
setting after a programming session in most of their Guidant ICDs. 
In general, magnet application will not affect antibradycardia pacing 
rate (except ELA* [Milano, Italy; U.S. Headquarters: Arvado, CO]) 
or pacing mode (except pacing is disabled in Telectronics Guardian 
4202/4203*). Interrogating the device and calling the manufacturer 
remain the most reliable methods for determining magnet response. 
Magnet effects on ICDs are shown in Appendix 25-3.

Note that reliable confirmation of appropriate magnet placement, 
and therefore, suspension of antitachyarrhythmic therapy, is pres-
ent only in Boston Scientific ICDs (tone) and ELA ICDs (pacing rate 
changes to 90 beats/min if the battery is good; 80 if the battery is at 
elective replacement). Medtronic marketed a Smart-Magnet device 
that houses a magnet and electronics to show appropriate disablement 
of the ICD functions in their device, but this device is not generally 
available. When using a Smart-Magnet, the “FOUND” light is often 
extinguished during EMI from the electrosurgical cautery, even though 
the magnet remains in place. Despite these features in Medtronic and 
Boston Scientific ICDs, numerous anecdotal reports exist of IST  during 
electrocautery, most often a result of movement of the magnet during 
patient repositioning.

Preanesthetic Evaluation and Implantable 
Cardioverter-Defibrillator Reprogramming
In general, ALL ICDs should have their antitachycardia therapy disabled 
before the commencement of any procedure (see American College of 
Cardiology guidelines2), although such action might be unnecessary in a 
setting without EMI or placement of a metal guidewire into the chest.144 
The comments in the pacing section apply here for any ICD with anti-
bradycardia pacing. Guidelines from HRS-NASPE suggest that every 
patient with an ICD have an in-office comprehensive evaluation every  
1 to 4 months.145 Devices with CRT-P must have a sufficiently short 
atrioventricular delay for sensed events to ensure that all ventricu-
lar activity is paced. Failure of ventricular pacing (either right or left) 
because of native atrioventricular conduction or threshold issues 
has been associated with inappropriate antitachycardia therapy (i.e., 
shock).146

Intraoperative (or Procedure) 
Management
Currently, no special monitoring (because of the ICD) is required for 
the patient with an ICD. Electrocardiographic monitoring and the abil-
ity to deliver external cardioversion or defibrillation must be present 
during the time of ICD disablement. Although many recommenda-
tions exist for defibrillator pad placement to protect the ICD, it should 
be remembered that the patient, not the ICD, is being treated.

In addition, no special anesthetic techniques have been championed 
for the patient with an ICD. Most of these patients will have severely 
depressed systolic function, dilated ventricular cavities, and significant 
valvular regurgitation, and the choice of anesthetic technique should 
be dictated by the underlying physiologic derangements that are pres-
ent. Conflicting data have been published regarding the choice of anes-
thetic agent(s) and changes to defibrillation threshold (DFT). In 1992, 
Gill et al147 examined DFT in dogs and concluded that neither halothane 
nor isoflurane changed DFT in open-chest defibrillation compared 
with a pentobarbital infusion. However, Weinbroum et al148 evaluated 
DFTs in humans during ICD implant and found that halothane, iso-
flurane, and fentanyl increased DFT. Even with these increases, though, 
the increased DFTs found were still substantially lower than the maxi-
mum energy generally available in ICDs, and these increases would not 
have been noted under usual ICD testing conditions. As noted earlier, 
both isoflurane and sevoflurane have been reported to lengthen the QT 
interval, which could increase the risk for torsades de pointe in certain 
patients.

Caution should be observed when placing a central venous cathe-
ter in any patient with an ICD. In the patient with an integrated bipo-
lar ventricular sensing configuration, an inappropriate 30-joule shock 
was delivered because of noise artifact created by the guidewire hitting 
the ventricular shock coil (which was serving as the heart rate sensor). 
The output of the ICD was short-circuited because of the presence of a 
shock coil in the superior vena cava, and the ICD was unknowingly ren-
dered ineffective. Only after failure to deliver subsequent therapy was 
this problem noted, and the patient subsequently expired.149 It is impor-
tant to note that some ICDs are configured to the “integrated bipolar 
sensing configuration” even in the presence of a true bipolar RV lead.

Postanesthesia Implantable Cardioverter-
Defibrillator Evaluation
The ICD must be reinterrogated and re-enabled. All events should 
be reviewed, and counters should be cleared because the next device 
evaluator might not receive information about the EMI experience of 
the patient and make erroneous conclusions regarding the patient's 
arrhythmia events. One patient death has been reported to the FDA 
because of failure to reactivate tachyarrhythmia therapy in an ICD 
patient after a cardiac ablation procedure.150

BOX 25-7. IMPLANTED CARDIOVERTER-
DEFIBRILLATOR INDICATIONS

Ventricular tachycardia
Ventricular fibrillation
Brugada syndrome (right bundle branch block, S-T elevation V1-V3)
Arrhythmogenic right ventricular dysplasia
Long QT syndrome
Hypertrophic cardiomyopathy
Prophylactic use after myocardial infarction, ejection fraction < 30%

*These two device families were implanted during clinical trials only. Thus, the likeli-
hood of encountering these devices is low; they are included for completeness.
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SUMMARY
Electronic miniaturization has permitted the design and use of sophis-
ticated electronics in patients who have need for artificial pacing and/
or automated cardioversion/defibrillation of their heart. Both the aging 
of the population and the ability to care for patients with increasingly 
complex disease suggest that many more patients with these devices 
will require subsequent surgery. Safe and efficient clinical management 
of these patients depends on an understanding of implantable systems, 
indications for their use, and the perioperative needs that they create.

Glossary
Atrioventricular Delay The time that a dual-chamber system waits 

after detecting (or initiating) an atrial event before pacing the ventricle. 
Some generators shorten this time as heart rate increases (termed rate-
adaptive atrioventricular delay or dynamic atrioventricular delay). Some 
generators can be programmed to extend the atrioventricular delay to 
search for intrinsic conduction (“search atrioventricular delay”). Some 
generators will prolong an atrioventricular delay after any atrial event 
in which the last ventricular event was intrinsic (“atrioventricular delay 
hysteresis”). In a patient with a conducting atrioventricular node, the 
sensed A-V delay will be slightly longer than the “P-R” interval on the 
surface electrocardiogram (see “Fusion Beat” and “Pseudofusion Beat”) 
because the ventricular sensing element is attached to the apex of the right  
ventricle and detects the depolarization only after right ventricular 
activation.

Bipolar Lead An electrode with two conductors. Bipolar sensing 
is more resistant to oversensing from muscle artifact or stray elec-
tromagnetic fields. Some pacing generators can be programmed to 
unipolar mode even in the presence of bipolar electrodes.

Dynamic Atrioventricular Delay see Atrioventricular Delay
EGM Mode Passive acquisition and internal storage of electrocar-

diographic data for diagnostic purposes while pacing (or monitor-
ing) with programmed parameters.

Fusion Beat (PFB) A pacemaker spike delivered shortly before a 
native depolarization of the ventricle that alters the morphology of 
the QRS, often misdiagnosed as undersensing. It is caused by the 
position of the sensing electrode relative to the depolarizing wave-
front. Confirmation of appropriate sensing behavior can be made by 
lengthening the sensing interval (i.e., lengthening the atrioventricu-
lar delay). Fusion beats suggest ventricular capture.

Generator The device with a power source and circuitry to produce 
an electrical impulse designed to be conducted to the heart. Typi-
cally, pacing generators are placed in a pectoral pocket and leads are 
inserted into the right atrium, right ventricle, or both. Since 1995, 
though, implantable cardioverter-defibrillators (ICDs) also have 
been approved for pectoral pocket placement.

Hysteresis If present, the amount by which the patient's intrinsic 
rate must decline below the programmed rate before the generator 
begins pacing. Some pacers periodically decrease the pacing rate to 
search for resumption of intrinsic activity (called search hysteresis). 
These functions, when present, can mimic pacemaker malfunction.

ICD Mode The designation of chamber(s) shocked, chamber(s) 
paced for antitachycardia pacing, method of tachycardia detection, 
and chambers paced for antitachycardia therapy. Table 25-4 shows 
the North American Society for Pacing and Electrophysiology/Brit-
ish Pacing and Electrophysiology Group (NASPE/BPEG) generic 
implantable cardioverter-defibrillator (ICD) code.

Managed Ventricular Pacing Some evidence exists that right 
ventricular (RV) pacing increases mortality in patients with intact 
atrioventricular nodal conduction. As a result, several companies 
have algorithms to reduce the incidence of RV pacing. Pacing modes 
called Managed Ventricular Pacing (Medtronic) or AAI Safe-R (ELA 
Medical) can permit an occasional dropped QRS (more likely with 
MVP than AAI Safe-R). However, no pacing device should allow two 
consecutive dropped QRS events. After several beats with a dropped 

QRS, however, these devices begin pacing in a true DDD mode for 
several cardiac cycles. These dropped QRS events can mimic pacing 
system malfunction (pseudomalfunction).

Oversensing Detection of undesired signals that are interpreted 
as cardiac activity. Oversensing can lead to pacemaker-driven 
 tachycardia (pacing device, DDD mode with atrial oversensing and 
ventricular tracking); ventricular pause (pacing device with elec-
trosurgically induced ventricular oversensing, leading the pacer to 
“detect” ventricular activity); or inappropriate shock (defibrillator, 
event oversensing).

Pacing Mode The designation of chamber(s) paced, chamber(s) 
sensed, sensing response, rate responsiveness, and antitachyarrhyth-
mia function for a pacemaker system. Table 25-1 shows the North 
American Society for Pacing and Electrophysiology/British Pacing and 
Electrophysiology Group (NASPE/BPEG) generic pacemaker code.

Postventricular Atrial Blanking Period (PVAB) Present only 
in a dual-chamber pacemaker, the PVAB is the period immediately 
after any ventricular event during which atrial events will not be 
detected by the atrial sensing circuitry. In general, PVAB is used to 
determine where, in the postventricular period, atrial event count-
ing should resume for mode switch determination. PVAB is the early 
part of postventricular atrial refractory period.

Postventricular Atrial Refractory Period (PVARP) Present 
only in a dual-chamber pacemaker, the PVARP is the period imme-
diately after any ventricular event during which atrial events are 
ignored (for the purpose of pacing the ventricle). In some devices, 
atrial events during PVARP (but after the expiration of the postven-
tricular atrial blanking period timer) will be counted for atrial rate 
determinations leading to possible mode switch. The duration of 
PVARP added to the atrioventricular delay (called total atrial refrac-
tory period [TARP]) determines the 2:1 block rate of pacing. Some 
devices allow the PVARP to vary based on the heart rate.

Programmed Rate (also Automatic Rate) The lowest sustained 
regular rate at which the generator will pace. Typically, the device 
begins pacing when the patient's intrinsic rate declines below this 
value.

Pseudofusion Beat (PFB) A pacemaker spike delivered shortly 
after a native depolarization without alteration of the QRS morphol-
ogy. PFBs are often misdiagnosed as undersensing, and they result 
from the position of the sensing electrode relative to the depolar-
izing wavefront (see “Fusion Beat”). Confirmation of appropriate 
sensing behavior can be made by lengthening the sensing interval 
(i.e., decreasing the program rate [atrial FB] or lengthening the 
atrioventricular delay [ventricular PFB]). PFB cannot be used to 
confirm electronic capture.

Rate Enhancements The features such as rate adaptive atrioven-
tricular delay (shortens the atrioventricular delay with increasing 
heart rate); atrioventricular search hysteresis (lengthens/shortens the 
atrioventricular delay to produce intrinsic atrioventricular conduc-
tion); AF suppression (also called dynamic atrial overdrive; increases 
the lower rate on appearance of native atrial depolarization to create 
nearly constant atrial pacing but at a rate only slightly higher than 
the patient's intrinsic rate); rate smoothing (limits changes in ven-
tricular paced rates because of changes in atrial rates; increasing and 
decreasing rate limits can be programmed); sleep rate (see later); 
ventricular rate regulation (similar to rate smoothing but used to 
prevent atrial fibrillation); and hysteresis (see earlier). Each of these 
enhancements can produce pacing/nonpacing that can mimic pace-
maker dysfunction, and these enhancements should be programmed 
“OFF” before any anesthetic.

Rate Modulation The ability of the generator to sense the need to 
increase heart rate. Mechanisms include (1) a mechanical sensor in 
the generator to detect motion or vibration; (2) electronic detection 
of Q-T interval (shortens during exercise) or transthoracic imped-
ance to measure changes in respiration; or (3) sensor(s) for central 
venous blood temperature or oxygen saturation. Some generators 
now incorporate multiple sensors.
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Runaway Pacing Rate The highest pacing rate (typically around 
200 beats/min) that could occur in the setting of multiple internal 
component failures in a cardiac generator.

Sleep Rate (also Circadian Rate) The rate (lower than the 
 programmed rate) at which the pacing generator will pace during 
programmed “nighttime” hours.

Total Atrial Refractory Period (TARP) Present only in dual-
chamber pacing devices, the TARP refers to the sum of the 
postventricular atrial refractory period (PVARP) and the atrio-
ventricular delay, and it determines the point at which the pac-
ing device will pace the ventricle every other atrial event. This 
2:1 block rate can be calculated by dividing 60,000 (msec/min) 
by the TARP (measured in milliseconds). This 2:1 block results 
from the ignoring of the atrial event during the PVARP, so these 
2:1 blocks appear only when ventricular pacing is needed in a 
patient and the 2:1 block rate is lower than the maximum track-
ing rate. In some pacing devices, the dynamic atrioventricular 
delay will make the calculation of TARP dependent on atrial rate, 
and many of the programmers will report the final 2:1 block rate 
for any given combination of programmed parameters.

Undersensing Failure to detect a desired event.
Unipolar Lead An electrode with only one conductor. Some 

devices with bipolar leads are programmed to the unipolar lead 

mode. Systems with unipolar leads produce larger spikes on the 
electrocardiogram than bipolar leads. Systems with unipolar leads 
utilize the generator case as the second conductor.

Upper Sensor Rate (USR; also Upper Activity Rate [UAR]) The 
maximum rate to which a rate-modulated pacemaker can drive the 
heart. USR is not affected by UTR because when USR becomes 
active, the pacemaker is pacing the atrium.

Upper Tracking Rate (UTR; also called Upper Rate Limit 
[URL]) Pacemakers programmed to VDDxx or DDDxx mode 
cause the ventricles to track atrial activity. Should a patient develop 
an atrial tachyarrhythmia, such as a supraventricular tachycardia, 
atrial fibrillation, or atrial flutter, the generator acts to limit ventric-
ular pacing. When the atrial rate exceeds the UTR, the generator can 
change mode (i.e., switch to DDI) or introduce second-degree A-V 
block. Second-degree blocks can be Mobitz type I (Wenckebach) 
or Mobitz type II, depending on a variety of programmed settings 
within the pacemaker.

Ventricular Refractory Period (VRP) The period immediately 
after any ventricular event during which the pacing device will not 
respond to a sensed event on the ventricular channel. Depending 
on the manufacturer and programming, though, events sensed dur-
ing VRP might be counted for determining a high-rate ventricular 
condition.

Pacemaker Response to Magnet Placement

Pacemaker Company Magnet Mode Designation Explanation

Biotronik INOS ASYNCH Asynchronous VOO (even if dual-chamber device) pacing at 70 or 90 beats/min, 
depending on programming, if battery okay. 80 at ERI.* There is no way to tell what 
the magnet rate will be without the programmer.

SYNCH VVI (even if dual-chamber device) pacing at 70 or 90 beats/min, depending on 
programming, if battery okay. 80 at ERI.* There is no way to tell what the magnet rate 
will be without the programmer. Also, if the patient's intrinsic ventricular rate is greater 
than 80 beats/min, there will be no way to identify ERI.*

DROMOS ASYNCH See “AUTO.”
SYNCH See “SYNCH.”

All Others AUTO If battery is okay, 10 asynchronous events at 90 beats/min, then returns to original 
programmed mode, without rate responsiveness. Pacing is at lowest available rate 
(LRL, sleep rate, or hysteresis rate). If battery at ERI,* 10 asynchronous events at 
80 beats/min in VOO mode, then either VDD (dual chamber) or VVI (single-chamber) 
pacing at 11% lower than lowest available rate. For any dual-chamber mode (DDD, 
DDI, or VDD), the atrioventricular delay shortens to 100 milliseconds while the magnet 
is in place.

ASYNCH Asynchronous pacing at 90 beats/min if battery okay. At ERI,* 80 beats/min (single-step 
change) in VOO mode regardless of original programming. For any dual-chamber 
mode (DDD, DDI, or VDD), the atrioventricular delay shortens to 100 milliseconds 
while the magnet is in place.

SYNCH If battery is okay, pacing in original programmed mode, without rate responsiveness. 
Pacing is at lowest available rate (LRL, sleep rate, or hysteresis rate). If battery at ERI,* 
then either VDD (dual-chamber) or VVI (single-chamber) pacing at 11% lower 
than lowest available rate. For any dual-chamber mode (DDD, DDI, or VDD), the 
atrioventricular delay shortens to 100 milliseconds while the magnet is in place.

Boston Scientific includes Guidant 
Medical CPI

ASYNCH Asynchronous pacing with 100-millisecond atrioventricular delay at 100 beats/min if 
okay, 85 beats/min at ERT (single-step change). The Insignia and Altrua models have 
an intermediate step (90 beats/min) at IFI. Most models shorten the pulse width to 
50% on the third paced ventricular event (TMT). For Triumph and Prelude models, see 
Medtronic pacemakers.

OFF No change, magnet is ignored. OFF is the magnet mode after a “power on reset,” which 
can occur secondary to EMI.

EGM mode No change in pacing. Magnet application initiates data collection.
ELA Medical Asynchronous pacing at 96 beats/min gradually declining to 80 beats/min at ERI.* ELA 

pacemakers take eight additional asynchronous pacing cycles (the final two cycles are at 
LRL with long atrioventricular delay) on magnet removal.

Intermedics (purchased by Guidant, 1998, 
now Boston Scientific; requires special 
programmer)

Five asynchronous events at 90 beats/min (regardless of battery voltage), then 60 
additional asynchronous events at LRL if battery is okay, 90 beats/min if ERI,* 
and 80 beats/min if EOL. The fifth paced event is emitted at 50% of the originally 
programmed pulse width (TMT). After the 65th asynchronous event, the magnet is 
ignored.

APPENDIX  
25-1
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The effect(s) of appropriately placing a magnet over a pacemaker are shown. Column 1 shows the pacemaker manufacturer. Some manufacturers have multiple responses, which can be 
determined by the X-ray identifier. If the magnet response is programmable, then Column 2 shows the various magnet modes available. The first mode shown is the default mode, 
and it will be active at device startup or after a device reset. Column 3 shows the effect on pacing therapy for the magnet mode shown in Column 2. Unless otherwise specified, 
asynchronous pacing takes place, without rate responsiveness, in the chambers originally programmed. Thus, a dual-chamber program would result in DOO pacing, and a  
single-chamber program would result in VOO (unless an atrial device, which would be AOO) pacing, and a biventricular, dual-chamber device would be DOOOV.

EOL, end of life (the device should be replaced immediately); ERI, elective replacement indicator (the device should be replaced promptly); ERT, elective replacement time (the device 
should be replaced promptly); IFI, intensified follow-up interval (the device should undergo monthly battery checks); LRL, lower rate limit (the programmed lower rate, or set point, 
of the pacemaker); SSI, single chamber, inhibited mode (if implanted for ventricular pacing, then SSI = VVI; for an atrial pacemaker, SSI = AAI.).

*ERI notes: Biotronik dual-chamber pacemakers switch to VDD pacing at 90% of the programmed lower rate on reaching elective replacement. St. Jude pacemakers add 100 milliseconds 
to the basic pacing interval (LRL) on ERI. For example, an LRL of 60 beats/min should be an interval of rate responsiveness and other features (if programmed) are suspended. 
Medtronic dual-chamber pacemakers switch to VVI pacing at 65 beats/min on reaching elective replacement.

†Caution for Medtronic pacemakers: All Medtronic pacemakers except Enrhythm (P1501, EMDR series) suspend magnet detection for 60 minutes after removal of the programming head 
after an interrogation session, unless specific programming action (which requires multiple “button” depressions) is taken before removing the programming head.

Pacemaker Response to Magnet Placement—Cont'd

Pacemaker Company Magnet Mode Designation Explanation

Medtronic† Asynchronous pacing at 85 beats/min if okay, 65 SSI regardless of original programming 
if ERI*  
(single-step change). Most Medtronic pacemakers pace the first three events at 
600-millisecond intervals (rate = 100 beats/min) with a short atrioventricular delay. 
During the first 3–7 asynchronous events, most Medtronic pacemakers emit one or 
more ventricular pulses at a reduced pulse width or voltage (TMT). Also, all Medtronic 
pacemakers default to SSI pacing at 65 beats/min, without rate responsiveness, on 
detection of ERI,* regardless of whether a magnet is present. Note that a dual-chamber 
pacemaker in AAI mode will revert to VVI on ERI* or reset, which might be a problem 
for some patients.

St. Jude Medical “SJM” X-ray 
logo

Battery Test Asynchronous pacing at 98.6 beats/min gradually decreasing to 86.3 beats/min at ERI.*
OFF No magnet response.
Event snapshots No change in pacing. Magnet application causes pacemaker to collect data. Identity and 

Entity models lack this feature.
Event snapshots + Battery 

Test
For a magnet placed 2 seconds, pacing mode and rate are unchanged and the device stores 

an electrogram. If the magnet is placed 5 seconds, the Battery Test mode (see earlier) 
is activated. Identity and Entity models lack this feature.

Pacesetter 
X-ray logo 
( )

Battery Test Asynchronous pacing, and the rate depends on specific model. In general, a pacing rate 
< 90 beats/min should prompt further evaluation.

OFF No magnet response.
VARIO mode (present in 

some models)
VARIO results in a series of 32 asynchronous pacing events. The rate of the first 16 paces 

reflects battery voltage, gradually declining from 100 beats/min to 85 beats/min at ERI.* 
The next 15 paces are used to document ventricular pacing capture safety margin. The 
rate will be 119 beats/min with gradually declining pacing voltage. The 16th pace of 
this group is at no output. The next pace restarts the 32-event sequence. The 32-event 
sequence repeats while the magnet remains in place.

Telectronics Meta
1202

Asynchronous pacing at 99 beats/min gradually declining to < 93 at ERI.*

Meta
1204 1206
1256

Asynchronous pacing at 100 beats/min gradually declining to < 82.5 beats/min at ERI.*

Meta
1230
1250
1254

Asynchronous VOO pacing (regardless of original programming) at > 85 beats/min 
gradually declining to < 78 beats/min at ERI.*

Tempo Asynchronous pacing at 100 beats/min gradually declining to 80 beats/min at ERI.*
All Others Contact St. Jude Medical.
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Company Phone Numbers

AM Pacemaker Corp. (Guidant Medical) 800-227-3422 Edwards Pacemaker Systems (Medtronic) 800-325-2518

Angeion* 800-264-2466 ELA Medical* 800-352-6466
Arco Medical (Guidant Medical) 800-227-3422 Guidant Medical* 800-227-3422
Biotronik* 800-547-0394 Intermedics (Guidant Medical)* 800-227-3422
Cardiac Control Systems† unavailable Medtronic* 800-505-4636
Cardio Pace Medical, Inc (Novacon)† unavailable Pacesetter (St. Jude Medical)* 800-722-3774
Cardiac Pacemakers, Inc–CPI (Guidant Medical)* 800-227-3422 Siemens–Elema (St. Jude Medical) 800-722-3774
Cook Pacemaker Corp. 800-245-4715 Telectronics Pacing (St. Jude Medical)* 800-722-3774
Coratomic (Biocontrol Technology)† unavailable Ventritex (St. Jude Medical)* 800-722-3774
Cordis Corporation (St. Jude Medical) 800-722-3774 Vitatron (Medtronic) 800-328-2518
Diag/Medcor (St. Jude Medical) 800-722-3774
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*Market defibrillators.
†Companies are no longer available.
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Implantable Cardioverter-Defibrillator Response to Magnet Placement

ICD Manufacturer Magnet Mode 
Designation

Effect on Tachy 
Therapy

Effect on Bradytherapy (regular pacing) Magnet Mode 
Confirmation

Angeion ENABLE Disables No effect None
DISABLE No effect No effect

Biotronik Disables No effect None
Boston Scientific 

(Guidant Medical, 
CPI)

“GDT,” “CPI,” “BOS 
119,” “BOS 203” 
X-ray label

ON Disables No effect Short beep with each 
detected heartbeat or 
constant tone*

OFF No effect No effect None
All other “BOS” X-ray 

label
ON Disables No effect Short beep every second 

or constant tone*
OFF No effect No effect None

ELA Medical (Sorin) Disables The pacing rate, but not mode, changes 
to 80–90 beats/min; 80 beats/min 
indicates elective replacement time

None

Medtronic AT-500† Disables No effect None‡

All others Disables No effect
Pacesetter and St. Jude Medical NORMAL Disables No effect None

IGNORE No effect No effect
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The effect(s) of appropriately placing a magnet over an implantable cardioverter-defibrillator (ICD) are shown. Column 1 shows the manufacturer. Some manufacturers have multiple 
responses that can be determined by the X-ray identifier. If the magnet response is programmable, then Column 2 shows the various magnet modes available. The first mode shown is 
the default mode, and it will be active at device startup or after a device reset. Column 3 shows the effect on antitachycardia therapy (defibrillation, cardioversion, and antitachycardia 
pacing) for the magnet mode shown in Column 2. Only ICDs from ELA Medical alter their antibradycardia pacing rate on magnet placement (Column 4), and this pacing rate can be 
used to predict remaining battery life provided that the patient's native heart rate is less than the magnet rate. Only ICDs from Boston Scientific/Guidant/CPI produce reliable audio 
feedback for confirmation of magnet placement (Column 5). For devices from Angeion, Pacesetter, and St. Jude Medical, a device interrogation is required to determine the magnet 
mode.

*For Boston Scientific/Guidant/CPI ICDs, if magnet mode is programmed to “ON,” appropriate magnet placement immediately disables tachy detection and therapy, and tachy therapies 
remain disabled for as long as the magnet remains appropriately applied. When magnet mode is enabled in these devices, the ICD will emit either a constant tone or “beep” to identify 
appropriate magnet placement. If the device emits a constant tone, then tachy therapy is disabled regardless of whether a magnet is present, and tachy therapy will not be present even 
after the magnet is removed. If any of these ICDs emit a “beep” (ICDs with “GDT,” “CPI, ” “BOS 119,” or “BOS 203” X-ray codes emit each beep with either paced or sensed R waves; 
all newer Boston Scientific ICDs [all will have “BOS” X-ray code] emit a beep every second), then a properly working ICD will be enabled for tachy therapy on magnet removal. If the 
“Change Tachy Mode with Magnet” feature also is programmed “ON,” after 30 seconds of continuous magnet application, the tachy mode changes; that is, it will switch from enabled 
when the magnet is removed (beeping with magnet correctly applied) to permanently disabled (constant tone when magnet is correctly applied) or vice versa. This mode has been 
phased out, and properly updated Boston Scientific programmers contain software designed to disable and eliminate this feature. Any Boston Scientific/CPI/Guidant ICD that does not 
emit sound when a magnet is applied should undergo an immediate device interrogation.

†The Medtronic AT-500 series defibrillators provide antitachycardia pacing in the atrium only, and usually after a delay often exceeding 1 minute from onset of atrial tachyarrhythmia. 
They have no shock coil on any lead, and they are difficult to distinguish from a conventional two-chamber pacemaker on X-ray. They have no apparent magnet response. The X-ray 
identifier on these devices includes the Medtronic “M,” but the first character is “I.” All other Medtronic cardiac generators have the Medtronic “M” with the first letter identifier “P.”

‡Some Medtronic ICDs will emit a tone for 15–20 seconds when a magnet is placed on the device. However, this tone will not be interrupted with immediate magnet removal, and as a 
result, the tone cannot be used for confirmation of appropriate magnet placement.
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Procedures in the Hybrid 
Operating Room

Transcatheter techniques are being used increasingly as an adjunct 
to, rather than a replacement for, cardiac surgery; the primary aim 
is to improve clinical outcomes by reducing the size and number of 
incisions and cardiopulmonary bypass (CPB) time, without compro-
mising the long-term results offered by conventional cardiac surgery.1 
Increasingly, it is only possible to perform these hybrid procedures 
in suites combining conventional cardiac operating room capability 
with standard cardiovascular imaging equipment, particularly because 
most existing cardiac operating rooms and catheterization laborato-
ries do not meet the requirements for performing both surgery and 
interventional imaging.2 Hybrid operating rooms first emerged in vas-
cular surgery, driven by lack of access to interventional radiology facili-
ties at a time of expansion in endovascular techniques; more recently, 
an increase in the number of hybrid procedures has emphasized the 
need for suites specifically designed for this purpose. This chapter pro-
vides an overview of the rationale for building a hybrid cardiovascular 
suite and the planning, logistics, and design challenges that must be 
met to create and run it successfully. There is relatively little available 
on the design and logistics of hybrid operating rooms in the medical 
literature; the reference articles,3–5 including an excellent case study by 
Hirsch4 and detailed review by Nollert and Wich,5 were the primary 
source materials for this chapter and cover most of the aspects outlined 
here in more depth.

RATIONALE
Key aspects of building design depend on the intended use of the room. 
Given total costs of between $2 and $4 million, there may be a desire 
to ensure that the room is suitable for the full gamut of cardiovascular 
hybrid procedures (Table 26-1) to maximize use; and key stakehold-
ers from adult and pediatric cardiac surgery, interventional cardiology, 
electrophysiology, vascular surgery, and anesthesiology should, there-
fore, be involved in planning at the earliest stages. It is vital to decide 
early in the process whether the aim is to build a cardiac catheterization 
laboratory that can be used for surgical procedures, a cardiac operat-
ing room that may be used for cardiovascular imaging, or a true hybrid 
suite meeting the specifications for cardiac surgery and catheteriza-
tion and designed to allow state-of-the-art imaging, intervention, and 
 surgery to take place at the same time.

HYBRID CARDIOVASCULAR PROCEDURES
Coronary Revascularization

Coronary artery surgery, which represents more than 90% of adult car-
diac procedures nationally, offers some scope for a hybrid approach. 
The impact of graft failure after coronary artery bypass grafting 
(CABG) is well documented. In a recent prospective, multicenter study, 
the 1-year failure rate of saphenous vein grafts was reported to be more 
than 30%, that of the left internal mammary artery 8%, and the com-
mon end point of death or new myocardial infarction was 14% in these 
patients compared with 1% in patients with patent grafts.6 More recent 
data suggested saphenous vein failure rates of more than 40% at 12 
to 18 months.7 Early graft failure, present in 5% to 20% of patients at 
 discharge from the hospital, commonly is attributed to technical error 
and is the rationale for completion angiography with the option for per-
cutaneous coronary intervention before leaving the operating room. In 
a recent series of 366 consecutive patients undergoing CABG surgery 
with completion angiography, 6% of all grafts required percutaneous 
coronary intervention to address technical problems compromis-
ing patency (including vein valves impeding flow [n = 9], left inter-
nal mammary artery dissection [n = 6], vein graft kinks [n = 7], and 
incorrect location or vessel [n = 8]). In an additional 49 cases (6.2% of 
grafts), angiography revealed problems that could be corrected either 
by minor adjustments such as removing a clip or adjustment of con-
duit lie or by traditional surgical revision8 (see Chapter 18).

The relatively high rate of early saphenous graft failure and the lack 
of clear prognostic benefit conferred by surgical revascularization of 
non–left anterior descending coronary artery territories has led some 
groups to explore the option of hybrid revascularization. In the earlier 
series, 60% (n = 67) of patients underwent planned percutaneous cor-
onary intervention either immediately before or after CABG surgery. 
The majority of patients were selected for hybrid revascularization 
in an attempt to decrease the perceived risk for conventional surgi-
cal revascularization or because lesion anatomy favored stenting over 
 surgery. There was one death in this group because of stent thrombosis 
in a patient who underwent left internal mammary artery grafting to 

KEY POINTS

1. Hybrid cardiovascular suites are likely to 
become a key feature of more institutions as 
the number of patients undergoing hybrid 
procedures increase, and the technologic and 
procedural demands outstrip what can be 
supported by conventional cardiac operating 
rooms, endovascular suites, and catheterization 
laboratories.

2. Surgical and imaging equipment should meet 
the specifications for cardiac surgery and 
intervention, respectively, and investment in 
an integrated audiovisual system with linked 
conferencing capability can facilitate live case 
discussion.

3. Myocardial revascularization, transcatheter aortic 
valve implantation, thoracic aortic repair, and 
congenital cardiac surgery offer clinical outcomes 
that increasingly are comparable with those of 
conventional surgical approaches in selected 
patients and currently represent the bulk of 
hybrid cardiovascular procedures.
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the left anterior descending artery, and a hybrid stent to the left main 
stem coronary artery. There are no robust data on long-term outcomes 
in what are typically small, single-center studies.

The authors emphasized the importance of a collaborative work-
ing environment. Although they concluded that routine completion 
graft imaging should become the standard of care in coronary artery 
surgery, the authors identified several key considerations. Performing 
percutaneous revascularization immediately before chest closure, as 
opposed to 1 or 2 days after surgery, means that the patient is sub-
mitted to one, rather than two, procedures, and graft patency may be 
evaluated and addressed as described earlier. The disadvantages of 
this approach include the requirement for nephrotoxic contrast at the 
time of surgery, the additional procedural time and cost, the risk for 
acute stent thrombosis on reversing heparin with protamine, cardiac 
 catheterization-related complications such as stroke or arterial injury, 
infection risk, and the need to give patients clopidogrel before surgery, 
with potential impact on bleeding complications.

Transcatheter Valve Replacement
An emerging modality that will likely become a mainstay of hybrid 
operating rooms is transcatheter valve replacements.9 Aortic valve 
replacement is the treatment of choice for symptomatic severe aortic 
stenosis; medical management is associated with high mortality, and 
balloon valvuloplasty offers temporary symptomatic relief without 
any associated survival benefit. Despite the low operative mortality of 
isolated primary aortic valve replacement, up to 40% of patients with 
American Heart Association/American College of Cardiology Class I 
indications for aortic valve replacement are denied surgery. Reasons 
most commonly cited by clinicians include advanced patient age and 
morbidity, and this is a driving force behind the development of tran-
scatheter aortic valve implantation. Transcatheter aortic valve replace-
ment has been performed via either the transfemoral or transapical 
approach in several thousand patients in Europe, and as of 2010, the 
U.S. Food and Drug Administration approved the procedure in the 
United States (see Chapter 19).

These techniques allow aortic valves to be replaced without CPB, large 
incisions, and in some cases, under sedation rather than general anes-
thesia. The device consists of a delivery catheter system (now as small 
as 18F in some devices), a disposable compression and loading system 
for the prosthesis, and the valve prosthesis. Several such prostheses are 
available and consist of pericardial valves mounted on compressible 
metal stents, which can be re-expanded once in position, allowing the 
valve to be delivered in a retrograde fashion without recourse to CPB, 
via a catheter placed in the femoral or axillary artery, or antegradely 
via the apex of the left ventricle, once the native aortic valve has been 
fractured and displaced by balloon inflation into the coronary sinuses. 
One key difference between the devices is how the valve is re-expanded 
once in position. The Cribier–Edwards valve (Edwards Labs, Irvine, 
CA) is expanded by inflating a balloon inside the valve once in position; 
 cardiac output is zero for the few seconds required to expand the stent. 
In comparison, the CoreValve prosthesis (Core Valve, Inc., Irvine, CA) is 
mounted on a large, self-expanding nitinol stent, which allows left ven-
tricular ejection to continue during stent expansion.

The device is guided into position with a combination of real-time 
transesophageal echocardiography (TEE) and fluoroscopy. Transcatheter 
valve replacement requires state-of-the-art imaging capability, as well as 
the ability to secure surgical access, potentially institute CPB, and convert 
emergently to general anesthesia and conventional aortic valve replace-
ment. If the risk for conversion to open chest surgery declines as experi-
ence with the technique increases, the main obstacle preventing standard 
cardiac catheterization laboratories from being the optimal place to 
 perform transcatheter valve replacement may become one of sterility 
because current building specifications between catheter laboratories 
and operating rooms in many countries differ in this regard.

The likelihood is that transfemoral aortic valve replacement will 
become the dominant treatment modality in high-risk patients requir-
ing aortic valve replacement, greatly expanding the growing pool of 
eligible patients. Results have improved as both experience with the 
procedures and technology have developed, and currently mortality, 
associated stroke, major morbidity, and echocardiographic outcomes 
appear to offer very-high-risk and nonoperable patients a safe alterna-
tive to conventional surgery. Indications for transcatheter aortic valve 
implantation eventually may be expanded to lower-risk groups, based 
on outcomes of the large prospective clinical trials currently under way. 
Interventions for mitral and tricuspid valve repair are at a much earlier 
stage of development and are less likely to contribute significantly to 
the volume of hybrid procedures in the next decade.10

Hybrid Thoracic Aortic Surgery
Thoracoabdominal aortic disease increasingly is treated with hybrid pro-
cedures in which open repair, debranching, or bypasses are performed in 
conjunction with endovascular stenting. These procedures are particu-
larly suited to hybrid suites capable of providing high-quality imaging, 
CPB capability, and optimal surgical conditions (see Chapter 21).

Hybrid Congenital Cardiac Surgery
Combined open and interventional approaches have been used suc-
cessfully to treat multiple muscular ventricular septal defects, pulmonic 
stenosis, and hypoplastic left-heart syndrome. Hybrid techniques 
address the barriers to transcatheter approaches such as poor vascular 
access and hemodynamic compromise, as well as reduce the need for 
high-risk resternotomy and long CPB times (see Chapter 20).

Cardiac Electrophysiology
A hybrid suite would be the optimal location for totally endoscopic 
approaches to epicardial ablation combined with a modified transcath-
eter endocardial strategy, which may provide better long-term freedom 
from atrial fibrillation and stroke than patients treated using these 
methods in isolation, although data are currently limited to small, 
 single-center series (see Chapter 4).

Procedures That Can Be Included in the Business 
Plan for a Hybrid Cardiovascular Suite

Interventional Cardiology
Diagnostic and therapeutic cardiac catheterization, including percutaneous 

coronary intervention
Diagnostic and therapeutic electrophysiology procedures, including endocardial 

ablation, pacemaker and defibrillator device insertion and changes
Conventional Cardiac Surgery
All adult and pediatric cardiac surgery
Transplant, ventricular assist device, and extracorporeal membrane oxygenation
Trauma surgery
Fetal interventions
Endovascular Surgery
Abdominal aortic aneurysm stenting
Thoracic aortic aneurysm stenting
Carotid stenting
Hybrid Procedures
Pediatric
Hybrid stage I procedure for hypoplastic left-heart syndrome (modified Norwood)
Patent ductus arteriosus stenting with surgical Blalock-Taussig shunt
Pulmonary artery stenting
Percutaneous atrial septal defect with option to convert to on-bypass open procedure
Preventricular ventricular septal defect closure for muscular apical septal defects
Pulmonary valve replacement
Adult
Coronary artery bypass grafting in multivessel disease with either endoscopic, 

minithoracotomy or robotic mammary harvest, with direct or robotic left 
anterior descending coronary artery anastomosis, percutaneous intervention 
on other lesions, and operative angiography of bypass grafts

Transcatheter aortic valve implantation
Thoracoabdominal aneurysm stenting with surgical debranching or bypass

TABLE  
26-1
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PLANNING
The process of building a hybrid operating room, from initial proposal 
to official opening, takes around 21 months (Table 26-2). All involved 
parties should establish a clear, early understanding of the primary role 
of the hybrid room, the statutory requirements, and site limitations 
that must be met.

Construction
An operating room and an interventional catheterization laboratory 
are basically the same. In design and construction, many states enforce 
the 2006 Guidelines for Design and Construction of Health Care Facilities. 
This document has been revised and was published in 2010 (Box 26-1). 
In the guidelines, both rooms have virtually the same requirements 
for ventilation, cleanliness, and room finishes. These are 15 room-air 
changes per hour, relative humidity should be maintained between 30% 
and 60%, and temperature should be maintained at 68° C to 73° C in 
operating rooms and 70° C to 75° C in interventional catheterization 
laboratories. The major differences are in the suite support infrastruc-
ture; a surgical suite has requirements for support services that are not 
required in an interventional catheterization suite. These include:

activities performed in each area

clean and soiled.

Historically, catheterization suites have been located within or adja-
cent to the facility's imaging department. Occasionally, the catheter-
ization suite is standalone within the cardiology service area. Like 
surgical suites, interventional cardiology suites are required to have 
support areas including adjacent scrub facilities; patient preparation, 
holding and recover areas; control room, viewing suite, and electrical 

Design and Construction Timeline

Time Required Activity

Months 1–6 Agree on planning group
Initial architectural plans and quotes produced
Obtain vendor quotes and costs
Produce business plan
Administration approve business plan

Month 7 Formal presentation to institutional planning committee
Month 8 Architectural plans finalized

Engineering plans finalized
Information technology (IT) and audiovisual plans 

finalized
Vendors selected

Month 8 Budget completed
Month 10 Presentation to institutional capital expenditure committee
Month 11–18 Construction of hybrid room
Month 18–20 Hybrid room outfitted
Month 20 Testing hybrid room equipment and setup
Month 21 Hybrid room official opening

TABLE  
26-2

BOX 26-1. EXCERPTS FROM 2010 GUIDELINES FOR DESIGN AND CONSTRUCTION OF HEALTH CARE FACILITIES

Surgical Suites
Layout
(1) The surgical suite shall be located and arranged to prevent 

nonrelated traffic through the suite.
(2) The clinical practice setting shall be designed to facilitate 

movement of patients and personnel into, through, and out of 
defined areas within the surgical suite. Signs shall clearly indicate 
the surgical attire required.

(3) An operating room suite design with a sterile core shall 
provide for no cross-traffic of staff and supplies from the 
soiled/decontaminated areas to the sterile/clean areas. 
The use of facilities outside the operating room for soiled/
decontaminated processing and clean assembly and sterile 
processing shall be designed to move the flow of goods and 
personnel from dirty to clean/sterile without compromising 
universal precautions or aseptic techniques in both 
departments.

Operating and Procedure Rooms
General operating room(s)
(1) New construction

(a) Space requirements
(i) Each room shall have a minimum clear area of 400 square 

feet (37.16 square meters) exclusive of fixed or wall-
mounted cabinets and built-in shelves, with a minimum 
of 20 feet (6.10 meters) clear dimension between fixed 
cabinets and built-in shelves.

(b) Communication system. Each room shall have a system for 
emergency communication with the surgical suite control 
station.

(c) X-ray viewers. X-ray film viewers for handling at least four 
films simultaneously or digital image viewers shall be 
provided.

(d) Construction requirements. Operating room perimeter 
walls, ceiling, and floors, including penetrations, shall be 
sealed.

Room(s) for cardiovascular, orthopedic, neurological, and other 
special procedures that require additional personnel and/or large 
equipment
(1) Space requirements. When included, these room(s) shall have, 

in addition to the above requirements for general operating 
rooms, a minimum clear area of 600 square feet (55.74 square 
meters), with a minimum of 20 feet (6.10 meters) clear dimension 
exclusive of fixed or wall-mounted cabinets and built-in shelves.

(2) Pump room. Where open-heart surgery is performed, an 
additional room in the restricted area of the surgical suite, 
preferably adjoining this operating room, shall be designated 
as a pump room where extracorporeal pump(s), supplies, and 
accessories are stored and serviced.

(3) Plumbing and electrical connections. Appropriate plumbing and 
electrical connections shall be provided in the cardiovascular, 
orthopedic, neurosurgical, pump, and storage rooms.

Cardiac Catheterization Laboratory (Cardiology)
Location
The cardiac catheterization laboratory is normally a separate suite, 
but location in the imaging suite shall be permitted provided the 
appropriate sterile environment is provided.

Space requirements
(1) Procedure rooms

(a) The number of procedure rooms shall be based on expected 
utilization.

(b) The procedure room shall be a minimum of 400 square feet 
(37.16 square meters) exclusive of fixed cabinets and shelves.

Electrophysiology labs
(1) If electrophysiology labs are also provided in accordance with the 

functional program, these labs may be located within and integral 
to the catheterization suite or located in a separate functional 
area proximate to the cardiac care unit.

(2) These procedure rooms shall comply with all the requirements of 
Section 2.1-5.4, Cardiac Catheterization Lab.

Excerpted from 2010 Guidelines for Design and Construction of Health Care Facilities. Dallas, TX: The Facility Guidelines Institute, 2010.
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 equipment rooms; clean and soiled workrooms; housekeeping closet; 
and staff clothing change areas. A key consideration to determine 
early in the planning process is who holds primary responsibility for 

 cardiology, or cardiac surgery. Once this is established, the physical 
construction is easier to develop.

Personnel
To address the key needs of the interdisciplinary teams that will be 
using the hybrid suite, clinicians and technicians from adult and con-
genital cardiac surgery, interventional cardiology, anesthesiology, 
perfusion, vascular surgery, and interventional radiology should be 
involved from the earliest planning stages (Table 26-3). A multidisci-
plinary planning team should produce a list of requirements, as well 
as identify key constraints, such as the existing location of services. 
These include intensive care, cardiac operating room, and cardiac cath-
eterization laboratories. Initial plans then are produced and refined in 
conjunction with specialist architects, working closely with equipment 
vendors. Visiting established hybrid rooms, reviewing plans with teams 
already familiar with the process and outcomes, and three-dimensional 
reconstructions are all essential parts of the design process because few 
hybrid rooms are identical, and it is usually difficult to visualize how a 
setup will function based purely on architectural drawings.

Location
Frequently, the greatest challenge in establishing a hybrid room is iden-
tifying a suitable space. If the existing cardiac operating rooms are 
located separately from the cardiac catheterization laboratories, the 
hybrid operating room should probably be constructed in proximity 
to the cardiac operating rooms so that access to cardiac instruments 
and equipment, CPB machines, perfusionists, cardiac anesthesiolo-
gists, extracorporeal membrane oxygenators, and the intensive care 
unit is optimized. It usually is not possible to convert a single existing 
cardiac operating room to a hybrid room; a maximally efficient hybrid 
room requires 900 to 1200 square feet, compared with most operating 
rooms and catheterization laboratories, which are no more than 400 
to 700 square foot. Biplane imaging has a rigid vertical room height 
requirement of 9 6  to 9 9,  and this may be difficult to achieve within 
an existing operating room complex. The existing space between the 
ceiling and the floor above is usually full of heating, ventilation, and 
air conditioning (HVAC) ducts, power and data conduits and cabling, 

and medical gas pipes. The presence of an interstitial floor above or 
below the site is a great advantage but is the exception rather than the 
rule in medical center construction. In the absence of constructing 
additional space, which often is not feasible in urban locations, poten-
tial solutions include combining two existing operating rooms or an 
operating room and a support area for renovation/expansion into an 
adjacent space. These also cause a domino effect because of the loss of 
a functioning space.

Infrastructure
Regulatory guidance covering operating rooms and catheterization 
laboratories varies from state to state, and by country, and the more 
stringent of the two standards should be met in each case. This usu-
ally includes floor area excluding fixed-storage space, nonpaneled ceil-
ing design, air circulation and filtration, and full-scale temperature and 
humidity control. With rooms 900 to 1200 square feet in size, infra-
structural design must incorporate one or more booms housing all 
perfusion and anesthetic gases, power outlets, data ports, suction, and 
waste gas scavenging requirements. The booms may additionally house 
fiberoptic light sources, electrocautery machines, radiofrequency abla-
tion devices, near-infrared spectroscopy, and blood chemistry and 
hematology analyzers. The booms usually consist of a perfusion boom 
at one side of the operating table and an anesthetic boom at the head 
of the table. It may be useful to install a third boom so that the CPB 
machine may be set up on the opposite side of the table according to 
surgeon preference. The aim is to ensure that all cabling and conduits 
are kept off the floor to facilitate cleaning, maintenance, and safety. The 
brakes on the booms may be powered by compressed nitrogen.

Ergonomics
Several problems commonly are seen in hybrid rooms adapted from 
catheterization laboratories or operating rooms. The anesthesia area 
around the head of the bed is typically crowded; positioning of imag-
ing and hemodynamic recording devices may significantly impede flow 
or movement in the room; sight lines to vital monitoring and imag-
ing may be poor; and moving overhead operating lights and moni-
tors results in collisions with other equipment. One successful solution, 
described in an excellent case study on setting up a hybrid pediatric 
cardiac surgery operating room, was to convert the future hybrid suite 
from a rectangle into a T shape, with the top of the “T” extending from 
the head of the bed on either side. This provided ample space for the 
anesthesia boom, anesthetic machine, echocardiography machine, 
defibrillators, storage cart, and personnel while facilitating access to 
the patient. Moving bulky hemodynamic and imaging recorders out 
of the main operating room to a glass-paneled control room linked 
by a voice-activated microphone system further enhances flow in the 
main operating room. Creating mobile storage carts dedicated to spe-
cific procedures that can be removed from the room when not required 
frees up additional floor space and further improves flow, particularly 
if they are located in the horizontal bar of a T-shaped room, so nursing 
staff no longer have to move around the patient to access equipment. 
Touch-panel automated doors wide enough to accommodate a bed 
together with a CPB or extracorporeal membrane oxygenator  circuit 
should be included in the design.

EQUIPMENT
Lights, Monitors

Surgical lights and banks of four to six imaging monitors (or, prefera-
bly, large flat-panel screens that can support multiple video inputs) are 
housed on overhead gantries. Optimally, monitors that display continu-
ous invasive and noninvasive monitoring of vital signs should be placed 
in four quadrants of the room, in addition to the imaging monitors, 
which should be located opposite the surgeon, as well as in the control 
room. A specific plan should be created, including all  ceiling-mounted 

Key Members of Planning Group for Hybrid 
Cardiovascular Suite

Clinical Staff
Adult and pediatric cardiothoracic surgeons
Interventional cardiologist
Cardiac anesthesiologist
Vascular surgeon
Perfusionist
Microbiologist
Operating room nurse manager
Cardiac catheterization nurse manager
Business Administrators
Financial officer
Construction and Design
Specialist architect
Specialist interior designer
Hospital estates and facilities manager
Specialist construction manager
Electronic engineer
Information technology manager
Audiovisual specialist
Internal applications specialist

TABLE  
26-3
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components (lights, monitors, booms, air- conditioning, C-arms, etc.) 
to minimize collisions between devices (Figure 26-1). Conventional 
surgical lights are often mounted on very long gantries. It can be dif-
ficult to position the lights adequately and maintain sterility without 
assistance, without interfering with sight lines or other equipment, 
particularly the overhead monitors. A video camera integrated in the 
main overhead light enables nonsurgical personnel to obtain a view of 
the surgical field.

Infection Control
The two main focuses of infection control are preventing contamina-
tion of the hybrid site and adjacent operating rooms during construc-
tion and maintaining hygiene once the room is in use. It frequently is 
necessary to change or limit access to existing facilities and utilities dur-
ing building work, and eliminating low-level contamination of nearby 
rooms is challenging. Rigorous infection control risk assessments are 
mandatory before and during construction. Requirements for infection 
control once construction is completed differ between surgical disci-
plines and between countries. Standard provision by many centers now 
includes laminar air flow with specified volume changes. Ceiling skirts, 
which are often used in conjunction with laminar flow systems, pre-
clude ceiling-mounted imaging gantries. Furthermore, ceiling-mounted 
systems are more difficult to clean than floor-mounted systems, inter-
fere with air flow, and may increase the risk for dust contaminating the 

 surgical field if running parts cross the ceiling above the operating table. 
Their main advantage is that they can move up and down the entire 
operating field without putting tension onto lines and catheters. Touch 
panel–operated doors and daily terminal cleaning contribute to optimal 
infection control once the hybrid room is running.

Both a surgical suite, in which the operating room is located, and 
a cardiac catheterization suite are required to have staff locker facil-
ities that encourage one-way changing from street clothes to scrubs. 
A catheterization suite should maintain the same semirestricted and 
restricted areas that are required in a surgical suite. In terms of dress 
codes, the standard two-step policy for surgical attire is applied to the 
hybrid operating room. Education of nonsurgical personnel, who are 
less familiar with the strict antisepsis requirements required in a  cardiac 
operating room, is mandatory.

Imaging Equipment
Fluoroscopy is the basic imaging mode provided by all  angiography 
 systems, and is the predominantly used modality during  surgery because 
it exposes the patient to less radiation and provides  high- resolution, 
real-time images. Biplanar rather than monoplanar imaging is essential 
for interventional cardiology-based procedures. Two kinds of C-arms 
are available: mobile and fixed. Mobile C-arms, which surgeons 
 currently use routinely for screening for  missing  instruments and 
 catheter  placement, are not adequate for visualizing thin  guidewires 
or fine stents or quantifying stenosis of small vessels. The techni-
cal  specifications for power, frame rate, and heat storage capacity of 
mobile C-arms are well below those set by the regulatory bodies, and 
for a room to work as a true hybrid cardiovascular suite, a fixed C-arm 
should be installed (Figure 26-2). Where available space is lacking, a 
semimobile system with a fixed generator may be a reasonable compro-
mise. Flat-panel detectors are preferable to image  intensifiers because 
 contrast resolution is higher; there is no edge distortion effect, and flat-
panel detectors offer three-dimensional (3D) imaging  capabilities (see 
Chapter 3).

Postprocessing of fluoroscopic images allows 3D images to be gen-
erated, as well as fusion of fluoroscopic images with any previously 
acquired 3D images including computerized tomography, magnetic 
resonance imaging, positron emission tomography, and single-photon 
emission tomography. The C-arm must be integrated with the operat-
ing table if 3D imaging is planned. Fixed C-arms may be ceiling or floor 
mounted. Although floor-mounted systems are preferred for hygiene 
reasons outlined earlier, ceiling-mounted systems can image the whole 

Figure 26-1 Floor plan showing the layout of a hybrid cardiovascular 
suite, including the working arcs of three booms, C-arm, operating lights, 
and monitoring gantries; location for bypass circuit; and ancillary rooms. 
(Courtesy of Alfred I. Dupont Hospital for Children.)

Figure 26-2 View of a hybrid cardiovascular operating room. The 
cardiopulmonary bypass circuit is on the far right with its own boom. The 
operating table is in the middle of the picture, with a floor-mounted, 
fixed biplanar C-arm to the left. (Courtesy of Alfred I. Dupont Hospital 
for Children.)
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patient without the need to move the operating table, associated lines, 
catheters, and monitoring and easily can be moved in and out of the 
operative field as required. Careful attention needs to be paid to idle and 
working positions. It often is difficult to mobilize a ceiling-mounted 
C-arm left at the head of the patient during a procedure without inter-
fering with anesthesia and monitoring equipment. Designing a hybrid 
suite where large imaging equipment must routinely be stored outside 
defeats the purpose of a true hybrid operating room.

Operating Equipment
Deciding on a table that meets the needs of both surgeon and interven-
tionalist is challenging. If fixed imaging equipment is installed, then the 
table also must be fixed. The table must be radiolucent, with a floating 
tabletop controlled by a touch panel in the surgeon's field providing fast, 
fine movements during angiography, allowing the whole patient to be 
imaged. Carbon-fiber tables meet this requirement but do not meet the 
surgeon's need for a breakable table, although some models do permit 
lateral and Trendelenburg tilt, and these should be selected for cardio-
vascular hybrid suites. Most additional positioning can be accomplished 
with inflatable cushions, which should be checked to establish they do not 
interfere with any imaging modalities. If robotic procedures are planned, 
then particularly careful attention needs to be paid to both working space 
and storage, as well as access between the two because the robot console 
and arms are particularly bulky pieces of equipment that are preferably 
stored outside the immediate area of the operating table. As the robot 
arms surround the operating table, it is not possible to leave the C-arm 
in space, and options for parking this during robotic procedures should 
be planned carefully in advance of installation. A fixed C-arm may not be 
feasible in a room in which the dominant procedure is robotic surgery.

Anesthetic Equipment
Anesthesia for hybrid procedures presents particular challenges, and 
careful attention must be paid to the design and ergonomics of the 
anesthesia area. Patients undergoing hybrid procedures may be selected 
because of substantial frailty or morbidity, contraindicating conven-
tional surgery. Procedures starting out without endotracheal intubation 
may need urgent conversion. In addition to providing anesthesia for pro-
cedures that, in the case of transcatheter aortic valve replacement, for 
example, may require rapid pacing with periods of complete loss of car-
diac output, the anesthetic team is simultaneously required to provide 
accurate transesophageal echocardiographic guidance to intervention-
alists. Providing real-time image guidance during time-critical parts of 
the procedure when the patient is often maximally unstable is a differ-
ent dynamic from providing routine prebypass and postbypass imag-
ing. Primary consideration, therefore, in designing the anesthesia area 
is ensuring adequate space to accommodate the anesthetic adjuncts to 
hybrid procedures such as transesophageal echocardiographic machines, 
somatosensory-evoked potential and cerebral perfusion monitoring, 
pacing and defibrillator devices, standard invasive monitoring, and drugs 
and equipment required for cardiac surgery, while ensuring the anes-
thesia team has optimal access to the patient at all times. The T-shaped 
design described earlier offers a particularly effective layout, facilitating 
flow to patient and equipment. Additional improvements in work flow 
can be obtained by creating an anesthetic room for induction; these are 
widely used in conventional cardiac operating rooms in Europe because 
they increase the efficiency with which the rooms can be used by almost 
 eliminating anesthetic turnaround time.

Communication and Audiovisual 
Equipment
Imaging routing is helpful, so that all prior patient imaging can be 
brought up on monitoring screens, which also can display any combi-
nation of the real-time imaging or monitoring as required. Integration 
of multiple video inputs, such as echocardiography, angiography, film 

of the operative field, physiologic monitoring, electrophysiologic map-
ping, and live processing to produce 3D imaging, can greatly facili-
tate hybrid procedures but requires careful planning. Cameras may 
be usefully mounted high on the wall of the hybrid suite and within 
the central light handle, and if high-definition equipment is used with 
sufficient zooming and remote control capability, it can provide high-
quality video footage for monitoring and education purposes. Fixed 
cameras can be combined with handheld thoracoscopic cameras for 
minimally invasive procedures. Voice-activated microphones (both 
fixed to the wall and mounted on headsets) are most useful for com-
municating with a separate control room during cardiac catheteriza-
tion but also can allow the surgical team to communicate outside the 
operating room without breaking sterility if telephone routers are inte-
grated. Well-planned audiovisual systems also facilitate live teaching, 
case discussions, and conferencing if video footage is linked to remote 
monitoring screens and projection centers. Dedicated Ethernet and 
data ports for each imaging modality, as well as standard Internet access, 
are necessary for uploading large image files onto hospital mainframes. 
Hybrid rooms should have DVD recording capability.

Opening a New Hybrid Room
Despite painstaking planning and exhaustive testing, initial wrinkles in 
the smooth functioning of a hybrid room are inevitable; staff need time 
to familiarize themselves with new layouts, equipment, and ways of work-
ing, and unforeseen challenges are inevitable. It, therefore, makes sense to 
ensure that, for the first week or so of operation, procedures scheduled for 
the hybrid operating room are routine operations with which all staff is 
familiar. Building complex and novel approaches in an incremental fash-
ion should minimize adverse events and build institutional confidence in 
what is, by any measure, a huge investment for all concerned.

HYBRID TRAINING
The growth in hybrid procedures may require a cadre of clinicians 
trained in both cardiovascular interventional and surgical skills, rather 
than relying on teams composed of traditionally trained intervention-
alists and surgeons. The training requirements of the American Board 
of Thoracic Surgeons have evolved to reflect this perception, already 
prevalent in vascular surgery, and several residency and fellowship 
training programs have been developed to provide training in cathe-
ter-based skills, diagnostic cardiology, and cardiac surgery, with a view 
to producing cardiovascular specialists rather than cardiothoracic sur-
geons. Barriers preventing wholesale adoption of this hybrid approach 
to training include established conventional referral and working 
practices; the difficulties inherent in acquiring and maintaining skills 
in highly technical procedures that are not performed routinely in 
most centers; the challenge of designing a robust curriculum provid-
ing high-quality education and training in a new field that is evolving 
rapidly; and problems associated with workforce planning. Simulation 
and wet-labs address some of the training and educational challenges, 
as well as provide a useful platform for building professional work-
ing relationships within hybrid cardiovascular teams. Changing estab-
lished working practice may prove more challenging; in the hybrid 
procedures described earlier, the roles of the surgeon and interven-
tionalist still fit traditional patterns even if they are working together 
in the same room. The likelihood is that, as technology continues to 
favor percutaneous rather than surgical approaches, hybrid procedures 
will fall predominantly within the realm of traditionally trained inter-
ventionalists who not only already possess the necessary technical and 
clinical skill set but also are the gatekeepers to the patients.

SUMMARY
Hybrid cardiovascular suites are likely to become a key feature of 
more institutions as the number of patients undergoing hybrid 
procedures increase, and the technologic and procedural demands 
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outstrip what can be supported by conventional cardiac operat-
ing rooms, endovascular suites, and catheterization laboratories. 
Surgical and imaging equipment should meet the specifications for 
cardiac surgery and intervention, respectively, and investment in an 
integrated audiovisual system with linked conferencing capability 
can facilitate live case discussion, which is likely to be of particular 
value in complex, innovative hybrid procedures. Complex coronary 
artery procedures, transcatheter aortic valve implantation, thoracic 
aortic repair, and congenital cardiac surgery offer clinical outcomes 

that  increasingly are  comparable with those of conventional  surgical 
approaches in selected patients and currently represent the bulk of 
hybrid cardiovascular procedures. Hybrid training programs provid-
ing diagnostic, interventional, and surgical skills may provide car-
diovascular specialists with the necessary skill set, but in the longer 
term, hybrid cardiovascular care is most likely to be dominated by 
interventionalists. Anesthesiologists have a pivotal role to play in the 
safe delivery of technology-driven patient care, in the high-stakes 
environment of the hybrid cardiovascular suite.
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EPIDEMIOLOGY, PATHOPHYSIOLOGY, AND 
LIMITATIONS OF CURRENT MANAGEMENT

Scope of the Problem
According to the American Heart Association, approximately 6 mil-
lion people in the United States have congestive heart failure (CHF). 
Available statistics indicate that the incidence of CHF in the population 
approaches 15.2 per 1000 after age 65, 31.7 per 1000 after age 75, and 
65.2 per 1000 after age 85, with 1,106,000 hospital discharges for heart 
failure (HF) in 2006 alone.1 HF is the leading cause of hospitalization 
in patients older than 65,2 with a reported associated cost of $24 to 
$50 billion annually.1–4 On a global scale, HF reportedly affects 0.4% to 
2.0% of the adult population.5

Despite great advances in the understanding of the pathophysiol-
ogy of HF and the development of medications that can potentially 
attenuate the progression of that pathophysiology, morbidity and mor-
tality from this disease remain high. The incidence rate of hospital-
ization for HF increased by 70% during the 1990s,2 and patients with 
New York Heart Association (NYHA) Class IV symptoms currently 
have a reported 1-year mortality rate of 30% to 50%.6 By comparison, 
the  corresponding rates for NYHA Class I-II patients and Class II-III 
patients are 5% and 10% to 15%, respectively. (Table 27-1 defines the 
NYHA symptomatic classes.7) Thus, one of the major goals in the man-
agement of HF is the prevention of progression to advanced stages.

Although many patients successfully achieve temporary relief of HF 
symptoms with medical management, the underlying pathophysiology 
inevitably progresses, and pharmacologic interventions alone eventu-
ally will become inadequate in most patients. A variety of surgical pro-
cedures can be performed to improve cardiac function and potentially 
arrest (or even reverse) the progression to severe dysfunction; but until 
very recently, surgical intervention (short of transplantation or place-
ment of a ventricular assist device [VAD]) was considered contraindi-
cated in patients with advanced HF. Surprisingly, good outcomes with 
“corrective” interventions, however, now have resulted in patients pre-
senting for surgical treatment of their HF on a regular basis. This chap-
ter describes the procedures typically performed in this population and 
the anesthetic considerations for patients with advanced HF.

Brief Review of the Pathophysiology
The current understanding of the pathophysiology of chronic HF 
maintains that initial increases in end-diastolic ventricular volume and 
pressure trigger the release of endogenous natriuretic peptides that 
promote diuresis.8–10 Concurrent activation of the sympathetic nervous 
system causes peripheral vasoconstriction and increases the inotropic 
state of the myocardium. Initially, these mechanisms act to decrease 
excessive preload (which restores wall tension to normal) and main-
tain cardiac output (CO) and arterial blood pressure (BP) in the face of 
mildly depressed ventricular function. Eventually, however, the carotid, 
ventricular, and aortic arch baroreceptors are activated by the relative 
hypovolemia, which leads to further activation of the sympathetic ner-
vous system (via the medullary vasomotor regulatory center), as well as 

KEY POINTS

1. Congestive heart failure (CHF) is a chronic 
progressive disease of epidemic proportion that 
costs billions of dollars annually.

2. Current medical management alone is incapable 
of preventing the progression of CHF to the 
advanced stages of the disease.

3. Surgical options for the management of CHF 
exist and are being increasingly used at an earlier 
stage in the course of the disease.

4. Electrophysiologic maneuvers (e.g., biventricular 
pacing) often can improve cardiac output and 
decrease mortality in patients with advanced 
CHF.

5. Surgical procedures (e.g., revascularization, mitral 
valve repair/replacement, ventricular restoration) 
can alleviate symptoms and prolong survival in 
appropriately selected patients.

6. Implantation of a mechanical circulatory assist 
device remains an attractive management 
option for advanced cardiac failure because the 
underlying problem is mechanical pump failure. 
The new generation of continuous-flow devices is 
performing admirably, with demonstrably fewer 
complications, and is rapidly supplanting the first 
generation of pulsatile devices worldwide for 
long-term support of the failing heart.

7. New therapies (e.g., transplantation of skeletal 
myoblasts, stem cells, gene therapies) that 
potentially can reverse the adverse ventricular 
remodeling accompanying CHF and improve 
ventricular function are under development and 
in various stages of human clinical trials, but they 
are years away from routine clinical applicability.

8. The anesthetic management of patients 
presenting for “heart-failure surgery” can 
be challenging, but diligent preoperative 
identification of comorbidities, preoperative 
optimization, appropriate intraoperative 
monitoring, careful titration of anesthetic agents, 
and continuous optimization of hemodynamics 
throughout the perioperative period are 
necessary for a good outcome.

9. Attention to postoperative pain management 
is critical in this population if exacerbations of 
hemodynamic instability are to be avoided.
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the renin-angiotensin-aldosterone axis, and the release of  vasopressin. 
The resultant peripheral vasoconstriction, mild fluid retention, and 
further increases in heart rate and inotropy will again compensate for 
the failing heart. Ultimately, however, chronic sympathetic stimula-
tion causes myocardial 

1
-adrenergic receptors to downregulate, and 

as ventricular function deteriorates, left ventricular (LV) end-diastolic 
volumes and pressures again increase, resulting in increased ventric-
ular wall tension. During this time, increased levels of angiotensin II 
result in adverse myocardial remodeling. Remodeling is a key event 
in the progression of HF and refers to changes in not only ventric-
ular geometry (e.g., dilation) but also myocardial composition (e.g., 
myocyte hypertrophy, lengthening, hyperplasia, fibrosis). In addition, 
increased circulating levels of angiotensin II may enhance myocyte 
apoptosis (programmed cell death) via a protein kinase C–mediated 
increase in cytosolic calcium levels.11

Alterations in chamber geometry (dilation) and myocardial 
remodeling lead to progressively decreased forward CO, perpetuat-
ing the vicious cycle of adverse neurohumoral activation and tran-
sient, tenuous compensation. Myocardial oxygen demand increases, 
whereas oxygen supply potentially decreases because of shortened 
diastolic periods and increased diastolic wall tension. This develop-
ing diastolic dysfunction (ventricular “stiffness”) leads to increased 
left atrial and pulmonary pressures, pulmonary congestion, and 
increased right ventricular (RV) afterload. This eventually may 
progress to signs and symptoms of right-sided HF.

Modern medical management of chronic CHF, therefore, uses 
agents that have been shown to decelerate the progression to severe 
failure, reduce adverse myocardial remodeling, and enhance survival 
(e.g., angiotensin-converting enzyme inhibitors,12–14 -blockers,15–18 
and aldosterone antagonists19,20), in combination with other agents that 
improve the symptoms but have not been shown to improve long-term 
survival alone (e.g., diuretics, digoxin). (See Chapter 10.)

Limitations of Current Medical 
Management
Given that there are currently between 300,000 and 800,000 patients in 
the United States who have progressed to NYHA Class III and IV status 
despite modern medical management,21 it appears that current treat-
ment strategies have significant limitations. Part of the failure of medi-
cal management alone to control the progression of the disease may 
be that treatment has traditionally focused on systolic  dysfunction. 

Four classic stages of HF have been described: (1) an initial cardiac 
injury or insult, (2) activation of specific neurohormonal axes with 
resultant cardiac remodeling, (3) compensatory fluid retention and 
peripheral vasoconstriction, and (4) ultimate contractile failure.22 In 
contrast with this traditional conception, it is now known that diastolic 
dysfunction (decreased lusitropic function) is the primary problem in 
an estimated 30% to 50% of patients with HF. Pharmacologic inter-
ventions aimed at improving diastolic dysfunction and attenuating 
(if not reversing) remodeling currently are the subject of randomized 
trials worldwide.

SURGICAL OPTIONS FOR HEART FAILURE
A growing number of surgical procedures exist (or have been devel-
oped) to relieve CHF symptoms and arrest the progression of the 
disease through correction of abnormal myocardial depolarization, 
enhancement of myocardial blood supply, improvement in ventric-
ular loading conditions, and restoration of more normal ventricular 
geometry. Box 27-1 provides a list of current surgical interventions for 
CHF.

Cumulative worldwide experience with the interventions listed in 
Box 27-1 suggests that these procedures not only relieve symptoms but 
may attenuate or possibly arrest the progressive myocardial remodel-
ing that accompanies chronic HF.23–27 In some cases, partial reversal of 
the adverse myocardial remodeling has been demonstrated, and com-
bination therapy (surgical intervention with targeted pharmacologic 
treatment) intended to enhance reverse remodeling is actively being 
investigated.28

Thus, interventions previously considered contraindicated by low 
ejection fraction (EF) are now being used precisely for that indication. 
It remains to be determined, however, which procedures ultimately will 
benefit which subpopulations of patients with HF. Despite the com-
mon final pathway that leads to dilated pathophysiology seen in the 
majority of these patients, an individual's initial underlying causative 
factor may again become an important consideration because these 
procedures are used earlier and earlier in the course of deterioration as 
a treatment intended to halt the progression of the disease.

Revascularization
Coronary artery disease has become the most common cause of HF.29 
Of those patients currently listed for heart transplantation, 36% carry 
a primary diagnosis of ischemic heart disease, and 31% of those trans-
planted in 2007 had ischemia as their primary indication. Commonly 
used terms describing the extent of myocardial injury are defined in 
Table 27-2.

Where viable myocardium and feasible targets exist, revascularization 
of chronically ischemic, hibernating myocardium can improve ventric-
ular function, downgrade NYHA functional class, and improve prog-
nosis.30,31 Although the primary benefit of revascularization appears to 

From The Criteria Committee of the New York Heart Association: Nomenclature and 
Criteria for Diagnosis of Diseases of the Heart and Great Vessels, 9th edition. Boston: 
Little, Brown & Co, 1994, pp 253–256.

New York Heart Association (NYHA) Functional 
Capacity

Functional Capacity Objective Assessment

Class I. Patients with cardiac disease but without 
resulting limitation of physical activity. 
Ordinary physical activity does not cause 
undue fatigue, palpitation, dyspnea, or anginal 
pain.

A. No objective evidence 
of cardiovascular 
disease

Class II. Patients with cardiac disease resulting in 
slight limitation of physical activity. They are 
comfortable at rest. Ordinary physical activity 
results in fatigue, palpitation, dyspnea, or 
anginal pain.

B. Objective evidence of 
minimal cardiovascular 
disease

Class III. Patients with cardiac disease resulting 
in marked limitation of physical activity. They 
are comfortable at rest. Less than ordinary 
activity causes fatigue, palpitation, dyspnea, 
or anginal pain.

C. Objective evidence 
of moderately severe 
cardiovascular disease

Class IV. Patients with cardiac disease resulting 
in inability to carry on any physical activity 
without discomfort. Symptoms of heart failure 
or the anginal syndrome may be present even 
at rest. If any physical activity is undertaken, 
discomfort is increased.

D. Objective evidence of 
severe cardiovascular 
disease.

TABLE  
27-1

BOX 27-1. SURGICAL OPTIONS FOR THE 
MANAGEMENT OF CONGESTIVE HEART 
FAILURE
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be functional improvement of the left ventricle, reducing ischemic sub-
strate for arrhythmias and retarding adverse myocardial remodeling are 
important secondary benefits.24

Despite an increased perioperative risk for morbidity and mortal-
ity in this population, the world's literature reports current survival 
rates between 57% and 75% at 5 years, with in-hospital mortality rates 
between 1.7% and 11%.31 A review reported an 83.5% survival rate 
at 2 years after revascularization compared with only 57.2% survival 
in patients with CHF who were not revascularized.30 In general, mor-
bidity and mortality tend to correlate inversely with EF and directly 
with NYHA functional class. Additional factors predisposing patients 
to greater morbidity and mortality include advanced age, female sex, 
hypertension, diabetes, and emergent operations32 (see Chapter 18). 
The decreases in morbidity and mortality after revascularization in this 
high-risk population in recent years are at least partially attributable to 
improvements in surgical technique and myocardial protection, but the 
concurrent performance of mitral valve repair and ventricular reshap-
ing address the adverse ventricular loading conditions present and also 
may contribute to improved outcomes. The results of ongoing clini-
cal trials evaluating combinations of surgical procedures (e.g., revas-
cularization plus ventricular reshaping vs. revascularization alone) are 
 discussed in detail later.

The importance of determining the viability of myocardium in the 
area to be revascularized cannot be overstated because the potential 
for recovery of function depends on residual contractile reserve, integ-
rity of the sarcolemma, and metabolically preserved cellular function.31 
Methods to detect viable myocardium include dobutamine stress 
echocardiography, single-photon emission computed tomography, 
positron emission tomography, and cardiac magnetic resonance imag-
ing (see Chapters 1 and 2). Although dobutamine stress echocardio-
graphy often has been shown to have the greatest predictive accuracy,33 
important limitations need to be taken into account. Dobutamine 
stress echocardiography does not demonstrate viability directly, but 
improvement in mechanical contraction under pharmacologic stim-
ulation. An example for a false-negative result can be seen if there is 
loss of contractile proteins in the presence of preserved function of the 
muscle fiber membrane.31 Some centers report using only the intra-
operative assessment of myocardial wall thickness and contractility 
to determine potential viability with revascularization of the target 
region.34 Regardless of the specific method used, the important point is 
that there needs to be viable tissue to revascularize, and the best results 
will be obtained in properly selected individuals. Overwhelmingly, 
encouraging results worldwide suggest that, when feasible, revascular-
ization is of benefit and provides survival advantage to patients with 
significant ventricular dysfunction.

Correction of Mitral Regurgitation
The mitral valve is a complex apparatus consisting of the anterior and 
posterior leaflets, the mitral annulus, the chordae tendineae, the papil-
lary muscles, and the wall of the left ventricle. The posterior portion of 
the annulus is only rudimentarily developed and flexible. This explains 
why this portion of the annulus is prone to dilation during  pathologic 

volume-overloaded states and mandates some form of mechanical 
 stabilization when surgical valve repair is undertaken. The normal 
annulus has a three-dimensional (3D) saddle shape that is exacer-
bated during systole because of apical displacement of the commis-
sures.35 In addition, the aortic root bulges posteriorly during systole. 
These dynamic phenomena lead to the ability of the annulus to change 
its shape during the cardiac cycle. During systole, an elliptical shape 
is assumed that facilitates coaptation of the leaflets. During diastole, 
a more circular form increases orifice dimensions, decreasing resis-
tance to LV inflow.36 Consequently, the LV free wall, papillary muscles, 
and chordae play an important role in the competence of the valve, as 
well as in LV function during systole.

The mechanism responsible for mitral regurgitation can best be 
understood by utilizing the Carpentier classification (Table 27-3). This 
classification describes the motion of the mitral leaflets and position 
of the coaptation zone relative to the annular plane. The mitral regur-
gitation seen in patients with CHF is most often functional, primar-
ily because of apical displacement of the papillary muscles resulting in 
tethering of the leaflets leading to systolic restriction of leaflet motion 
(type IIIb).

Historically, many physicians considered mitral regurgitation advan-
tageous for the failing left ventricle. It was believed that a low-pressure 
atrial “pop off” allowed the failing ventricle to protect itself from the 
high afterload of the systemic circulation and gave the illusion that the 
heart had a better overall contractile state than really existed. This mis-
conception was “supported” by the fact that surgical replacement of the 
mitral valve was associated with a very high mortality rate in patients 
with depressed LV function.37

Romano and Bolling's38 work disproved this misconception, showing 
that despite increased operative risk, mitral valve repair or replacement 
was beneficial to patients with severely depressed LV function, CHF, and 
mitral regurgitation. Operative mortality rates of 5% were reported, 
with 1- and 2-year survival rates of 80% and 70%, respectively.38 Not 
only was long-term mortality reduced, but the increase in LV systolic 
function (on average by 10%) enabled a downgrading of NYHA class 
and resulted in an improved quality of life (see Chapter 19).

Although the majority of patients with end-stage HF will exhibit 
functional mitral regurgitation (as discussed earlier), there may be 
additional concurrent valvular pathology present in a given patient. 
An intraoperative transesophageal echocardiography (TEE) evalua-
tion of the valvular anatomy, the mechanism of the mitral regurgi-
tation, and direct surgical inspection will determine the feasibility 
of repair. Data obtained from patients suffering from organic mitral 
valve regurgitation have been extrapolated to the functional mitral 
regurgitation group in the belief that valve repair is preferable to valve 
replacement, because there are demonstrated hemodynamic advan-
tages associated with preservation of the subvalvular apparatus,39 and 
long-term anticoagulation is not required. However, review of the lit-
erature cannot unequivocally support this assumption. Magne et al40 
were unable to show a survival advantage between MV repair and 

Commonly Used Terms Describing the Extent of 
Myocardial Injury and the Potential for Recovery

Term Definition

Ischemic Insufficient oxygen supply to meet myocardial oxygen 
demand

Stunned Acute myocardial dysfunction after an ischemic event with 
potential for full recovery

Hibernating Chronically ischemic, dysfunctional myocardium with 
potential for full recovery

Maimed Dysfunctional myocardium on the basis of ischemia that 
does not fully recover

Infarcted Myocardial necrosis caused by ischemia with no potential 
for recovery

TABLE  
27-2

From Carpentier A, Chauvaud S, Fabiani JN, et al: Reconstructive surgery of mitral valve 
incompetence: Ten-year appraisal. J Thorac Cardiovasc Surg 79:338, 1980.

Carpentier Classification of Mitral Regurgitation

Carpentier Class Leaflet Motion Typical Pathology

Type I Normal leaflet motion Annular dilation, leaflet 
perforation

Type II Excessive leaflet motion Leaflet prolapse or flail, 
chordal rupture or 
elongation

Type IIIa Restricted leaflet 
motion

Rheumatic leaflet(s), 
thickened or fused leaflets 
or chordae

Type IIIb Restricted leaflet 
motion

Papillary muscle 
displacement/dysfunction 
(dilated cardiomyopathy 
or ischemic)

TABLE  
27-3
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replacement in patients with ischemic mitral regurgitation. Gillinov 
et al41 showed that a survival benefit could be obtained by repair-
ing the mitral valve as opposed to replacing it, especially in lower-
risk patients. However, in high-risk patients, defined as patients with 
extremely low EF and dilated ventricles, this survival benefit was lost, 
prompting them to recommend MV replacement.41 Braun et al42 
showed that end- diastolic diameter larger than 65 mm was associ-
ated with poorer survival in 108 patients undergoing restrictive mitral 
annuloplasty and CABG. Reverse remodeling was seen in all patients 
with end-diastolic diameter smaller than 65 mm; however, it was seen 
in only 25% with end-diastolic diameter larger than 65 mm, making 
them question whether MV repair/CABG is justified in grossly dilated 
ventricles. Most likely a ventricular solution will need to be considered 
in this subset of patients.

A common dilemma that is encountered by the perioperative team 
is what to do with a patient with ischemic cardiomyopathy and mod-
erate mitral regurgitation. In the setting of severe mitral regurgitation, 
most would agree to perform concurrent mitral regurgitation repair, 
and in the setting of mild mitral regurgitation, to leave the mitral valve 
dysfunction unaddressed. Penicka et al's43 study potentially could help 
shed light on this topic. They found improvement in moderate isch-
emic mitral regurgitation only in patients in whom viable myocardium 
in the region of the papillary muscles could be identified by preopera-
tive single-photon emission computed tomographic testing. Patients 
with nonviable myocardium and dyssynchrony between the papillary 
muscles showed postoperative worsening of ischemic mitral regurgita-
tion. Consequently, the authors argued to perform annuloplasty in all 
patients with nonviable myocardium and perform isolated CABG in 
patients with viable myocardium.43

The primary repair technique in the setting of type IIIb dysfunc-
tion consists of downsized annuloplasty. Although much debate exists 
regarding whether the annuloplasty should be performed with the 
aid of a complete semirigid ring or band, most experts agree that the 
annulus needs to be remodeled and stabilized. Although this tech-
nique results in excellent short-term results, most surgeons realize that 
addressing a ventricular problem at the annular level cannot represent 
the ideal solution. Magne et al44 showed that the use of annuloplasty 
rings eliminated severe mitral regurgitation; however, this was at the 
cost of leaving patients with functional mitral stenosis. One valvular 
disorder could be exchanged for another by undersizing the annulus 
(see Chapter 19).

After the procedure, TEE is used to assess the adequacy of the repair 
and potential improvement of overall cardiac function. Often, hemo-
dynamic improvement is not immediately apparent, and TEE is used to 
optimize preload and guide pharmacologic interventions (see Chapters 
12 to 14, 32, and 34).

Left Ventricular Restoration
In 1985, building on work by Cooley, Jatene, and others,45–47 Dor et al 
introduced a ventricular reshaping procedure intended to improve 
systolic performance by excluding akinetic/dyskinetic and aneurys-
mal portions of the left ventricle with a circular stitch at the tran-
sitional zone between contractile and noncontractile myocardium. 
A small patch was used within the ventricular cavity as needed to 
reestablish ventricular wall continuity at the level of the purse-string 
suture.48

This procedure generally was performed in conjunction with revas-
cularization (and included mitral repair/replacement as needed) and 
thus helped establish important principles for a surgical ventricular 
restoration: revascularization of ischemic myocardium, decreasing of 
ventricular volume, and the restoration of ventricular shape. A sub-
sequent publication by the same group described the results of this 
procedure in 130 patients (35% of whom had “heart failure” as the 
indication for the operation) and reported a 6% in-hospital mortal-
ity rate and a 3% late mortality rate because of recurrence of cardiac 
failure.49

In 1996, Batista et al50 introduced a procedure for the reshaping of 
the nonischemic, dilated, and failing left ventricle of NYHA Class IV 
patients through resection of a wedge of normal myocardium from 
the LV apex to the base (laterally, between the papillary muscles). 
This “partial left ventriculectomy” restored more normal ventricu-
lar geometry and decreased wall tension. Functional mitral regurgi-
tation also was addressed during the Batista procedure by a mitral 
valve replacement or repair. Although many patients did benefit ini-
tially from this procedure (reduction of NYHA functional class to 
NYHA Class I in 57% and NYHA Class II in 33.3%),51 periopera-
tive mortality was high (20% in both Batista's own series and in the 
large Cleveland Clinic experience).51,52 In addition, the experience of 
several centers was that many patients required rescue mechanical 
circulatory assistance after the procedure, and many patients expe-
rienced a redilatation of their left ventricle resulting in a return to 
NYHA Class IV status.53–55 Thus, despite the short-lived period of 
initial enthusiasm in the mid- to late-1990s, the Batista procedure 
essentially has been abandoned. The concept of ventricular reshap-
ing, however, remains of interest.

The modified Dor procedure (endoventricular circular patch 
plasty) has been used successfully to reshape large, dilated, spherical 
left ventricles of patients who have had an anterior wall myocardial 
infarction (MI) with resulting aneurysm and akinesis/dyskinesis. 
Essentially, a Dacron patch is placed within the LV cavity to exclude 
the large  akinetic/dyskinetic area of the anterior wall. This restores 
LV geometry to a more normal elliptical shape and improves sys-
tolic function. When performed concurrently with CABG, signifi-
cant early and late improvements in both NYHA functional class 
and EF have been demonstrated, with an in-hospital mortality rate 
of 12%.56,57 A trial of 439 patients undergoing this procedure found 
an improved in-hospital mortality rate of 6.6% and an 18-month 
survival rate of 89.2%. In this series, CABG was performed concur-
rently in 89%, mitral valve repair in 22%, and mitral valve replace-
ment in 4%.58

Surgical ventricular restoration is the modern name for a modi-
fied Dor procedure, in which, in addition to exclusion of the akinetic 
aneurysmal segment of the anterior and/or septal wall and revas-
cularization, a sizing balloon (or other sizer) is used to create an 
elliptical left ventricle of 30% to 40% smaller volume than baseline. 
Despite a worldwide surgical ventricular restoration database already 
in place including more than 5000 surgical ventricular restoration 
patients, a randomized, controlled trial was designed named “The 
Surgical Treatment for Heart failure (STICH),” with the intention 
to scientifically prove the efficacy of this procedure as an adjunct 
to revascularization. The results of this important trial have been 
eagerly awaited for years. Unfortunately, STICH did not demonstrate 
that the addition of surgical ventricular restoration to revascular-
ization was associated with a greater improvement in symptoms or 
exercise tolerance, or with a reduction in the rate of death or hos-
pitalization for cardiac causes when compared with revasculariza-
tion alone.59 The negative results from this trial have caused much 
controversy and the validity questioned.60 Noted areas of concern 
revolve around participant eligibility for anatomic reasons, lack of 
standardized volumetric assessments in large numbers of partici-
pants, and alteration of the primary objective after trial commence-
ment. In essence, the expert opinion is that the STICH trial was “well 
conceived, but poorly executed.” At the time of this writing, surgical 
ventricular restoration continues to be performed for true LV aneu-
rysms but has fallen out of favor as a routine adjunct for the dilated 
end-stage left ventricle.

Cirillo's61 recent publication described a further modification of 
the Dor concept wherein the shape and orientation of the patch, as 
well as the manner of suturing, ostensibly maintained more physio-
logic orientation of the myocardial fibers. Named the “KISS” procedure 
(Keep fIbers orientation with Strip patch reShaping), this method-
ology reportedly allowed for a return of normal apical rotation and 
 ventricular torsion to optimize systolic performance. Long-term results 
of this new approach await further study.
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Cardiac Resynchronization Therapy and 
Implantable Cardioverter-Defibrillators
The progression of disease resulting in advanced cardiac failure is 
typically accompanied by conduction defects and arrhythmias, and 
pacemakers and implantable cardioverter-defibrillators (ICDs) are 
common in this population. In addition to the well-known defects in 
sinus or atrioventricular node function, intraventricular conduction 
defects delay the onset of RV or LV systole in 30% to 50% of patients 
with advanced HF.62,63 This lack of coordination of LV and RV contrac-
tions further impairs CO64–67 and has been reported to increase the risk 
for death in this population68,69 (see Chapters 4 and 25).

Cardiac resynchronization therapy (CRT) entails biventricu-
lar pacing (not to be confused with dual-chamber atrioventricular 
sequential pacing) to optimize the timing of RV and LV contractions. 
The right atrium is paced by a lead in the right atrium, the right ven-
tricle by a lead in the right ventricle, and the left ventricle by a lead in 
a coronary vein (accessed via the coronary sinus). Although CRT is 
more an interventional cardiology procedure than a surgical proce-
dure per se, anesthesiologists frequently are asked to provide sedation 
(if not general anesthesia) for these sometimes lengthy implantation 
procedures.

Studies have shown that atrial-synchronized biventricular  pacing 
(pacing the left and right ventricles in a carefully timed manner) can 
resynchronize RV and LV contraction, improving CO and overall 
hemodynamics. This enhances these patients' ability to exercise, which 
improves their NYHA functional class, and decreases the length and 
frequency of their hospitalizations, which improves their quality of 
life.70–74

Sudden death from ventricular fibrillation accounts for approxi-
mately 350,000 deaths annually in the United States.1 Patients with 
advanced HF experience ventricular fibrillation with a frequency six 
to nine times that of the general population,1 and ventricular fibril-
lation causes 40% of all deaths in this population even in the absence 
of apparent disease progression based on symptoms.75 Thus, ICDs 
commonly are indicated for patients with advanced cardiac failure. 
An ICD is a device capable of arrhythmia detection and automatic 
defibrillation. ICDs successfully terminate ventricular fibrillation 
in greater than 98% of episodes, and studies have demonstrated 
that an ICD increases survival and decreases the risk for sudden 
death in patients with ischemic cardiomyopathy and decreased LV 
function.76–78

The COMPANION trial (Comparison of Medical Therapy, Pacing, 
and Defibrillation in Heart Failure) studied 1500 patients with NYHA 
Class III/IV HF, a QRS interval of greater than 120 milliseconds, PR 
interval greater than 150 milliseconds, and an LVEF less than or equal 
to 35%. Compared with optimal pharmacologic therapy alone, CRT 
decreased the risk of the combined end point of death from or hospi-
talization for HF by 34%. The combination of CRT and ICD implanta-
tion reduced these risks by 40%.79

The CARE-HF (Cardiac Resynchronization in Heart Failure) trial 
enrolled 800 patients with NYHA Class III/IV HF, a QRS interval of 
more than 150 milliseconds, a QRS interval of more than 120 milli-
seconds with echocardiographic evidence of dyssynchrony, and an 
LVEF of 35% or less. Compared with optimal medical therapy alone, 
CRT (without ICD functionality) reduced all-cause mortality by 36%. 
In addition, CRT showed significant improvement of cardiac dys-
synchrony, ventricular function, and mitral regurgitation based on 
echocardiographic criteria.68

Most recent guidelines give a Class I recommendation for placement 
of a CRT device with or without ICD in patients with LVEF  35%, QRS 

 120 milliseconds, presence of sinus rhythm, and NYHA Class III/IV 
symptoms on optimal medical therapy.80 However, two recent trials have 
investigated the effects of CRT on patients with NYHA Class I/II HF. The 
REVERSE trial (Resynchronization Reverses Remodeling in Systolic Left 
Ventricular Dysfunction) randomized 610 NYHA Class I/II patients with 
QRS  120 milliseconds and LVEF  40% to receive a CRT device (±ICD) 
that was either active (CRT-ON) or disabled (CRT-OFF). This study 

showed a significant delay in time to first hospitalization and improvement 
in measures of LV remodeling in the CRT-ON group.81 The MADIT-CRT 
trial (Multicenter Automatic Defibrillator Implantation Trial–Cardiac 
Resynchronization Therapy) randomized 1820 NYHA Class I/II patients 
with QRS  130 milliseconds and LVEF  30% to receive CRT and ICD 
or ICD alone. The CRT-ICD group had a significant 41% decrease in risk 
for first HF event, significant reduction in LV volumes, and increase in 
LVEF as compared with the ICD only group.82 Thus, although CRT previ-
ously has been about reduction in symptoms, it is anticipated that results 
such as those reported from MADIT-CRT will lead to an increased utili-
zation of CRT in relatively asymptomatic patients with developing HF to 
 prevent the progression of the disease.

MECHANICAL CIRCULATORY SUPPORT
Mechanical support of the failing heart has become a mainstay of the 
modern management of patients with both acute and chronic HF 
refractory to pharmacologic and other usual interventions. Recent 
advances in device technology, new understandings of risk factors 
that may result in complications, increased patient management 
experience, favorable published data from clinical trials with the new 
 continuous-flow devices, and the experience of high-volume centers 
not only have resulted in more widespread acceptance of VADs as a 
management strategy but also an earlier utilization of VADs in the 
course of a patient's cardiac deterioration. This section discusses the 
current theory and practice of mechanical circulatory support (MCS), 
highlighting new and innovative devices that rapidly are becoming the 
new standard.

Ventricular Assist Devices: 
Implementation of Support
VADs can be used to take over the pumping function of the failing ven-
tricle and provide effective CO to the arterial circulation downstream 
from the failing ventricle. In the case of the failing right ventricle, a 
right ventricular assist device (RVAD) can divert the deoxygenated 
venous return to the heart and pump it directly to the pulmonary arte-
rial circulation. In the case of the failing left ventricle, a left ventricular 
assist device (LVAD) can divert the oxygenated blood returning to the 
left side of the heart and pump it directly into the aorta. Figure 27-1 
demonstrates common cannulation strategies in the heart and great 
vessels by which MCS is implemented. Although there are a few nota-
ble exceptions (discussed later), these basic cannulation strategies are 
common to all manufacturers' devices currently in use, regardless of 
the type of output they produce.

In addition to maintaining the circulation, decompression (or 
emptying) of the failing ventricle provides additional benefit because 
decompression will decrease the wall tension (and, therefore, myocar-
dial oxygen demand) in the volume- and pressure-overloaded failing 
ventricle, potentially allowing for recovery of ventricular function. 
This is particularly relevant to short-term support of the acutely failing 
ventricle, but recovery of function (to varying degrees) also can be seen 
with chronically failing ventricles.

Mechanical Circulatory Support: 
Modern Practice
In prior years, VADs were regarded as either a last-ditch hope for recov-
ery after an acute cardiac event that resulted in refractory cardiogenic 
shock (“bridge-to-recovery”), or as a “bridge-to-transplantation” for 
patients with chronic HF who were doing poorly. This has all changed 
now. More widespread acceptance of MCS, the recognition that out-
comes are better when the support is instituted earlier rather than later, 
the development and use of risk scores to appropriately select patients 
and support strategies,83–94 the demonstration that there is often sig-
nificant improvement in multiorgan function during the time spent 
on VAD support,95–97 the advent of new and improved devices, and a 
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substantially decreased rate of VAD-associated complications98–101 have 
allowed for an increased and an improved clinical utilization of this life-
saving technology in the management of both acute and chronic HF.

Short-Term Ventricular Assist Device Use
The main indication for the short-term use of VADs always has revolved 
around the concept that the acutely failed myocardium could poten-
tially recover after a short period of support. Depending on the cause 
of the acute failure (e.g., ischemic stunning, viral myocarditis), early 
experience revealed that myocardial recovery typically took a week or 
two in the majority of well-managed patients, who were then theo-
retically able to be weaned from support. Most short-term VAD use in 
prior decades was with extracorporeal, pulsatile devices, although stan-
dard centrifugal pumps producing continuous flow were also occasion-
ally used, especially for the pediatric population and for extracorporeal 
membrane oxygenation (ECMO). In reality, however, regardless of the 
device used as a bridge-to-recovery, support often was initiated too 
late, complications (e.g., bleeding, thromboembolism, infection, mul-
tisystem organ failure) were frequent, and the percentage of patients 
who were able to be weaned from support (much less discharged from 
the hospital) was often disappointing.

Early experience also demonstrated that specific patient conditions 
or comorbidities (Table 27-4) potentially increased the risk for compli-
cations during VAD support or made support difficult to implement. 
It also was proposed that patients who were not potential transplant 
candidates should probably not be considered for VAD support. 
Finally, it commonly was believed for many years that patients unlikely 
to survive regardless of the reestablishment of effective systemic per-
fusion should probably not even be considered for temporary VAD 
support. However, society currently demands that everyone (no mat-
ter how critically ill) be given an opportunity to recover, and the new 
and improved MCS technology is often now used with the understand-
ing that improvement in clinical status will allow for a continuation 
of support, whereas a worsening of the clinical picture will prompt a 
discontinuation of support. Nevertheless, it is the advancements of the 
technology and an increased patient management experience that have 
brought a new flexibility to the arena of short-term MCS.

The traditional concept of the temporary or short-term use of a VAD 
as a “bridge-to-recovery” has thus been expanded to include concepts 
such as “bridge-to-immediate survival,” “bridge-to-next decision,” and 
“bridge-to-a-bridge.”

MCS at the first diagnosis of refractory cardiac failure, often with 
a rapidly deployable, short-term device to ensure the immedi-
ate survival of the patient from the acute cardiac event. Current 
devices used as a “bridge-to-immediate-survival” include an intra-
aortic balloon pump (IABP; see Chapter 32), the TandemHeart 
(CardiacAssist, Pittsburgh, PA; Figure 27-2), and the Impella 
(Abiomed, Danvers, MA; Figure 27-3).

A
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B C
Figure 27-1 The Thoratec ventricular assist device (VAD) and three 
cannulation approaches for univentricular left-heart support (A) and 
biventricular support (B, C). Potential cannulation strategies for VADs are 
shown. B, The most commonly used cannulation approaches for most 
currently available VADs. Cannulas are placed in the heart and great ves-
sels to divert blood returning to the failing side of the heart to the pump. 
The blood collected in the VAD blood chamber is then ejected into the 
arterial circulation immediately downstream of the failing  ventricle. AO, 
aorta; Apex, left ventricular apex; IAG, cannula inserted via the inter-
atrial groove and directed toward the LA roof; LA, left atrial append-
age; PA, pulmonary artery; RA, right atrium. (Reproduced from Thoratec 
Corporation, Pleasanton, CA.)

Figure 27-2 The Tandem Heart percutaneous Ventricular Assist 
Device (pVAD). This recently introduced device provides circulatory 
support with a centrifugal pump head and the potential advantages 
of percutaneous cannula insertion. Partial left-heart bypass is accom-
plished via an interatrial septal cannulation into the left atrium across the 
area of the fossa ovalis, and oxygenated blood is returned to the femo-
ral artery. (Courtesy of CardiacAssist Inc., Pittsburgh, PA.)

Conditions or Comorbidities That Make Ventricular 
Assist Device Placement or Use Difficult, Make the 
Patient More Likely to Have Major Complications, 
or Make Meaningful Recovery Unlikely

malignancy, ESLD, ESRD, sepsis, progressive neurologic disorder, etc.)

TABLE  
27-4

BSA, body surface area; ESLD, end stage liver disease; ESRD, end stage renal disease.
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or a short-term MCS device to assure continued systemic per-
fusion while assessments are made regarding improvement or 
worsening of major organ function, neurologic intactness, recov-
erability of myocardial function, and overall patient survivability. 
Evidence of deterioration often prompts discussion of a timely 
withdrawal of support, but evidence of overall stabilization, neu-

rologic  intactness, and improvement of major organ function 
lead to a continuation of support to allow the myocardium an 
opportunity to recover (“Bridge-to-recovery”). In some cases, this 
requires the subsequent deployment of a different device, capa-
ble of providing a longer term of support. Current U.S. Food and 
Drug Administration (FDA)–approved devices used as a “Bridge-
to-next-decision” and potential “Bridge-to-recovery” include the 
Abiomed BVS5000 (Abiomed; Figure 27-4), the Thoratec pVAD 
(Thoratec Laboratories, Pleasanton, CA; Figure 27-5), the AB5000 
ventricle (Abiomed; Figure 27-6), and the CentriMag (Thoratec 
Laboratories; Figure 27-7). ECMO is also commonly used when 
respiratory failure is part of the clinical picture.

short-term MCS device as a bridge to the placement of another 
MCS device capable of providing a longer term of support in a 
patient who has survived but whose myocardium has not recov-
ered despite short-term support.

Though useful conceptually, the apparent distinctions between these 
indications can sometimes appear somewhat artificial in the clinical 
arena, and the current practice of short-term MCS is really more of 
a continuous spectrum beginning with the immediate survival of the 
patient.

Bridge-to-Immediate Survival
Since the late 1960s, the IABP has been the most commonly used 
“bridge-to-immediate survival” because it simultaneously increases 
myocardial O

2
 supply and decreases O

2
 demand, interrupting the oth-

erwise inexorable cycle leading to ventricular failure. It is estimated 
that 5% to 10% of patients will experience development of  cardiogenic 

Figure 27-3 The Impella. The Impella 2.5 is a minimally invasive, catheter-
based cardiac assist device designed to unload the left ventricle (thereby 
reducing myocardial oxygen consumption), while increasing overall cardiac 
output to maintain systemic perfusion. The Impella 2.5 can be percutane-
ously inserted into the left ventricle from the femoral artery. The tip of the 
catheter rests in the left ventricle during support, generating flows up to 2.5 
L/min in the ascending aorta. (Reproduced from Abiomed, Inc., Danvers, 
MA.)

A B
Figure 27-4 A, The Abiomed BVS5000. B, Biventricular support with the Abiomed BVS5000. Cannulas are placed in the heart and great vessels to 
divert blood to the extracorporeal BVS5000 pumps. Blood collected in the pumps is ejected into the ascending aorta (left ventricular assist device 
[LVAD]) and main pulmonary artery (right ventricular assist device [RVAD]). Note that the pumps fill by gravity drainage and are, therefore, generally 
mounted below the level of the heart. Adjustments can be made to pump height to optimize filling and pump ejection. For example, lowering a 
pump can augment device filling but will increase the afterload against which the device must eject. Conversely, raising a pump can facilitate pump 
emptying but will decrease filling of the device. (Reproduced from Abiomed Corporation, Danvers, MA.)
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shock after an acute MI, and early survival rates for these patients are 
on the order of 5% to 21%.102 However, 75% of such patients who 
are unresponsive to pharmacologic interventions will exhibit hemo-
dynamic improvement with IABP therapy alone,103 and early survival 
rates in these patients are reported to approach 93% when treated with 
IABP counterpulsation.104

Although a balloon pump can improve the output from an acutely 
stunned ventricle, it only can augment forward CO by about 25% to 
30% at maximum depending on the afterload,105,106 and it is clear that 
there will be no augmentation of forward CO if there is a complete 
absence of LV function; thus, by itself, an IABP cannot be expected to 
rescue a patient from catastrophic myocardial failure (see Chapter 32).

ECMO has heretofore been the mainstay of emergent temporary 
MCS when there is intractable cardiorespiratory failure, and ECMO 
is making a comeback as an integral part of resuscitative protocols in 
many institutions, but the development of effective devices that can 
be deployed rapidly, at the first recognition of refractory ventricular 
insufficiency, has made “bridge-to-immediate survival” more of a real-
ity than ever.

A key determinant of the overall survivability of acute cardiac  failure 
is the rapidity with which the failing ventricle can be decompressed 
and resumption of adequate systemic perfusion assured. Although 
immediate implementation of support with conventional short-term 
VADs could potentially achieve these goals, sternotomy and CPB typi-
cally are utilized for the implantation of the requisite cannulae in the 
heart and great vessels. Furthermore, delays may be experienced while 
awaiting the availability of the operating room and necessary periop-
erative staff, prolonging the period of time during which the failing 
ventricle is pressure and volume overloaded, and the splanchnic beds 
and peripheral tissues are underperfused. It was considerations such as 
these that drove the development of several new and innovative short-
term assist devices. Once immediate survival is assured, such a device 
conceivably can be changed later to another capable of  providing 
 longer term support.

The TandemHeart pVAD
Centrifugal pumps long have been used as MCS via both intratho-
racic and percutaneous femoral cannulation strategies.107 Although 
standard intrathoracic cannulations require sternotomy, percutaneous 
femoral arterial and venous cannulations can be performed outside of 
an operating room setting. A disadvantage of femoral venous cannula-
tion, however, is that ventricular decompression is often inadequate to 
 substantially reduce myocardial oxygen demand.

The TandemHeart pVAD (percutaneous VAD; Cardiac Assist) uses a 
percutaneous Seldinger-type cannula deployment system that enables 
rapid cannula placement to assure rapid resumption of systemic perfusion 
without the requisite need for patient transfer to an operating room.

With this device, a 21-French venous inflow cannula is percutane-
ously advanced retrograde from the femoral vein through the right 
atrium and across the interatrial septum into the left atrium (see Figure 
27-2); 2.5 to 5 L/min of continuous, nonpulsatile outflow from the cen-
trifugal device is returned to the femoral artery to support the circula-
tion. Heparinization to an ACT of 180 to 200 seconds is used during 
support. Although a theoretical downside to cannulation of the femo-
ral artery for device outflow is retrograde arterial perfusion through 
the potentially diseased aorta of a patient with atherosclerosis, cerebral 
embolism has not been reported as a significant problem.

The primary use of this innovative device has thus far been as a mar-
gin of safety in high-risk patients undergoing a variety of high-risk 
percutaneous coronary interventions.108–110 Recent publications docu-
ment the utility of the TandemHeart as a “bridge-to-immediate sur-
vival” from cardiogenic shock after acute MI,111 after postcardiotomy 
failure to wean from CPB,112 and in cases of acute myocarditis.113 With 
respect to outcomes, a prospective comparison of the TandemHeart 
and the IABP in 41 patients with cardiogenic shock after acute MI 
found that, although hemodynamic and metabolic indices were signifi-
cantly improved by the TandemHeart (with respect to the IABP), com-
plications (including bleeding and limb ischemia) were more frequent 
with the VAD. There was no significant difference in 30-day mortality 
between the two groups.114

The utility of the TandemHeart as active hemodynamic support during 
off-pump coronary artery bypass surgery has also been reported.115 Thus, 
the TandemHeart can serve as a “bridge-to-next decision,” a “bridge-to-
recovery,” a “bridge-to-a-bridge,” and even as a “bridge-to-transplanta-
tion”116 (if the wait time is very short for a donor organ). Currently, the 
TandemHeart holds a CE mark (Conformité Européene) in Europe and 
is FDA-cleared in the United States for up to 6 hours of use.

Impella
The Impella Pump System (Abiomed) is a recently introduced fam-
ily of axial flow devices that can be used to support the left, right, or 
both ventricles. Although the directly implantable Impella LD and RD 
remain the subject of clinical trials in the United States at the time of 
this writing, the Impella LP 2.5 has been FDA-cleared since June 2008 
to provide partial circulatory support for periods up to 6 hours. The LP 
2.5 is a catheter-based miniaturized axial flow pump that can provide 

Figure 27-5 The Thoratec pVAD (percutaneous ventricular assist 
device). (Reproduced from Thoratec Corporation, Pleasanton, CA.)

Figure 27-6 The Abiomed AB5000 ventricle. Hookups for the inflow 
and outflow cannulas are at the right. Although arrows indicate the 
direction of flow, they also serendipitously point at the artificial unidi-
rectional valves that mandate anticoagulation during support with this 
device. The driveline, which alternately provides vacuum to assist filling 
and compressed air to accomplish ejection, is at the left. (Reproduced 
from Abiomed Corporation, Danvers, MA.)
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up to 2.5 L/min of flow. Like the Hemopump available in the late 1980s 
and early 1990s, the LP 2.5 is inserted percutaneously into the femoral 
artery and then passed retrograde up the aorta and across the aortic 
valve into the left ventricle. Oxygenated blood is then impelled from 
the left ventricle to the ascending aorta (see Figure 27-3).

Early clinical experience with the Impella LP 2.5 in patients with car-
diogenic shock reported significantly increased CO, decreased pulmo-
nary capillary wedge pressure, and decreased lactate levels by 6 hours 
of support117; 68% of the patients studied were successfully weaned 
from support, although only 38% survived. Among the observed com-
plications were clinically significant hemolysis in 38% of the patients 
and one instance of pump displacement.

When compared with an IABP, a prospective study of 26 patients 
with cardiogenic shock caused by AMI reported that the use of a per-
cutaneously placed LVAD (Impella LP 2.5) is feasible and safe and 
provides superior hemodynamic support compared with standard 
treatment using an IABP.118

Though potentially useful as a bridge-to-immediate-survival, the 
main use of the Impella thus far has been as an extra margin of safety 
in patients undergoing high-risk percutaneous coronary intervention. 
The safety and feasibility of the Impella LP 2.5 for hemodynamic sup-
port for this indication were demonstrated in the recently published 
PROTECT I trial.119 The LP 2.5 also may be of use in high-risk patients 
undergoing off-pump coronary artery bypass surgery or as a margin of 
safety in high-risk patients undergoing noncardiac surgery.120

A mechanical or severely calcified aortic valve contraindicates the 
use of the Impella for LV support. Significant aortic insufficiency also 
may represent a relative contraindication.

Lifebridge (Lifebridge AG, Munich, Germany)
The Lifebridge represents one of the new generation of devices specifi-
cally designed for “bridge-to-immediate survival.” This compact device 
essentially provides a maximum of 3.5 L/min of ECMO in a “plug-and-
play” manner via percutaneous femoral arterial and venous cannula-
tions. The 18-kg unit consists of a disposable patient module (which 
contains a CPB circuit, including an oxygenator), a centrifugal pump, 
a control module containing a driving motor, and an automated gas 
detection and bubble removing system. In situations of cardiac arrest, 
a heat exchanger can be configured in line with the bypass circuit to 
provide protective cooling of the patient. The safety and efficacy of this 
device were recently discussed in a publication from Germany, where 
this novel device was successfully used in the resuscitation and man-
agement of a patient with post-MI cardiogenic shock.121

Bridge-to-Recovery, Bridge-to-Next 
Decision
It is now well-known that the success of “bridge-to-recovery” with a 
VAD hinges on appropriate patient selection and prompt intervention. 
If the myocardium is going to recover after an acute insult, it gener-
ally tends to do so within a week or two (although the process may 
take longer than a month in some patients), and the patient may then 
be weaned from MCS. Although dismal in the past, rates of success-
ful weaning from short-term support have improved. In the postcar-
diotomy cardiogenic shock population, survival rates approaching 50% 
have been reported with the Abiomed BVS5000 and AB5000 ventricle 
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Figure 27-7 The Thoratec CentriMag.  (From Thoratec Corporation, Pleasanton, CA.)
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in “experienced centers with well-defined protocols for patient selec-
tion and timing of intervention.”122,123 Survival from acute MI cardio-
genic shock has been reported at 42% with the AB5000 ventricle (mean 
number of days supported, 25.4) and 27% with the BVS 5000 (mean 
number of days supported, 5.2).124 Limited information is available at 
the time of this writing regarding current rates of recovery from short-
term support with the new devices (discussed later), but the strategies 
of support have changed dramatically in recent years and current data 
may no longer be directly comparable with the pure “bridge-to-recov-
ery” strategy used in prior decades.

Regardless, prompt intervention to restore adequate systemic perfu-
sion and careful patient selection are the key considerations if a patient 
is to be successfully bridged to recovery with any VAD. Despite the new 
technology currently available and the new strategies surrounding 
mechanical circulatory assistance, any patient who is unlikely to survive 
regardless of the reestablishment of effective systemic perfusion should 
not even be considered for VAD support. In contrast, if the myocardial 
injury is deemed likely to recover and the clinical assessment is other-
wise favorable, VAD support may be considered. Although time is of 
the essence, a balance must be struck in the decision-making process 
and clinicians cannot wait until cardiogenic shock has resulted in multi-
system organ failure before initiating mechanical circulatory assistance 
because experience has shown that the patient is unlikely to survive.

Early information125 based on the experience with the Abiomed 
BVS5000 indicated that the best outcomes tended to occur in the 
 following situations:

30 to 45 minutes of attempted pharmacologic treatment (with or 
without an IABP).

implant is less than 6 hours.

-
tricular or biventricular support.

Poor outcomes occur in the following situations:

after a period of time.
Although the use of the BVS5000 device has decreased in recent years, 
the experience with this pioneering “bridge-to-recovery” device formed 
the basis of the current understanding that careful patient selection 
and prompt intervention to restore adequate systemic perfusion are 
critical if a patient is to be successfully bridged to recovery with MCS.

Additional considerations revolve around whether univentricular or 
biventricular support is required, but often this is a decision now made 
in retrospect in the arena of short-term support, once LVAD support 
has been engaged and the clinical situation is reassessed. Severe RV dys-
function has been reported to occur in up to 30% of LVAD-supported 
patients126,127 because of unfavorable alterations in RV geometry (e.g., 
leftward shift of the interventricular septum) resulting in increased RV 
compliance and decreased RV contractility in the presence of increased 
RV preload128 and potentially increased RV afterload. Although the 
overall incidence of RV failure in the setting of LVAD support appears 
to be decreased with continuous flow not intended to completely 
decompress the left ventricle during support, the perioperative man-
agement of RV preload and afterload continues to play an enormous 
role in the potential for RV dysfunction after implementation of LVAD 
support. The issue of RV failure during LVAD support is more of an 
issue during long-term support and is discussed in more detail later.

When severe cardiopulmonary failure is present, and there is uncer-
tainty about the recoverability of the situation (or the neurologic status 
of the patient), ECMO again has become a popular circulatory support 
strategy.129 ECMO has significant disadvantages, however, including 
a somewhat limited potential duration of support, the need for dedi-
cated personnel to manage the flows and the anticoagulation, and a 
high incidence of complications as the duration of  support increases.

Until recently, pulsatile, extracorporeal devices such as the Abiomed 
BVS5000 (FDA-approved in 1992), the Thoratec pVAD (FDA-approved 
in 1998), and the more recently approved AB5000 ventricle (FDA-
approved in 2003) were the standard short-term bridge-to-recovery 
devices for patients with refractory cardiac failure. However, advances 
in technology and device engineering have supplanted the time-
 honored, pulsatile devices, and the CentriMag rapidly is becoming the 
short-term support device of choice.

The CentriMag
The CentriMag (Thoratec Laboratories; see Figure 27-7) is a small 
 centrifugal pump with a magnetically levitated impeller. As with other 
short-term devices, the pump head itself remains paracorporeal during 
support, connected to cannulae in the heart and great vessels.

The impeller of the CentriMag is magnetically levitated and 
hydrodynamically suspended in the patient's blood; there is no 
central bearing (which has advantages), and without a bearing, 
there is less heat produced and potentially less thrombus forma-
tion.130 There is also less hemolysis associated with the design of the 
CentriMag,131 and, therefore, potentially less inflammatory response 
and less peripheral vasoconstriction from the plasma-free hemo-
globin. The derangement of liver function tests generally seen after 
a few days with a standard biohead are reportedly not seen with 
the CentriMag (Monique Boshell, Thoratec Corporation, personal 
communication).

Despite its small size, the pump itself can provide flow rates of up to 
9.9 L/min and can pump through a membrane oxygenator if ECMO 
is desired, so it is versatile. Overall, the CentriMag has now become 
the device of choice for short-term support in many institutions 
worldwide.

Published clinical experiences with the CentriMag have reported the 
safety and efficacy of this device as a bridge-to-immediate survival, a 
bridge-to-next decision, a bridge-to-a-bridge, a bridge-to-recovery, 
and a bridge-to-transplantation for patients with acute cardiogenic 
shock of causative factors ranging from acute MI cardiogenic shock to 
postcardiotomy cardiogenic shock (including failed heart transplanta-
tion) to RV failure while on LVAD support.132–134

At the time of this writing, the CentriMag has been FDA approved 
to provide circulatory support as a bridge to recovery for up to 30 days 
as an RVAD, but only for up to 6 hours as a bridge-to-next decision 
as an LVAD. A nonrandomized pivotal trial in adults is in progress in 
the United States evaluating the CentriMag as a longer-term bridge- 
to-recovery, bridge-to-transplantation, or bridge-to-a-bridge. A smaller 
version called the pediVAS is approved for 6 hours of use as either an 
LVAD or an RVAD for pediatric patients.

Table 27-5 describes the basic characteristics of the devices currently 
used for short-term support, and Box 27-2 provides common clinical 
scenarios in which short-term VAD use may be indicated.

Long-Term Ventricular Assist Device Use
Permanent replacement of the failing heart was the original intent 
of the research and development in the field of mechanical circula-
tory assistance, and this dream is alive and well in the latest version of 
the total artificial heart, the AbioCor Implantable Replacement Heart 
(Abiomed; Figure 27-8), but most long-term VAD use has been as a 
bridge-to-transplantation.

The traditional concept of the intermediate or long-term use of 
a VAD as a “bridge-to-transplantation” has now been expanded to 
include the concept of “destination therapy” (DT), a final manage-
ment strategy for end-stage HF in patients who are not transplant 
eligible. However, as mentioned earlier, time spent on VAD support 
often improves multisystem organ function and can potentially con-
vert high-risk transplant-ineligible patients into transplant-eligible 
patients. Thus, another intermediate or perhaps long-term use for 
VADs might be termed “bridge-to-improved candidacy.”

Current FDA-approved devices used as a bridge-to-transplantation 
in the United States include the Thoratec pVAD (Thoratec Laboratories; 
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see Figure 27-5), the HeartMate XVE (Thoratec Corporation, Woburn, 
MA; Figure 27-9), the IVAD (implanted vascular assist device; 
Thoratec Laboratories; Figure 27-10), the HeartMate II (Thoratec 
Laboratories; Figure 27-11), and the CardioWest TAH (total artifi-
cial heart; SynCardia Systems, Tucson, AZ; Figure 27-12). Currently, 

the HeartMate XVE and the HeartMate II are the only devices FDA 
approved in the United States for DT. The Novacor LVAS (World Heart, 
Ottawa, Canada) was approved as a bridge-to-transplantation in 1998 
but is no longer being implanted. Despite arguably superior engineer-
ing regarding device longevity in comparison with other devices avail-
able at the time, as well as comparable rates of successful bridging to 
transplantation, the Novacor was associated with a high incidence 
of thromboembolic complications. Table 27-6 summarizes the basic 
characteristics of devices used for long-term support.

Intermediate- or long-term VAD support potentially is indicated as a 
bridge-to-transplantation in situations in which no myocardial recov-
ery is expected (e.g., end-stage cardiomyopathy) or when an acutely 
stunned or infarcted left ventricle fails to recover despite support with a 
short-term VAD. By providing effective CO in place of the failed native 
heart, this technology can stave off the end-organ damage result-
ing from a rapidly deteriorating CO and allows severely decompen-
sated transplant-eligible patients to potentially survive long enough to 
receive a donor heart. An additional benefit of this application of VADs 
is an improved quality of life, often as an outpatient, while awaiting a 
new heart. Further, significant improvements in multiorgan function 

Basic Characteristics of the Devices Currently Used for Short-Term Support (e.g., Bridge-to-Recovery)

Device Type of Support Fill Mechanism Drive Mechanism System Control and Output

Abiomed BVS5000 Pulsatile Gravity drainage Pneumatic compression of 
blood chamber

Automatically adjusts rate of pumping to provide up to 
5 L/min of outflow (output depends on intravascular 
volume status and downstream vascular resistances)

Thoratec Pulsatile Vacuum assisted Pneumatic compression of 
blood chamber

Depending on the mode of operation, user-defined 
settings determine the output (intravascular volume 
status is important)

Abiomed AB5000 ventricle Pulsatile Vacuum assisted Pneumatic compression of 
blood chamber

Automatically adjusts rate of pumping to provide up to 
6 L/min of outflow (output depends on intravascular 
volume status and downstream vascular resistances)

Centrifugal pumps Nonpulsatile Gravity drainage 
assisted by vortex

Centrifugal force drives 
blood

Output is dependent on user-defined speed of impeller 
rotation and afterload

CentriMag Nonpulsatile Gravity drainage 
assisted by vortex

Centrifugal force drives 
blood

Output is dependent on user-defined speed of impeller 
rotation and afterload

TABLE  
27-5

BOX 27-2. COMMON CLINICAL SCENARIOS 
IN WHICH SHORT-TERM VENTRICULAR ASSIST 
DEVICE USE (E.G., AS A BRIDGE-TO-RECOVERY) 
MAY BE INDICATED

A
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B
Figure 27-8 A, The AbioCor Implantable Replacement Heart. B, Orthotopic implantation of the AbioCor Implantable Replacement Heart. The 
native failed heart is removed, and the AbioCor is implanted orthotopically, anastomosed to cuffs of native atria and the great vessels. Transcutaneous 
energy transfer technology eliminates the need for percutaneous wires. (From Abiomed, Inc., Danvers, MA.)
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have been demonstrated during the time spent on VAD support,95–97 
and it is unusual nowadays for a patient to present for heart transplan-
tation without an LVAD in situ.

The HeartMate I (World Heart, Oakland, CA; see Figure 27-9) has 
heretofore been the most commonly used bridge-to-transplantation 
device for patients with advanced LV failure. The original pneumati-
cally powered HeartMate IP was FDA-approved for this indication in 
1994, and the electrically powered version (the VE, vented electric) 
was approved in 1998. Data from prior years indicated a 67% success 
rate of bridging-to-transplantation with the HeartMate VE.135 The 
major advantage of the pulsatile HeartMate LVAS always has been 
the “antithrombogenic” lining of its blood chamber that obviated 
the need for formal anticoagulation with warfarin once a neointima 
was established. The major disadvantages of the HeartMate included 
infections of the large percutaneous lead and in the preperitoneal 

pocket where the device was implanted, as well as a limited durability 
beyond 18 months.

The current incarnation (the XVE) is the result of improve-
ments to the device, and it has been in use since approximately 2002. 
According to the manufacturer, more than 4500 patients have been 
implanted with the HeartMate XVE in 186 centers worldwide. The 
average age has been 51 years old, with a range from 8 to 74, and the 
longest duration of support (ongoing patient on one device) has been 
1854 days.136

Patients with biventricular failure generally have been bridged 
to transplantation with the Thoratec pVAD (FDA-approved for 
this indication in 1995) or, potentially, the IVAD (the implantable, 
 titanium-coated version of the Thoratec device). According to the 
manufacturer, more than 4000 patients have been supported by the 
Thoratec pVAD at more than 240 medical centers in 26 countries. 
The longest duration of support is reportedly 1204 days, with 858 of 
those patients discharged to home, and the rate of successful bridge-
to- transplantation is reported at 69%.136 For the IVAD, more than 
500 patients reportedly have been implanted at 95 medical centers in 
9 countries, with the longest duration of support being 979 days,136 and 
a reported rate of successful bridge-to-transplantation of 69%.137

The CardioWest total artificial heart (SynCardia Systems; see Figure 
27-12) is available in select centers internationally as a bridge-to-
 transplantation for patients with biventricular failure, and a resurgence 
of interest in this device has been seen recently. A successful bridge-to-
transplantation rate of 79% was observed in prior years.138

Complications such as infection of percutaneous drivelines, periop-
erative bleeding, RV failure, sepsis, and multisystem organ failure were 
always an enormous issue with the first-generation, pulsatile VADs. 
Thromboembolism was less prevalent with the HeartMate because 
of the antithrombogenic lining of its blood chamber, but it did occur. 
A review of 228 patients on long-term support with the Thoratec, 
Novacor, and HeartMate as a bridge to transplantation reported cere-
bral embolism in 24%, 39%, and 16%, respectively, despite adherence 
to recommended anticoagulation protocols.139

Updated information from recent clinical experiences is not avail-
able for these first-generation devices at the time of this writing, but it 
may be moot because the nonpulsatile HeartMate II was approved as a 
bridge-to-transplantation in April 2008, and it rapidly has become an 
intermediate and long-term support device of choice.
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Figure 27-9 The HeartMate XVE. (From Thoratec Corporation, Pleasanton, CA.)

Figure 27-10 The IVAD (implanted vascular assist device). (From 
Thoratec Corporation, Pleasanton, CA.)
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Figure 27-11 The HeartMate II.  
(From Thoratec Corporation, Pleas-
anton, CA.)

A B

Figure 27-12 A, The CardioWest Total Artificial Heart. B, Orthotopic implantation of the CardioWest Total Artificial Heart. The failed native heart 
is removed, and the CardioWest TAH is implanted orthotopically, anastomosed to cuffs of native atria and the great vessels. (Reproduced from 
SynCardia Systems, Tucson, AZ.)

BiVAD, biventricular assist device; IVAD, implanted vascular assist device; LVAD, left ventricular assist device; TAH, total artificial heart.

Basic Characteristics of Devices Used for Long-Term Support

Device Type of Support Fill Mechanism Drive Mechanism System Control and Output

HeartMate 
XVE

Pulsatile; LVAD only Gravity drainage Electrically powered compression 
of blood chamber

Fixed rate and automatic modes available; 85-mL 
blood chamber; maximum flow

Thoratec Pulsatile; BiVAD 
possible

Vacuum assisted Pneumatic compression of 
blood chamber

Depending on the mode of operation, user-defined 
settings determine the output (intravascular 
volume status is important)

IVAD Pulsatile; BiVAD 
possible

Vacuum assisted Pneumatic compression of 
blood chamber

Depending on the mode of operation, user-defined 
settings determine the output (intravascular 
volume status is important)

HeartMate II Nonpulsatile flow; 
axial device; LVAD 
only

Gravity drainage assisted by 
vortex

Continuous rotation of axial 
pump impels blood forward

Output is dependent on user-defined speed of 
impeller rotation, available volume in ventricle, 
and afterload

CardioWest 
TAH

Pulsatile; replaces 
natural heart

All venous and pulmonary 
arterial blood returns to device

Pneumatic compression of 
blood chambers

Maximum stroke volume 70 mL, can deliver more 
than 9 L/min of output

TABLE  
27-6
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The HeartMate II
The HeartMate II (see Figure 27-11) is a small, nonpulsatile axial 
flow pump that has demonstrated a significantly decreased incidence 
of complications and a significantly improved durability compared 
with its predecessor. According to the manufacturer, more than 5000 
patients worldwide have been implanted with the HeartMate II, with 
the  longest duration of support (ongoing patient on one device) greater 
than 5 years, and 79% of patients successfully transplanted, recovered, 
or supported to 18 months.136

The smaller size of the HeartMate II has simplified implantation, 
and the rates of common complications have been shown to be sig-
nificantly decreased by comparison with the pulsatile HeartMate I. 
Published series using identical definitions of certain complications 
have reported a 64% decrease in reoperation for bleeding, a 10-fold 
decrease in percutaneous lead infections, a 55% decrease in stroke, and 
a 70% decrease in RV failure after implementation of HeartMate II 
LVAD support.140–142 The reason for the decreased incidence of these 
specific complications is likely multifactorial (e.g., improved surgical 
techniques and lack of a need for a large preperitoneal pocket, the rou-
tine use of antifibrinolytics during device implantation in the modern 
era, a smaller percutaneous lead, improved perioperative care proto-
cols and patient management, improved anticoagulation protocols).

The decreased incidence of severe RV failure requiring RVAD seen 
with the HeartMate II143 may be because of the nature of the type of 
flow it produces. The first generation of LVADs (e.g., the HeartMate VE 
and the XVE) produced pulsatile flow and, therefore, had to capture 
the entire potential output from the left ventricle to eject a physiologic 
stroke volume with each pump cycle. Consequently, the left ventricle 
frequently was emptied to the point where the interventricular sep-
tum was displaced significantly to the left during support, resulting in 
decreased function of the interventricular septum144 and overall RV 
dysfunction from the change in its overall geometry. The nonpulsa-
tile next generation of LVADs (whether axial or centrifugal) produce 
continuous flow and do not fully decompress the left ventricle during 
support, theoretically preserving RV function, at least in part, because 
the interventricular septum is not significantly displaced to the left. In 
contrast with the reported 25% to 30% rates of RV failure in the past 
with first-generation pulsatile devices, the rate of RV failure with the 
HeartMate II recently was reported at 5%.145

Despite the improved durability and the decreased incidence of 
observed complications, one potential disadvantage of the HeartMate 
II compared with the HeartMate XVE is the requisite need for antico-
agulation with warfarin.

The HeartMate II is the only next-generation continuous-flow device 
approved for use as a bridge-to-transplantation in the United States at 
the time of this writing. Other axial and centrifugal continuous-flow 
devices (e.g., the Heart Assist 5 [formerly the DeBakey VAD; MicroMed 
Technologies, Houston, TX], the Flowmaker [formerly the Jarvik 2000; 
Jarvik Heart, New York, NY], the Berlin Heart INCOR [Berlin Heart, 
Berlin, Germany], the VentrAssist [Ventracor Ltd., Sydney, Australia], 
the DuraHeart [Terumo Heart, Ann Arbor, MI], the HeartWare LVAS 
[HeartWare International, Framingham, MA]) have demonstrated 
safety and efficacy, and many are already CE marked in Europe, but 
none is yet approved and clinically available in the United States.

Permanent Ventricular Assist Device Use: 
Destination Therapy
A relatively new indication for long-term VAD use is called destina-
tion therapy (DT), which refers to the intentionally permanent use of 
an LVAD as a permanent management solution for end-stage cardiac 
failure. From a certain perspective, the field of MCS has come full circle 
because the original concept of ventricular support devices was for the 
permanent replacement of the failing heart. From a certain perspective, 
this dream is alive and well in the latest version of the total artificial 
heart, the AbioCor Implantable Replacement Heart discussed later.

The REMATCH trial (Randomized Evaluation of Mechanical 
Assistance for the Treatment of Congestive Heart Failure) estab-
lished that the use of a left-sided VAD was not only an effective tool 
to treat patients with advanced HF but resulted in more than twice the 
 survival rate and an improved quality of life in comparison with opti-
mal medical management.146 Based on the results of REMATCH, the 
FDA approved the HeartMate VE in November 2002 for transplant-
ineligible patients as DT, but improvements to the HeartMate device 
resulted in the HeartMate XVE by the time FDA approval was granted, 
and it is the XVE that has been implanted for DT patients in the United 
States. Although use of the XVE quickly was associated with fewer 
adverse events and a better survival rate than in the REMATCH trial,147 
increased experience with patient management likely also played a role 
in the observed improved outcomes.

To date, DT has been indicated only for transplant-ineligible 
patients, but it may be anticipated that this indication may be broad-
ened going forward because although cardiac transplantation remains 
the gold standard therapy for end-stage disease, the number of donor 
organs is severely limited in comparison with the number of patients 
who would benefit, and most patients with end-stage cardiac disease 
cannot realistically expect to be transplanted. Another factor that may 
lead to a potential broadening of the indication is the FDA approval of 
the HeartMate II for DT in January 2010, after the completion of the 
HeartMate II DT pivotal clinical trial.148 In this prospective, random-
ized trial, the HeartMate II was pitted against the HeartMate XVE on a 
2:1 basis. Not only was the incidence of adverse events, including infec-
tion, sepsis, right-heart failure, and mechanical problems, significantly 
lower in HeartMate II patients compared with patients implanted with 
the XVE, but HeartMate II patients experienced shorter hospital stays. 
After approval of the HeartMate II for DT, the number of patients 
implanted with the XVE as DT has dropped off significantly, though the 
VXE may remain useful for patients who cannot be anticoagulated.

New Risk Scores: Optimizing Survival 
while Minimizing Risk during Long-Term 
Ventricular Assist Device Support
Just as with the short-term devices used as a short-term bridge-to-
recovery, it has been demonstrated that the best outcomes with long-
term devices used as DT are obtained through careful patient selection 
and earlier implantation. Large retrospective analyses have allowed 
for a new understanding of how specific clinical derangements play 
out in terms of perioperative morbidity and mortality and have pro-
vided insight into how intensive medical therapy can optimize patients 
before VAD use.

Lietz–Miller Risk Score
Lietz et al149 described the outcomes of nearly the entire U.S. DT popula-
tion in the post-REMATCH era from the fall of 2002 through December 
2006 and identified the most important determinants of in-hospital 
mortality. In this landmark study,149 the main preoperative determi-
nants of mortality in this population were shown to be poor nutrition 
(resulting in subsequent sepsis), hematologic abnormalities (resulting 
in subsequent stroke), RV dysfunction (resulting in postimplantation 
RV dysfunction), lack of inotropic support, and preexisting end-organ 
dysfunction (resulting in ultimate multisystem organ failure), though 
it should be noted that people did die of other things, including tech-
nical problems with their LVAD. Approximately 25% either required 
LVAD replacement or died as a result of pump failure or complications, 
but the death of only 6% was directly attributable to device failure. Of 
 concern was the reported probability of device exchange or fatal device 
failure, which was approximately 18% at 1 year and 73% at 2 years with 
the HeartMate XVE.

Furthermore, Lietz et al149 were able to stratify patients into risk catego-
ries based on a risk score calculated from these predictors that correlates 
well with survival. According to their analysis, the  highest-risk patients 
have severe deterioration in their medical  condition (as  evidenced by 
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poor nutritional status with low serum albumin), impaired renal func-
tion, and markers of significant right-heart failure such as low PA pres-
sures or congestive levels of hepatic enzymes. Probable infection, as 
evidenced by increased white blood cell counts and anemia and coag-
ulation abnormalities such as declining platelet counts and increased 
international normalized ratio, worsen the chance of operative survival. 
Thus, if operative risk derives from comorbidities, then initially high 
risk because of correctable factors should not dissuade physicians from 
considering LVAD therapy in certain cases because intensive medical 
treatment can convert high-risk patients to acceptable candidates.

INTERMACS Profile
INTERMACS (Interagency Registry for Mechanically Assisted Circula-
tory Support) is a relatively new registry of patients supported by FDA-
approved “durable” MCS devices for DT, bridge-to-transplantation, and/
or recovery. Analysis of the growing registry has allowed for the develop-
ment of a classification scheme (INTERMACS “profile”) that helps guide 
medical and surgical decision making regarding the timing of interven-
tions and therapies (e.g., VAD insertion), provides a conventional frame of 
reference that facilitates communication between practitioners, and allows 
for an understanding of risks associated with various interventions.150

The INTERMACS profile describes the status of the HF patient who 
might benefit from MCS. INTERMACS stratifies HF patients into seven 
levels of clinical acuity, defined as 1 (“critical cardiogenic shock”), 2 (“pro-
gressive decline despite inotropes”), 3 (“stable but inotrope-dependent”), 
4 (“recurrent advanced HF”), 5 (“exertion-intolerant”), 6 (“exertion-
 limited”), and 7 (“advanced NYHA III”). The assigned profile is modifi-
able by the coexistence of arrhythmias, the need for temporary circulatory 
support, and the frequency of requisite hospitalization.151

Given the increased risk for complications known to be associ-
ated with late intervention in this population, current thinking holds 
that interventions such as the implementation of MCS are likely best 
 performed for patients with an INTERMACS status 3 or 4.

It also is anticipated that the INTERMACS registry will allow for 
the collection of outcomes data, as well as assess the efficacy of spe-
cific therapeutic interventions. A recent analysis of the INTERMACS 
 registry data reported that cardiogenic shock, advanced age, and severe 
right-heart failure manifested as ascites or increased bilirubin are pre-
dictors of death in patients supported by MCS devices. Furthermore, 
although biventricular HF patients who require biVAD support have 
a transplant rate similar to that of LVAD-only patients, an increased 
mortality is seen at 6 and 12 months.152

Seattle Heart Failure Model
The Seattle Heart Failure Model153 was developed to predict survival in 
patients with HF. This multivariate risk score uses 21 parameters (age, 
sex, NYHA class, weight, EF, systolic BP, presence of ischemic cardio-
myopathy, daily furosemide-equivalent dose, inotrope use, statin use, 
allopurinol use, angiotensin-converting enzyme use, -blocker use, 
angiotensin-receptor blocker use, potassium-sparing diuretic use, ICD 
use, hemoglobin, lymphocyte percent on complete blood count differen-
tial, serum uric acid, serum cholesterol, and serum sodium). The model 
subsequently was modified for LVAD patients by adding two variables: 
IABP-implanted or ventilated, or both, and inotrope therapy.154 Overall, 
the Seattle Heart Failure Model reportedly provides an accurate estimate 
of mean, 1-, 2-, and 3-year survival, and allows estimation of effects of 
adding medications or devices to a patient's regimen. A recent compari-
son of available risk indices (including the Lietz–Miller risk score, the 
Columbia risk score, APACHE II, and INTERMACS) found the Seattle 
score to best predict mortality in continuous-flow LVAD patients.155

Ventricular Assist Device Use and 
the Potential for Myocardial Recovery
In cases of acute ventricular failure, removal of the sudden volume 
and pressure overload and improvement in the balance of myocar-
dial oxygen supply and demand may allow for myocardial recovery 

and  weaning from mechanical support. Clinical experience has shown 
that if recovery from an acute insult is going to occur, it generally does 
so over the course of 1 to 2 weeks. In cases of long-standing, progres-
sive failure, decompression of the dilated and chronically failing left 
ventricle by an LVAD also may allow for some degree of recovery over 
time.

Although echocardiographic and histologic support for this gen-
eral premise has been available since the mid 1990s,156 the underlying 
 biochemical mechanisms of remodeling (and its reversal) are only now 
being elucidated. Patten et al showed that therapy with a VAD nor-
malizes inducible nitric oxide synthase expression in association with 
decreased cardiomyocyte apoptosis.156 Decompression of the left ven-
tricle by an LVAD has been reported to allow for normalization of LV 
geometry, regression of myocyte hypertrophy,157 favorable changes in 
LV collagen content,158 and normalized expression of genes controlling 
excitation-contraction coupling and the calcium content of the sarco-
plasmic reticulum.159 It has been reported that maximum structural 
reverse remodeling is complete after around 40 days of LV decompres-
sion, with reversal of some of the molecular aspects of remodeling by 
20 days.160

It should be appreciated, however, that although a great deal of 
knowledge regarding myocardial remodeling (and its reversal) has 
been elucidated, long-lasting ventricular recovery after chronic HF is a 
relatively infrequent event, reportedly occurring primarily in patients 
with dilated cardiomyopathy, and the actual number of patients who 
recover sufficiently to have their long-term VAD explanted is small. 
Worldwide efforts to understand the nature of adverse ventricular 
remodeling and its reversal are ongoing, and the relevant literature is 
rapidly burgeoning.

Abiocor Implantable Replacement Heart
From the original pneumatically driven devices with their mas-
sive external control consoles to the totally implantable computer-
 controlled AbioCor Implantable Replacement Heart (Abiomed) now 
in clinical trials, the mechanical TAH has been the subject of intensive 
research and development for decades.

The first TAH was a pneumatically driven biventricular pump 
developed by Dr. Domingo Liotta and colleagues in the 1960s. This 
device (the Liotta TAH) was implanted in a 47-year-old patient with 
severe HF by Dr. Denton Cooley on April 4, 1969, and was used for 
64 hours as a bridge-to-heart transplantation.160 The patient died of 
Pseudomonas pneumonia 32 hours after his transplantation, but the 
Liotta heart proved that a mechanical device could be successfully used 
clinically to sustain a patient.

The second human implantation of a TAH also was performed by 
Dr. Cooley. In July 1981, the Akutsu III TAH was used successfully for 
55 hours as bridge-to-transplantation in a 36-year-old patient with 
end-stage HF.161 The Jarvik-7 TAH was first implanted as a perma-
nent replacement heart in August 1985 in a 61-year-old man with pri-
mary cardiomyopathy and chronic obstructive pulmonary disease.162 
Although the patient survived only 112 days, the duration of his sur-
vival was encouraging. Since 1991, the Jarvik-7 has been known as the 
CardioWest TAH. As discussed earlier, this device is still in use today 
as a bridge-to-human heart transplantation in selected centers in the 
United States, France, and Canada.

The AbioCor Implantable Replacement Heart (see Figure 27-8) 
represents a major advance in artificial heart technology because it is 
truly totally implantable; there are no percutaneous cables, conduits, or 
wires. The device is motor driven, so a source of compressed air to drive 
the pumping action is not required, allowing patients complete mobil-
ity. The device itself weighs approximately 2 pounds and is orthotopi-
cally implanted. Transcutaneous energy transfer is used (in lieu of a 
percutaneous cable) to supply the motor-driven hydraulic pumping of 
the artificial ventricles with power and system control. Artificial uni-
directional valves within the device mandate  anticoagulation during 
support.
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Initial implantations of the AbioCor were performed in 14 patients 
between 2001 and 2003. Although the device performed well, with one 
patient supported longer than 1 year, there were a lot of strokes and 
only one patient actually was discharged to home. Results from the ini-
tial implants were submitted to the FDA in September 2004 for mar-
keting approval, but the FDA ultimately denied the application, citing 
concerns about patient inclusion criteria and device labeling, potential 
benefit versus risk of the device, anticoagulation protocols, and qual-
ity-of-life versus quantity-of-life issues.

However, because of its limited market, in September 2006, the 
AbioCor was FDA approved as a Humanitarian Use Device. Currently, 
the AbioCor Implantable Replacement Heart is FDA approved for 
patients younger than 75 years with end-stage biventricular failure 
who are not transplant eligible and who cannot be treated with an 
LVAD alone as DT. No new information is available at the time of this 
writing regarding recent implantations of the AbioCor Implantable 
Replacement Heart.

CARDIAC TRANSPLANTATION
Cardiac transplantation remains the ultimate surgical intervention 
for advanced HF and greatly impacts the lives of those patients who 
receive a new heart, but considering the massive scope of this public 
health issue, this management strategy is epidemiologically and bio-
statistically small because of the extremely limited number of donor 
organs available each year. Although it is estimated that at least 100,000 
patients could meet the transplant criteria at any given time,21 only 
3153 are currently listed to potentially receive one.163 Furthermore, 
it is apparent that the number of available donor hearts is limited to 
approximately 2200 each year in the United States. Thus, transplanta-
tion simply is not a realistic expectation for the majority of patients 
with advanced end-stage HF. Although survival varies slightly by blood 
type (AB > B > A > O), patients fortunate enough to get a donor organ 
can currently expect a 1-year survival rate of approximately 87%, a 
3-year survival rate of approximately 78%, and a 5-year survival rate of 
approximately 73%163 (see Chapter 23).

NEW THERAPIES
Cellular Transplantation into 

the Myocardium
A novel approach to treating severe systolic dysfunction is the injection 
of harvested autologous skeletal muscle cells into the failing myocardium. 
This procedure can be performed either surgically at the end of a revascu-
larization procedure or percutaneously in the catheterization laboratory.

The use of cell transplantation is not a novel approach to treating 
disease. Skin and bone- marrow transplantations were the first replace-
ment therapies described. These were followed by embryologic neuron 
transplantation in patients with Parkinson's disease and islet cell trans-
plantation for the treatment of diabetes mellitus.164

The basic understanding of the remodeling process is that viable and 
contractile cardiomyocytes undergo apoptosis and become replaced 
by noncontractile tissue; this, in turn, leads to systolic and diastolic 
dysfunction. In an attempt to restore functionality, contractile cells 
are injected into this region. In clinical practice, myoblasts from the 
patient's quadriceps muscle have been used. Using the patient's own 
tissue has several advantages. First, the complications of pharmaco-
logic immunosuppression are avoided. Second, there are no ethical 
problems in contrast with those frequently observed when fetal cells 
are used. Finally, the ease of harvest and processing make this tissue 
ideal for this purpose.

Skeletal muscle cells, however, are histologically different from native 
cardiomyocytes. Adhesion molecules, which are found in native cardi-
omyocytes, are not found in skeletal myocytes (N-cadherin and con-
nexin-43).104 These adhesion molecules are important for adhesion to 
the extracellular matrix and for intercellular communication.

Clinically, a Phase I study from Poland, the POZNAN trial,165 showed 
that myoblasts can be implanted safely via a percutaneous route into 
a scarred region of the left ventricle. Only 10 patients were enrolled 
into this study. Nine were transplanted. One could not be transplanted 
because of technical reasons. Six patients of the nine were followed 
up. Improvement of NYHA class and EF were observed in all of them. 
Similar results were seen by Menasche et al.164 A frequently encoun-
tered occurrence in the phase I studies was the fact that many patients 
had episodes of ventricular tachycardia after the procedure. They were 
successfully treated with amiodarone or electric cardioversion. Phase II 
studies are now in progress in the United States and Europe. Many other 
cell types are now being experimentally injected into the myocardium 
or given intravenously in an attempt to regrow cardiac myocytes.166–168 
These cells include adult bone marrow stem cells, embryonic stem 
cells, and cardiac progenitor cells found mainly in the atrium. They 
have been injected alone or with multiple growth factors such as gran-
ulocyte-macrophage colony-stimulating factor, vasoactive endothelial 
growth factor, and angiopoietan-1, which mobilize progenitor cells and 
induce new cell growth. The transplanted cells may morph into new 
cardiac muscle cells, or they may improve cardiac function by boosting 
the growth of new blood vessels, or releasing other growth factors that 
encourage cell proliferation and survival. Any of these effects could 
explain some of the early positive results seen to date.

Gene Transfer in Cardiac Myocytes
Gene therapy has received much interest by the media. Multiple research 
groups are trying to cure or at least alleviate symptoms brought on by 
CHF through gene therapy. It is necessary to inoculate the cell with 
DNA to change the genetic programming of a cell. Vectors are being 
used to achieve this goal. Vectors commonly used range from plasmid 
DNA to different virus types (e.g., adenovirus, herpes virus). The two 
cellular pathways that are being targeted are the sarcoplasmic reticu-
lum and the -adrenergic pathway.169 The targets of gene therapy are 
to increase -adrenergic function, adenylyl cyclase, the V

2
 vasopressin 

receptor, and sarcoplasmic reticulum Ca2+ ATPase (SERCA2a), while 
also decreasing phospholamban and -adrenoreceptor kinase (BARK 
1). All of these new therapies hold great promise, and many trials are 
under way.170

ANESTHETIC CONSIDERATIONS 
IN THE PATIENT WITH SEVERELY 
IMPAIRED CARDIAC FUNCTION

Essential Considerations
Cardiac failure can be the common outcome of a variety of underly-
ing causative factors, and patients may, therefore, present with widely 
varying clinical status. Some may appear quite compromised, whereas 
others may appear surprisingly well-compensated despite significant 
underlying pathophysiology. Regardless of what is planned surgically, 
achieving hemodynamic stability during the induction and mainte-
nance of anesthesia requires a preoperative knowledge of the status 
of the coronary arteries (including prior bypass grafts or stents), the 
extent of any valvular regurgitation and/or stenosis that may be pres-
ent, and whether there is significant pulmonary hypertension. In addi-
tion, all patients with significant ventricular dysfunction require a 
thorough preoperative evaluation of the major organ systems (partic-
ularly the renal, hepatic, and central nervous systems) for impairment. 
The anesthetic plan can then take any existing organ dysfunction into 
consideration.

Preoperative Optimization
Patients with cardiac failure are medically optimized by pharmacologic 
manipulations of afterload, -blockade, and diuresis. Most medica-
tions should be continued throughout the perioperative period, but 
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the decision whether to withhold angiotensin-converting enzyme 
inhibitors and diuretics should be made on an individual basis. Patients 
with HF often require preinduction optimization of intravascular vol-
ume status, pharmacologic manipulations of inotropy and afterload, 
adjustments to pacemaker settings (where present), and, on occasion, 
elective placement of an IABP. It is prudent to provide supplemental 
oxygen and monitor vital signs during the preoperative period. This 
is especially important if anxiolytic medications are given because this 
population will not tolerate sudden decreases in sympathetic tone, 
hypoxemia, or the potentially increased pulmonary vascular resistance 
that may accompany a respiratory acidosis if hypoventilation results 
from anxiolysis.

Intraoperative Considerations
Most procedures intended to improve cardiac function will require 
CPB, but the potential availability of bypass cannot be taken for 
granted because the function of even a severely depressed ventricle can 
still get worse, and it is well-known that having to emergently insti-
tute CPB significantly increases morbidity and mortality. In the pre-
bypass period, further depression of cardiac function and significant 
increases in ventricular afterload must be avoided because these will 
increase myocardial oxygen demand and may cause ischemia. Preload, 
afterload, heart rate, and contractility must be continuously optimized 
for each patient at all times.

Where CPB will be used, it is generally prudent to consider using an 
antifibrinolytic agent (e.g., -aminocaproic acid or tranexamic acid) 
in an attempt to decrease bleeding in the postbypass period. In some 
patients, CPB may not be necessary to insert an LVAD.

Anesthetic Agents and Technique
Although the usual sedative and hypnotic agents may be tolerated in 
patients with mild cardiac failure, the failing heart is chronically compen-
sated by a heightened adrenergic state, and removal of that sympathetic 
tone may lead to rapid decompensation with cardiovascular collapse 
during anesthetic induction. Patients with severely decreased ventricular 
function tend to decompensate quickly from physiologic and hemody-
namic aberrations (e.g., hypercarbia, hypoxemia, hypotension, bradycar-
dia/tachycardia, sudden alterations in volume status, and loss of sinus 
rhythm); agents should be chosen and used in a manner likely to main-
tain hemodynamic stability. In addition, agent selection should take into 
account any coexisting renal or hepatic insufficiency. Intravascular vol-
ume status needs to be carefully considered and continuously optimized 
for each individual patient. Inotropic and vasoactive agents including 
ephedrine, phenylephrine, dopamine, epinephrine, milrinone, vasopres-
sin, nitroglycerin, and nitroprusside should be available and judiciously 
used at the first sign of refractory hemodynamic instability.

There can be no cookbook approach to these patients. Despite the 
perceived similarity of one patient with cardiac failure to another, each 
individual's underlying pathophysiology must be carefully considered 
and then anesthetic agents chosen that will best maintain the hemody-
namic goals for that patient.

Traditionally, a technique based on high-dose opioid (e.g., total fen-
tanyl dose, 50 to 100 g/kg, or total sufentanil dose, 5 to 10 g/kg),  
together with a neuromuscular blocking agent, has been used for 
patients with severely depressed cardiac function. Although such a 
technique likely will result in many hours of hemodynamic stability, 
potential disadvantages of this technique are that amnesia may not be 
adequate and the bradycardia and initial chest wall rigidity that typi-
cally accompany such an induction must be pharmacologically coun-
tered (see Chapter 9).

Etomidate (0.2 to 0.3 mg/kg intravenously) is usually the induction 
agent of choice in these patients because it causes neither a significant 
reduction in surgical ventricular restoration nor a significant decrease 
in myocardial contractility. The decreases in vascular tone and myo-
cardial contractility that accompany induction with propofol make 
this drug unsuitable for those with severely depressed cardiac function. 

Similarly, thiopental, with its propensity to cause myocardial depres-
sion and venodilation, with consequent decreases in CO, is not often 
used for these patients.

As a general rule, high doses of the potent inhalation agents are 
poorly tolerated in this population. Although all of the inhalation 
agents (including nitrous oxide) are myocardial depressants to vary-
ing extents, enflurane and halothane are particularly potent in this 
regard and generally are avoided in patients with depressed ventricular 
function. Isoflurane, sevoflurane, and desflurane are more likely to be 
compatible with hemodynamic stability in the well-optimized patient, 
although isoflurane and desflurane must be used with caution because 
of their particular tendency to decrease systemic vascular resistance. 
In comparison with the other currently available agents, sevoflurane 
appears to cause less myocardial depression and decrease in surgical 
ventricular restoration. In addition to direct myocardial depression 
and vasodilation, the inhaled anesthetic agents also may affect myocar-
dial automaticity, impulse conduction, and refractoriness, potentially 
resulting in reentry phenomena and arrhythmias.

Although its use in adults has decreased dramatically in recent years, 
ketamine remains an extremely useful agent in patients with severely 
decreased ventricular function. A ketamine induction (1 to 2.5 mg/kg 
intravenously or 2.5 to 5 mg/kg intramuscularly), followed by a main-
tenance infusion (50 to 100 g/kg/min), usually will provide excellent 
hemodynamic stability while assuring adequate analgesia and amne-
sia. Where feasible, midazolam generally is provided before giving ket-
amine in an attempt to lessen the potential postemergence psychiatric 
side effects that may occur in some patients. Additional small doses (1 
to 2 mg every 2 to 3 hours) or an infusion of midazolam (0.5 g/kg/
min) often are provided when a ketamine infusion is in use. For adults 
and older pediatric patients, a small dose of glycopyrrolate (e.g., 0.2 
mg IV) generally is provided to act as an antisialagogue. Atropine (10 

g/kg) is used for this purpose in neonates and infants. Once on CPB, 
the ketamine infusion can be stopped, and moderate-to-high doses of 
narcotics administered.

Central venous access and pulmonary artery catheterization (PAC) 
are extremely useful (if not mandatory) in this patient population for 
several reasons. First, pharmacologic interventions are frequently neces-
sary, and potent inotropic and vasoactive agents are preferably admin-
istered to the circulation through a central route. Second, despite recent 
controversy regarding the usefulness and potentially increased mor-
bidity and mortality with a PAC in critically ill patients, the ability to 
follow and optimize trends of CO and other hemodynamic indices, as 
well as the ability to assess the efficacy of pharmacologic interventions 
to manipulate pulmonary vascular resistance, cannot be overlooked.171 
The studies critical of routine PAC use do not directly address the car-
diac surgical population and thus cannot reasonably be used to exclude 
this patient population from their use. Third, an extraordinarily useful 
monitor for evaluating the adequacy of oxygen delivery is measurement 
of mixed venous oxygen saturation (see Chapter 14). It might be argued 
that a central venous catheter alone can be used to estimate central fill-
ing pressures, and Mangano et al172 demonstrated the ability to assess LV 
filling pressures using a central venous catheter, but only if the EF was 
greater than 40%. The population in question, however, will (by defini-
tion) present to the operating room with severely depressed LV func-
tion, justifying the use of a PAC in the majority of cases.

TEE is now considered one of the main monitoring devices used by 
a cardiac anesthesiologist. In addition to all the other 2D and Doppler 
information obtainable, the main advantage of TEE over a PAC lies 
in the ability to directly visualize and optimize filling volumes. When 
using a PAC, the clinician assumes a certain filling volume by measur-
ing filling pressures. However, this assumed correlation is accurate only 
when the pressure-volume curve is known, and this is rarely the case 
in clinical practice. This patient population with severe CHF, usually 
presenting with concurrent diastolic dysfunction, will have pathologic 
compliance curves, requiring higher than normal filling pressures to 
obtain normal filling volumes. In addition, the Doppler capabilities of 
modern TEE systems can give the clinician a wealth of knowledge to 
help fine-tune pharmacologic interventions. There are, however,  certain 
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limitations to using TEE. In addition to the fact that initial acquisition 
cost and maintenance of equipment are considerable, TEE is an inva-
sive monitoring technique, and injuries to the pharynx and esopha-
gus are well-known (though uncommon) complications. Perhaps the 
biggest limiting factor in using TEE as a routine monitoring device, 
however, is the fact that interpretation of ultrasound images can be 
complex and requires an experienced echocardiographer.

Nowhere is TEE a more invaluable intraoperative tool than during 
surgical procedures intended to improve cardiac function, because the 
success of many of these procedures depends on specific information 
provided by the echocardiographer. For example, TEE visualization of 
the precise mechanism and location of mitral regurgitation often deter-
mine the feasibility of valve repair. TEE is used to assess the anatomy of 
the valve overall, as well as to specifically evaluate the leaflets for abnormal 
thickening, calcification, mobility, and points of coaptation with respect 
to the annular plane. Doppler analyses and color-flow mapping comple-
ment the 2D evaluation and may provide additional information. The 
use of a mechanistic classification of mitral regurgitation greatly facili-
tates communication with the surgeon. The Carpentier classification of 
mitral regurgitation (see Table 27-3) is often used because it mechanisti-
cally distinguishes valves with normal leaflet motion (type I), excessive 
leaflet motion (type II), and restricted leaflet motion (type III).173

Transesophageal Echocardiography 
and Ventricular Assist Devices
The role of TEE where mechanical VADs are concerned really begins 
before placement of the device, with a TEE evaluation focused on 
detecting or ruling out specific anatomic pathologies that may pre-
vent the device from functioning as intended or lead to preventable 
 complications, and often must be surgically addressed before starting 
support by the device.

To know what to look for, it is important to understand the basics 
of the device, including where the device or its components reside dur-
ing support, how they are placed there, and the principles by which 
the device functions to assist the ventricle and support the circulation. 
As described earlier, the goal of such assist devices is twofold: (1) to 
decompress, or to empty, the failing ventricle by diverting blood from 
the failed side of the heart into the pump; and (2) once the pump is 
full, the stroke volume in the pump must be ejected into the arterial 
circulation immediately downstream of the failing ventricle to provide 
effective forward CO.

Regardless of the specific manufacturer's device attached to the 
inflow and outflow cannulae, TEE is an invaluable tool before, during, 
and after the placement of VADs (Table 27-7).

Before LVAD placement, TEE is used to detect specific anatomic pathol-
ogies that will:

-
tation, severe RV dysfunction)

aortic regurgitation)

foramen ovale, atrial septal defect, intracardiac thrombus, ascend-
ing aortic atherosclerosis, mobile plaques)

During LVAD placement, TEE is used to:

 ventricle (pointing toward the mitral valve)

After LVAD placement, TEE is used to:

of the LV cavity)

for a tricuspid valve annuloplasty)

For a more detailed description of the utility of TEE before and during 
VAD placement and in the perioperative period, the interested reader 
is referred to the many published reviews available in the literature and 
major textbooks of echocardiography.174–178 (See Chapters 12 and 13.)

Three-dimensional Transesophageal 
Echocardiography and Ventricular Assist 
Devices
Given the increasing number of VADs being implanted worldwide, it 
is progressively expected of cardiac anesthesiologists to become com-
fortable providing anesthetic care to this extremely challenging sub-
set of patients. This includes the echocardiographic assessment of VAD 
placement, as well as the timely detection of potential catastrophic 
events that are unique to VAD surgery. Three-dimensional echocar-
diography (3DE) is now a well-established imaging modality. It should 
never be viewed in isolation, but complementary and supplementary 
to 2D imaging. Strengths of 3D imaging lie in the interrogation of the 
positioning and alignment of cannulae, as well as an improved accu-
racy and reproducibility of ventricular volumes and function leading 
to a better understanding of ventricular spatial relations.

Volume assessment by 3DE has been shown to be rapid, accurate, and 
superior to conventional standardized 2D methods. Ventricular volume 
and mass obtained by 3DE have even compared favorably with those 
obtained from studies with magnetic resonance imaging, further dem-
onstrating advantages in efficacy and accuracy in assessing  volumes in 
remodeled ventricles after MI.179–181

Left and Right Ventricles
Once the LVAD is properly inserted and activated, LV decompression 
should occur. The reduction in size and distortion of normal LV dimen-
sions make conventional 2D assessment of LV function, based on geo-
metric assumptions, impractical. The ability to quantitate true cavitary 
volumes and thus calculate an EF, especially in light of possible explan-
tation secondary to myocardial recovery, is appealing to the  clinician. 
With 3DE, it is now possible to acquire full-volume images of the left 
ventricle and reconstruct a virtual model. This is especially useful in the 
setting of ventricular aneurysms or when regional wall motion abnor-
malities are present, which are  frequently encountered in this patient 
population.

RV function is a major concern after LVAD implantation, and it has 
been the world's experience that up to 30% of patients will develop RV 
dysfunction after LVAD implantation. A subset of these will require the 
implantation of an RVAD.182–184

Unfortunately, the right ventricle, because of its complex anatomy, 
does not lend itself to geometric modeling in the same fashion as its 
left-sided counterpart. 3DE, with its ability to generate true volumetric 

LVAD, left ventricular assist device.
From Castillo JG, Anyanwu AC, Adams DH, et al: Real-time 3-dimensional 

echocardiographic assessment of current continuous-flow rotary left ventricular assist 
devices. J Cardiothorac Vasc Anesth 23:702–710, 2009, Table 3.

Preoperative LVAD Assessment  
(Patient Screening)

Intraoperative and Postoperative  
LVAD Assessment

Intracardiac shunts Intracardiac shunts
Intracavitary thrombus Deairing (left ventricle and device)
Atherosclerosis or severe 

calcifications of the aortic arch
Aortic dissection

Aortic regurgitation/mitral stenosis Aortic regurgitation (valve opening)
Right ventricular function 

(tricuspid regurgitation)
Positioning and flow dynamics of both 

cannulae
Ventricular (apical) scars or 

aneurysms
Left ventricular unloading

Right ventricular function (tricuspid 
regurgitation)

Assessment of cardiac tamponade

Common Perioperative Echocardiographic 
Assessment of Patients Undergoing Left Ventricular 
Assist Device Insertion

TABLE  
27-7



832 SECTION IV Anesthesia and Transesophageal Echocardiography for Cardiac Surgery

measurements based on endocardial border detection and recognition, 
could elegantly sidestep the geometric restraints limiting the useful-
ness of 2D echocardiography in the functional assessment of this ven-
tricle. Three-dimensional software, which enables the imager to create 
a model of the right ventricle, is currently available (TomTec Imaging 
Systems GmbH, Unterschleissheim, Germany).

Inflow Cannula
3DE has made it substantially easier to inspect and visualize the ori-
entation of the inflow cannula, commonly entering the left ventricle 
from the apex. The echocardiographic examination of the inflow can-
nula position and orientation using 2DE required at least two orthogo-
nal views (four-chamber and two-chamber long axis). A dataset can 
be acquired and spatially oriented when using 3DE so that the imager 
views the mitral valve en face from the left atrial perspective. The crop-
ping tool can now be used to edit away the mitral valve and basal regions 
of the left ventricle, enabling the echocardiographer to obtain an en 
face view of the outflow cannula as it enters the LV apex. The cannula 
orifice should be centrally located entering the apex of the ventricle, 
aligned to the LV inflow tract (mitral valve orifice), not abutting any 
ventricular structures (Figure 27-13). Often the cannula ends up being 
slightly angled toward the anteroseptal ventricular wall. As long as the 
deviation is less than 30 degrees, no hindrance of ventricular drainage 
should be encountered. Figure 27-14 depicts the proper positioning of 
the inflow cannula of the Impella VAD entering the left  ventricle in a 
retrograde fashion through the aortic valve.

Inflow cannula patency is obviously critical in achieving adequate 
CO. In general, patients undergoing LVAD insertion who present with 
severely dilated ventricles are less prone to cannula malalignment-
induced hindrance of ventricular drainage. In contrast, patients with 
ventricles of normal dimension (e.g., acute myocarditis, acute MI) are 
more dependent on proper cannula alignment. In general, deviations 
of less than 30 degrees from the LV inflow axis are well tolerated.

In conjunction with color-flow Doppler, the echocardiographer 
can check for unidirectional laminar flows through the ventricle to 
the device. The presence of abnormal high-velocity turbulent flows 
or an aliasing flow at the cannula orifice suggests cannular obstruc-
tion. The differential diagnosis can include hypovolemia, a thrombotic 
episode, malalignment with partial obstruction by ventricular walls, 
or compression of the interventricular septum (“suck-down” effect; 
Figure 27-15). Because the treatment for these disorders is different, it 
is important to have excellent echocardiographic imaging capabilities. 
In the scenario of malalignment, the surgeon may be able to reposition 
the cannula by moving the flexible conduit and reassessing the LVAD 
hemodynamics, routinely done at the time of chest closure. A “suck-
down” effect is treated by primarily reducing device flows and volume 
loading of the patient, as well as potentially providing RV support.

Outflow Cannula
The outflow cannula is anastomosed to the anterolateral aspect of the 
ascending aorta (alternatively, to the descending aorta in case of the 
Jarvik 2000) and should be visualized with the ascending aorta long-
axis view. Here, too, color-flow Doppler represents the method of 
choice to evaluate flow patterns and hemodynamics. Several studies 
have reported the impact that the angulation of the outflow cannula to 
the ascending aorta has on flow patterns. The incidence of thrombus 
formation is reduced by decreasing the angle (<90 degrees) between 
both structures. Outflow graft kinking is seen echocardiographically 
by visualizing proximal flow acceleration when compared with those 
flows seen distally to the graft, and color-flow Doppler is characterized 
by nonlaminar high-velocity flow.

Postoperative Considerations
By and large, improvements in ventricular function will not be imme-
diately apparent in this population after the majority of surgical pro-
cedures described in this chapter. In fact, ventricular function is often 
worse after a major cardiotomy because there often has been some 
degree of myocardial stunning during CPB despite the best of myocar-
dial protective techniques with modern cardioplegia. Generally, it will 

LV
RV

Inflow cannula

Figure 27-13 The cannula orifice should be centrally located entering 
the apex of the ventricle, aligned to the left ventricular inflow tract (mitral 
valve orifice), not abutting any ventricular structures. LV, left ventricle; RV, 
right ventricle.

LA

LV

Impella
cannula

Figure 27-14 The proper positioning of the inflow cannula of the 
Impella VAD (ventricular assist device) entering the left ventricle (LV) in a 
retrograde fashion through the aortic valve. LA, left atrium.

RV
LV

Figure 27-15 Compression of the interventricular septum. LV, left 
ventricle; RV, right ventricle.
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be necessary to optimize intravascular volume status and use pharma-
cologic manipulations of afterload and contractility. Temporary pacing 
with epicardial wires placed during surgery often is used to optimize 
heart rate. In addition, meticulous management of electrolytes, coagu-
lation status, and red blood cell mass is necessary.

One area that is often neglected in this population with sometimes 
tenuous hemodynamics is postoperative pain management. Patients 
with severely decreased ventricular function will not tolerate the stress 
response and tachycardia that accompany postoperative pain because 
of the increased myocardial oxygen demand (potentially leading to 
ischemia) and decreased diastolic filling time (potentially leading 
to decreased stroke volume). This combination is especially deleterious 
in patients with poor ventricular function and will exacerbate hemo-
dynamic instability.

Most often, postoperative pain management in this population is 
with intermittent boluses of opioids delivered by a nurse or via patient-
controlled analgesia pumps. Regional techniques (e.g., continuous 
epidural infusions and single-shot intrathecal opioids) are becoming 
popular, although concern for central neuraxial hematomas in light of 

intraoperative heparinization and the coagulopathy that results from 
CPB still limit their use in the adult population in many centers.

Placement of preservative-free morphine in the subarachnoid space 
(7.5 to 10 g/kg) or the epidural space (75 to 100 g/kg) generally will 
be well tolerated and can provide adequate analgesia for approximately 
16 to 24 hours after cardiac surgical procedures. The main side effects 
of this technique are itching (usually controllable by a low-dosage infu-
sion of naloxone, 0.5 to 1 g/kg/hr, titrated to effect) and sedation with 
potential late respiratory depression (see Chapter 38).

CONCLUSIONS
The preceding sections have summarized the advances made in  surgical 
therapy of CHF. As one of the fastest growing segments of the pop-
ulation of patients with heart disease, CHF patients will be the sub-
ject of many ongoing investigations. As the biotechnology industry 
and practitioners make further advances, the interested reader must 
pay close attention to the medical literature to remain current on this 
subject.185–187
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Cardiopulmonary Bypass Management 
and Organ Protection

An anesthesiologist-in-training posed the question, “Why is my pres-
ence necessary during cardiopulmonary bypass [CPB]? The perfusion-
ist has direct control of the patient's blood pressure and respiration. 
The inhalation anesthetic is attached to the bypass circuit. Drugs are 
administered into the venous reservoir. What is my role?”1 The resi-
dent's own answer was incomplete but more robust than that argued 
by many clinicians, who suggest that the presence of a member of the 
anesthesia care team (e.g., anesthesiologist, nurse anesthetist, creden-
tialed anesthesia assistant) during CPB is not essential. The American 
Society of Anesthesiologists (ASA) states that the absence of anesthesia 
personnel during the conduct of a general anesthetic violates the first 
of the ASA Standards for Basic Anesthesia Monitoring.2 The absence 
of a member of the anesthesia care team during CPB is below the 
accepted standard of care. Moreover, to bill for anesthesia care when 
an anesthesia provider is not physically present in the patient's operat-
ing room constitutes fraud.3 At a minimum, the anesthesiologist's role 
during CPB is to maintain the anesthetic state—a more challenging 
task than the usual case when the patient's blood pressure, heart rate, 
and movement provide information regarding the depth of anesthe-
sia. The complexities of CPB and the necessary integration of risk fac-
tors with the nuances of cardiac surgery warrant the constant thinking 
and rethinking of how the conduct of CPB and surgery modulates the 
risk and what protective strategies need implementation. This chapter 
outlines the tasks, challenges, and responsibilities of the cardiovascular 
anesthesiologist that extend beyond the maintenance of the anesthetic 
state, focusing on overall organ protection.

HISTORIC PERSPECTIVE ON 
CARDIOPULMONARY BYPASS
On May 6, 1953, John Gibbon, Jr., surgically treated a young woman 
using CPB, and the long-elusive goal of extracorporeal circulation 
(ECC) was achieved (Figure 28-1). This accomplishment was preceded 
by 15 years of work by Gibbon and colleagues to develop a device that 
would provide ECC and support respiration. The 50th anniversary of 
the first successful use of CPB was celebrated in 2003. A number of 
insightful perspectives on this important medical landmark accompa-
nied the anniversary of this achievement.4–7
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KEY POINTS

 1. Cardiopulmonary bypass (CPB) provides 
the extracorporeal maintenance of 
respiration and circulation at hypothermic 
and normothermic temperatures. CPB 
permits the surgeon to operate on a 
quiet—or nonbeating—heart at hypothermic 
temperatures, thus facilitating surgery in an 
ischemic environment.

 2. CPB is associated with a number of profound 
physiologic perturbations. The central 
nervous system, kidneys, gut, lungs, and 
heart are especially vulnerable to ischemic 
events associated with extracorporeal 
circulation.

 3. Advanced age is one of the most important 
risk factors for stroke and neurocognitive 
dysfunction after CPB.

 4. Acute renal injury from CPB can contribute 
directly to poor outcomes.

 5. Drugs such as dopamine and diuretics do not 
prevent renal failure after CPB.

 6. Myocardial stunning represents injury caused by 
short periods of myocardial ischemia that can 
occur with CPB.

 7. Blood cardioplegia has the potential advantage 
of delivering oxygen to ischemic myocardium, 
whereas crystalloid cardioplegia does not carry 
much oxygen.

 8. Gastrointestinal complications after CPB include 
pancreatitis, gastrointestinal bleeding, bowel 
infarction, and cholecystitis.

 9. Pulmonary complications such as atelectasis 
and pleural effusions are common after cardiac 
surgery with CPB.

 10. Embolization, hypoperfusion, and inflammatory 
processes are central common pathophysiologic 
mechanisms responsible for organ dysfunction 
after CPB.

 11. Controversy regarding the optimal 
management of blood flow, pressure, and 
temperature during CPB remains. Perfusion 
should be adequate to support ongoing oxygen 
requirements; mean arterial pressures of more 
than 70 mm Hg may benefit patients with 
cerebral or other diffuse arthrosclerosis. Arterial 
blood temperatures should not exceed 37.0° C.

 12. The initiation and termination of CPB are 
key phases of a cardiac surgery procedure, 
but the anesthesiologist must remain vigilant 
throughout the entire bypass period.

 13. Total CPB can be tailored to produce deep 
hypothermic circulatory arrest or partial bypass. 
These special techniques require sophisticated 
monitoring and care.

 14. Organ dysfunction cannot definitely be 
prevented during cardiac surgery with off-pump 
techniques.
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Reviewing the history of CPB and cardiac surgery shows that the 
development of this lifesaving technology occurred in three distinct 
phases. In the 1950s, cardiac surgeons adopted ECC to care for patients 
suffering from previously untreatable congenital heart disease. At the 
conclusion of the decade, the backlog of patients with surgically cor-
rectable congenital heart disease had diminished, and a new fron-
tier emerged: valvular heart disease. Through the early 1960s, Starr 
and others described their success with prosthetic valves. Previously 
untreatable anatomic maladies of the heart could be corrected. As 
the population aged more, the importance of coronary artery bypass 
grafting (CABG) with extracorporeal support increased. This third 

phase includes more than 1 million CABG patients annually. As Pierre 
Galletti observed, during none of these phases was the next step in  
perfusion quantitatively anticipated. It is difficult to predict how CPB 
will be used in this millennium.

This chapter briefly describes modern bypass circuits and highlights 
the many current controversies regarding the management of patients 
during CPB. It also deals with perfusion accidents that can be life-
threatening events. It is critical that all members of the cardiac surgery 
team anticipate and respond appropriately to mishaps during CPB (see 
Chapter 29). More common than the rare catastrophe that can occur 
are the injurious end-organ effects that can result from the inherently 
physiologic nature of CPB. The multiple pathophysiologic perturba-
tions precipitated by the process of ECC and the putative effects of 
these phenomena on end-organ function are discussed in detail.

GOALS AND MECHANICS OF 
CARDIOPULMONARY BYPASS
The CPB circuit is designed to perform four major functions: oxygen-
ation and carbon dioxide elimination, circulation of blood, systemic 
cooling and rewarming, and diversion of blood from the heart to pro-
vide a bloodless surgical field. Typically, venous blood is drained by 
gravity from the right side of the heart into a reservoir that serves as a 
large mixing chamber for all blood return, additional fluids, and drugs. 
Because (in most instances) negative pressure is not used, the amount 
of venous drainage is determined by the central venous pressure (CVP), 
the column height between the patient and reservoir, and resistance 
to flow in the venous circuitry. Negative pressure will enhance venous 
drainage and is used in some bypass approaches.

Venous return may be decreased deliberately (as is done when restor-
ing the patient's blood volume before coming off bypass) by applica-
tion of a venous clamp. From the reservoir, blood is pumped to an 
oxygenator and heat exchanger unit before passing through an arte-
rial filter and returning to the patient. Additional components of the  
circuit generally include pumps and tubing for cardiotomy suction, 
venting, and cardioplegia delivery and recirculation, as well as in-line 
blood gas monitors, bubble detectors, pressure monitors, and blood 
sampling ports. A schematic representation of a typical bypass circuit 
is depicted in Figure 28-2 (see Chapter 29).

Figure 28-1 Dr. John Gibbon, Jr., before the first successful application 
of total extracorporeal circulation for cardiac surgery in humans. (Courtesy 
of Mütter Museum of the College of Physicians of Philadelphia.)
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Figure 28-2 Components of the 
extracorporeal circuit: (1) integral car-
diotomy reservoir; (2) membrane oxy-
genator bundle; (3) venous blood 
line; (4) arterial blood line; (5) arterial 
filter purge line; (6) arterial line filter; 
(7) venous blood pump (also called 
the arterial pump head; this pump 
forces venous blood through the 
membrane oxygenator and arterial-
ized blood to the patient's aortic root); 
(8) cardiotomy suction pump; (9) ven-
tricular vent pump; (10) cardioplegia 
pump; (11) crystalloid cardioplegia; 
(12) water inlet line; (13) water outlet 
line; and (14) gas inlet line. (From Davis 
RB, Kauffman JN, Cobbs TL, Mick SL: 
Cardiopulmonary Bypass. New York, 
Springer-Verlag, 1995, p 239.)
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The cannulation sites and type of CPB circuit used are dependent 
on the type of operation planned.8 Most cardiac procedures use full 
CPB, in which the blood is drained from the right side of the heart 
and returned to the systemic circulation through the aorta. The CPB 
circuit performs the function of the heart and lungs. Aorto-atriocaval 
cannulation is the preferred method of cannulation for CPB, although 
femoral arteriovenous cannulation may be the technique of choice 
for emergency access, “redo” sternotomy, and other clinical settings in 
which aortic or atrial cannulation is not feasible. Procedures involving 
the thoracic aorta often are performed using partial bypass in which a 
portion of oxygenated blood is removed from the left side of the heart 
and returned to the femoral artery. Perfusion of the head and upper 
extremity vessels is performed by the beating heart, and distal perfu-
sion is provided below the level of the cross-clamp by retrograde flow 
by the femoral artery. All blood passes through the pulmonary circula-
tion, eliminating the need for an oxygenator.

PHYSIOLOGIC PARAMETERS OF 
CARDIOPULMONARY BYPASS
The primary objective of CPB is maintenance of systemic perfusion 
and respiration. Controversy arises whether systemic oxygenation and 
perfusion should be “optimal or maximal” or “adequate or sufficient.” 
Remarkably, after more than a half century of CPB, there is contin-
ued disagreement regarding the fundamental management of ECC. 
Clinicians and investigators disagree on what are the best strategies 
for arterial blood pressure goals, pump flow, hematocrit, temperature, 
blood gas management, or mode of perfusion (pulsatile vs. nonpulsa-
tile). Whereas each of these physiologic parameters has to be taken into 
account individually, the application of each has organ-specific effects. 
As a result, the ensuing discussion deals with these parameters on an 
organ-specific basis.

END-ORGAN EFFECTS OF 
CARDIOPULMONARY BYPASS
Modern cardiac surgery continues to be challenged by the risk for 
organ dysfunction and the morbidity and mortality that accompany 
it. Catastrophic organ system failure was common in the early days of 
CPB, but advances in perfusion, surgical techniques, and anesthesia 
have allowed most patients to undergo surgery without major mor-
bidity or mortality. However, organ dysfunction, ranging in severity 
from the most subtle to the most severe, still occurs, manifesting most 
frequently in patients with decreased functional reserves or extensive 
comorbidities. With more than 1,000,000 patients worldwide under-
going various cardiac operations annually, understanding organ  
dysfunction and developing perioperative organ protection strategies 
are of paramount importance.

A number of injurious common pathways may account for the organ 
dysfunction typically associated with cardiac surgery. CPB itself initi-
ates a whole-body inflammatory response with the release of various 
injurious inflammatory mediators. Add to this the various preexist-
ing patient comorbidities and the potential for organ ischemic injury 
because of embolization and hypoperfusion, and it becomes clear 
why organ injury can occur. Most cardiac surgery, because of its very 
nature, causes some degree of myocardial injury. Other body systems 
can be affected by the perioperative insults associated with cardiac sur-
gery (particularly CPB), including the kidneys, lungs, gastrointestinal 
(GI) tract, and central nervous system (CNS).

Understanding the fundamentals of organ dysfunction, includ-
ing the incidence, significance, associated risk factors, etiology, and 
pathophysiology, provides a framework for discussing various organ-
specific protective strategies. The following section describes the vari-
ous organ dysfunction syndromes that can occur in the cardiac surgical 
patient, with particular emphasis directed at strategies for reducing 
these injuries.

CENTRAL NERVOUS SYSTEM INJURY

Incidence and Significance of Injury
CNS dysfunction after CPB represents deficits ranging from neurocog-
nitive deficits, occurring in approximately 25% to 80% of patients, 
to overt stroke, occurring in 1% to 5% of patients.9–12 The significant 
 disparity between studies in the incidence of these adverse cerebral 
outcomes relates, in part, to their definition and to numerous meth-
odologic differences in the determination of neurologic and neu-
rocognitive outcome. Retrospective versus prospective assessments of 
neurologic deficits account for a significant portion of this inconsis-
tency, as do the experience and expertise of the examiner. The tim-
ing of postoperative testing also affects determinations of outcome. 
For example, the rate of cognitive deficits can be as high as 80% for 
patients at discharge, between 10% and 35% at approximately 6 weeks 
after CABG, and 10% to 15% more than a year after surgery. Greater 
rates of cognitive deficits have been reported 5 years after surgery, 
when up to 43% of patients have documented deficits.10 The issue of 
whether cardiac surgery causes cognitive loss has been greatly debated. 
Although some have questioned whether long-term deficits result as a 
consequence of surgery,13 even if only present in the short term, they 
are meaningful to patients and families14 (see Chapter 36).

Although the incidence of these deficits varies greatly, the signifi-
cance of these injuries cannot be overemphasized. Cerebral injury 
is a most disturbing outcome of cardiac surgery. To have a patient's 
heart successfully treated by the planned operation but discover that 
the patient no longer functions as well cognitively or is immobilized 
from a stroke can be devastating. There are enormous personal, fam-
ily, and financial consequences of extending a patient's life with sur-
gery, only to have the quality of the life significantly diminished.12,15 
Mortality after CABG, although having reached relatively low levels in 
recent years (generally < 1% overall), increasingly is attributable to 
cerebral injury.12

Risk Factors for Central Nervous  
System Injury
Successful strategies for perioperative cerebral and other organ protec-
tion begin with a thorough understanding of the risk factors, causative 
factors, and pathophysiology involved. Risk factors for CNS injury can 
be considered from several different perspectives. Most studies outlin-
ing risk factors take into account only stroke. Few describe risk fac-
tors for neurocognitive dysfunction. Although it often is assumed that 
their respective risk factors are similar, few studies consistently have 
reported the preoperative risks for cognitive loss after cardiac surgery. 
Factors such as a poor baseline (preoperative) cognitive state, years of 
education (i.e., more advanced education is protective), age, diabetes, 
and CPB time frequently are described.16,17

Stroke is better characterized with respect to risk factors. Although 
studies differ somewhat as to all the risk factors, certain patient char-
acteristics consistently correlate with an increased risk for cardiac  
surgery–associated neurologic injury. In a study of 2108 patients from 24 
centers conducted by the Multicenter Study of Perioperative Ischemia, 
incidence of adverse cerebral outcome after CABG surgery was deter-
mined and the risk factors analyzed. Two types of adverse cerebral 
outcomes were defined. Type I included nonfatal stroke, transient isch-
emic attack, stupor or coma at time of discharge, and death caused by 
stroke or hypoxic encephalopathy. Type II included new deterioration 
in intellectual function, confusion, agitation, disorientation, and mem-
ory deficit without evidence of focal injury. A total of 129 (6.1%) of 
the 2108 patients had an adverse cerebral outcome in the perioperative 
period. Type I outcomes occurred in 66 (3.1%) of 2108 patients, with 
type II outcomes occurring in 63 (3.0%) of 2108 patients. Stepwise 
logistic regression analysis identified eight independent predictors of 
type I outcomes and seven independent predictors of type II outcomes 
(Table 28-1).
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In a subsequent analysis of the same study database, a stroke risk 
index using preoperative factors was developed (Figure 28-3). This risk 
index allowed for the preoperative calculation of the stroke risk based 
on the weighted combination of the preoperative factors, including 
age, unstable angina, diabetes mellitus, neurologic disease, prior coro-
nary artery or other cardiac surgery, vascular disease, and pulmonary 
disease.18 Of all the factors in the Multicenter Study of Perioperative 

Ischemia analysis and in multiple other analyses,12,19–22 age appeared 
to be the most overwhelmingly robust predictor of stroke and of neu-
rocognitive dysfunction after cardiac surgery.9,10 Tuman et al22 dem-
onstrated that age has a greater impact on neurologic outcome than 
it does on perioperative myocardial infarction or low cardiac output 
states after cardiac surgery (Figure 28-4).

The influence of sex on adverse perioperative cerebral outcomes after 
cardiac surgery has been evaluated. Women appear to be at greater risk 
for stroke after cardiac surgery than men.23 Hogue et al24 found that 
women appear more likely to suffer deficits in the visuospatial cogni-
tive domain after cardiac surgery, although the frequency of cognitive 
dysfunction after cardiac surgery is similar for women and men.

Other consistent risk factors for stroke after cardiac surgery are the 
presence of cerebrovascular disease and atheromatous disease of the 
aorta. With respect to cerebrovascular disease, patients who have had a 
prior stroke or transient ischemic attack are more likely to suffer a periop-
erative stroke.23,25–27 Even in the absence of symptomatic cerebrovascular 
disease, such as the presence of a carotid bruit, the risk for stroke increases 
with the severity of the carotid artery disease. Breslau et al28 reported that 
Doppler-detected carotid disease increased the risk for stroke after cardiac 
surgery by threefold. Similarly, Brener et al29 found that a carotid stenosis 
greater than 50% increased the risk for stroke from 1.9% to 6.3%.

Although the presence of cerebrovascular disease is a risk factor for 
perioperative stroke, it does not always correlate well with the pres-
ence of significant aortic atherosclerosis.30 Atheromatous disease of the 
ascending, arch, and descending thoracic aorta has been consistently 
implicated as a risk factor for stroke in cardiac surgical patients.31–34 
The increased use of transesophageal echocardiography (TEE) and 
epiaortic ultrasonography has added new dimensions to the detection 
of aortic atheromatous disease and the understanding of its relation 
to stroke risk. These imaging modalities have allowed the diagnosis 
of atheromatous disease to be made in a more sensitive and detailed 
manner, contributing greatly to the information regarding poten-
tial stroke risk. The risk for cerebral embolism from aortic atheroma 
was described early in the history of cardiac surgery,35 and has been 
described repeatedly in detail since then.12,36–38 For example, Katz et al39 
found that the incidence rate of stroke was 25% in patients with a 
mobile atheromatous plaque in the aortic arch, compared with a stroke 
rate of 2% in those with limited atheromatous disease. Studies consis-
tently have reported greater stroke rates for patients with increasing 
atheromatous aortic involvement (particularly the ascending and arch  
segments).40 This relation is outlined in Figure 28-5.

Risk Factors for Adverse Cerebral Outcomes after 
Cardiac Surgery

Risk Factor Type I Outcomes* Type II Outcomes*

Proximal aortic 
atherosclerosis

4.52 (2.52–8.09)

History of neurologic 
disease

3.19 (1.65–6.15)

Use of IABP 2.60 (1.21–5.58)
Diabetes mellitus 2.59 (1.46–4.60)
History of hypertension 2.31 (1.20–4.47)
History of pulmonary 

disease
2.09 (1.14–3.85) 2.37 (1.34–4.18)

History of unstable  
angina

1.83 (1.03–3.27)

Age (per additional  
decade)

1.75 (1.27–2.43) 2.20 (1.60–3.02)

Admission systolic BP > 
180 mm Hg

3.47 (1.41–8.55)

History of excessive  
alcohol intake

2.64 (1.27–5.47)

History of CABG 2.18 (1.14–4.17)
Arrhythmia on day of 

surgery
1.97 (1.12–3.46)

Antihypertensive  
therapy

1.78 (1.02–3.10)

TABLE  
28-1

*Adjusted odds ratio (95% confidence intervals) for type I and II cerebral outcomes 
associated with selected risk factors from the Multicenter Study of Perioperative Ischemia.

BP, blood pressure; CABG, coronary artery bypass graft surgery; IABP, intra-aortic balloon 
pump.

From Arrowsmith JE, Grocott HP, Reves JG, et al: Central nervous system complications 
of cardiac surgery. Br J Anaesth 84:378, 2000.
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Cause of Perioperative Central Nervous 
System Injury
Because CNS dysfunction represents a wide range of injuries, differen-
tiating the individual causes of these various types of injuries becomes 
somewhat difficult (Box 28-1). They frequently are grouped together 
and superficially discussed as representing different severities on a con-
tinuum of brain injury. This likely misrepresents the different causes 
of these injuries. The following section addresses stroke and cognitive 
injury (Table 28-2), and their respective causes are differentiated where 
appropriate.

Cerebral Embolization
Macroemboli (e.g., atheromatous plaque) and microemboli (e.g., 
 gaseous and particulate) are generated during CPB, and many emboli 
find their way to the cerebral vasculature.41 Macroemboli are respon-
sible for stroke, with microemboli being implicated in the development 
of less severe encephalopathies. Sources for the microemboli are numer-
ous and include those generated de novo from the interactions of blood 
within the CPB apparatus (e.g., platelet-fibrin aggregates) and those 
generated within the body by the production and mobilization of ather-
omatous material or entrainment of air from the operative field. Other 
sources for emboli include lipid-laden debris that can be added by car-
diotomy suction.42 Other gaseous emboli may be generated through 
injections into the venous reservoir of the CPB apparatus itself.43,44

Numerous studies outline the relation between emboli and cognitive 
decline after cardiac surgery.45–47 However, one of the major limitations 
in understanding this relation has been the relative inability to discern 
between gaseous and particulate microemboli.48 Typically, Doppler 
ultrasonography has been used to measure cerebral embolic signals, 
but Doppler cannot reliably distinguish between gaseous and partic-
ulate emboli.49 In addition to using Doppler evidence, Moody et al41 
performed histologic analyses on brains from cardiac surgical patients 
and described the presence of millions of cerebral emboli represented 
as small capillary arteriolar dilations.

The impact of aortic atheroma on cognitive decline is incompletely 
understood. It is widely known from nonsurgical and cardiac surgi-
cal studies that there is a clear relation between aortic atheroma and 
stroke,31,50–52 but the relation between cognitive outcome and cerebral 
atheroma is uncertain. Several studies describe different results.53,54 
Whereas some data suggest that cerebral emboli are more likely with 
a greater degree of atheroma in the ascending aorta,55 there is a rela-
tive failure to demonstrate that these atheroma correspond to cogni-
tive decline.53 Part of the discordance between these two findings may 
reflect the limitation of Doppler technology to discriminate between 
gaseous and particulate emboli, thereby possibly misrepresenting the 
true cerebral embolic load.56

Global Cerebral Hypoperfusion
The concept that global cerebral hypoperfusion during CPB may lead 
to neurologic and neurocognitive complications originates from the 
earliest days of cardiac surgery, when significant (in degree and dura-
tion) systemic hypotension was a relatively common event. Although 
making intuitive sense (i.e., that hypotension would lead to global cere-
bral hypoperfusion), studies that have examined the relation between 
mean arterial pressure (MAP) and cognitive decline after cardiac  
surgery generally have failed to show any significant relation.17,57,58

This is not the case for stroke, for which Hartman et al38 and Gold 
et al59 demonstrated a link between hypotension and the presence of 
a significantly atheromatous aorta with an increased risk for stroke 
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Figure 28-5 Stroke rate 1 week after cardiac surgery as a func-
tion of atheroma severity. Atheroma was graded by transesophageal 
echocardiography as follows: I, normal; II, intimal thickening; III, plaque 
< 5 mm thick; IV, plaque > 5 mm thick; V, any plaque with a mobile seg-
ment. (From Hartman GS, Yao FS, Bruefach M 3rd, et al: Severity of 
aortic atheromatous disease diagnosed by transesophageal echocar-
diography predicts stroke and other outcomes associated with coronary 
artery surgery: A prospective study. Anesth Analg 83:701, 1996.)

BOX 28-1. CAUSES OF CENTRAL NERVOUS SYSTEM 
COMPLICATIONS AFTER CARDIOPULMONARY 
BYPASS

Causes of Cognitive Dysfunction after Cardiac SurgeryTABLE  
28-2
Cause Possible Settings

Cerebral microemboli Generated during cardiopulmonary 
bypass (CPB); mobilization of 
atheromatous material or entrainment 
of air from the operative field; gas 
injections into the venous reservoir of 
the CPB apparatus

Global cerebral hypoperfusion Hypotension, occlusion by an 
atheromatous embolus leading to 
stroke

Inflammation (systemic and 
cerebral)

Injurious effects of CPB, such as blood 
interacting with the foreign surfaces 
of pump-oxygenator; upregulation of 
proinflammatory mediators

Cerebral hyperthermia Hyperthermia during and after cardiac 
surgery, such as aggressive rewarming, 
from hypothermic CPB

Cerebral edema Edema from global cerebral 
hypoperfusion or from hyponatremia; 
increased cerebral venous pressure 
from cannula misplacement

Blood-brain barrier dysfunction Diffuse cerebral inflammation; ischemia 
from cerebral microembolization or 
increased intracranial pressure

Pharmacologic influences Anesthetic-related cognitive damage; 
apoptosis of neonatal brains; 
proteomic changes

Genetic influences Effects of single nucleotide 
polymorphisms on risk for Alzheimer 
disease or for acute coronary 
syndromes and other inflammatory 
disorders
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(see Figure 28-5). This is not a clear relation, however, and likely rep-
resents an interaction between macroembolism and global cerebral 
hypoperfusion. It is likely, for example, that if an area of the brain 
that is being perfused by a cerebral vessel becomes occluded by an 
atheromatous embolus, it may be more susceptible to hypoperfu-
sion if collateral perfusion is compromised by concomitant systemic 
hypotension.60 Other evidence for global cerebral hypoperfusion 
comes from Mutch et al,61 who examined magnetic resonance imag-
ing assessments of cerebral blood flow (CBF) showing progressive 
decreases in CBF during the course of experimental CPB in pigs. 
However, clinical demonstrations of a reduction in CBF during 
lengthy CPB have not been seen.62

Temperature-Related Factors
The impact of CPB temperature (i.e., hypothermia) on outcome is 
addressed further in this section. However, with the various trials of 
hypothermia during CPB and with detailed temperature monitoring, 
the observation has been made that hyperthermia can occur during  
certain periods during and after cardiac surgery. During rewarming from 
hypothermic CPB, there can be an overshoot in cerebral temperature 
because of aggressive rewarming generally aimed at decreasing time on 
CPB and overall operating room time. This cerebral hyperthermia may 
well be responsible for some of the injury that occurs in the brain.63

The postoperative period is also a critical time in which hyperthermia 
can contribute to brain injury.64,65 Grocott et al64 demonstrated that the 
peak temperature in the postoperative period (24 hours after surgery) 
was related to cognitive decline 6 weeks after cardiac surgery. It is not 
clear whether this hyperthermia causes de novo injury or whether it 
exacerbates injury that already has occurred (e.g., injury that might be 
induced by cerebral microembolization or global cerebral hypoperfu-
sion). It is necessary to be cautious in concluding whether these rela-
tions are temporal or causal. However, it is assumed that the brain is 
injured during CPB, and because experimental brain injury is known 
to cause hyperthermia (resulting from hypothalamic injury66), the 
hyperthermia that is demonstrated in the postoperative period may be 
caused by the occurrence or extent of brain injury. However, if hyper-
thermia results from the inflammatory response to CPB, the hyper-
thermia itself may induce or exacerbate cerebral injury.

Inflammation
Although it is well-known that blood interacts with the foreign 
 surfaces of the pump-oxygenator to stimulate a profound inflamma-
tory response,67 the systemic end-organ effects of this inflammatory 
response are less clearly defined. Much of the data relating organ dys-
function in the CNS to the inflammatory response in the cardiac surgi-
cal patient have focused on indirect experimental and clinical evidence. 
It is not clear whether a cerebral inflammatory response occurs as a 
result of CPB in humans. Hindman et al68 reported that cyclooxyge-
nase mRNA was upregulated after CPB, suggesting that on the molecu-
lar biologic level, CPB induces overexpression of this proinflammatory 
gene in the brain. What is not clear was whether this was a primary 
event (i.e., as a direct result of the proinflammatory effects of CPB) 
or a secondary event as a result of other injurious effects of CPB (e.g., 
microembolization). In settings other than cardiac surgery, inflamma-
tion has been demonstrated to directly injure the brain (e.g., sepsis-
mediated encephalopathy),69 but it also is known to result as a response 
to various cerebral injuries (e.g., ischemic stroke).70

There is no direct evidence that inflammation causes cardiac surgery–
associated adverse cerebral outcome; however, there is some supportive 
indirect evidence. For example, Mathew et al71 demonstrated a relation 
between poor cognitive outcome and an impaired immune response to 
circulating endotoxin, which inevitably translocates from the gut into 
the bloodstream because of alterations in splanchnic blood flow during 
CPB. Having a low antibody response to circulating endotoxin is para-
doxically associated with an overstimulated inflammatory response,72 
thus demonstrating that the relation between low endotoxin antibod-
ies and poor cognitive outcome may be mediated by an  augmented 

inflammatory response. Increasingly, there is genetic evidence linking 
inflammation to adverse cerebral outcomes, both stroke and cognitive 
loss (see Genetic Influences section later in this chapter).

Cerebral Edema
Cerebral edema after CPB has been reported in several studies.73,74 The 
explanation for why cerebral edema may occur early in the postbypass 
period is not clear. It may be caused by cytotoxic edema resulting from 
global cerebral hypoperfusion or possibly by hyponatremia-induced 
cerebral edema. Generalized cerebral edema caused by increases in 
cerebral venous pressure caused by cannula misplacement, which  
frequently occurs during CPB, is another reason.75 Specifically, use of a 
dual-stage venous cannula often can lead to cerebral venous congestion 
during the vertical displacement of the heart during access to the lat-
eral and posterior epicardial coronary arteries. It is not clear from these 
studies whether the edema results because of injury that occurs during 
CPB, leading to cognitive decline, or whether the edema itself directly 
causes the injury by consequent increases in intracranial pressure with 
global or regional decreases in CBF and resulting ischemia.

Blood-Brain Barrier Dysfunction
The function of the blood-brain barrier (BBB) is to aid in maintaining 
the homeostasis of the extracellular cerebral milieu protecting the brain 
against fluctuations in various ion concentrations, neurotransmitters, 
and growth factors that are present in the serum.76 The impact of CPB 
on the function and integrity of the BBB is not clearly known. Gillinov 
et al77 were unable to show any changes in BBB dysfunction 2 hours 
after CPB in piglets as assessed using carbon 14-aminoisobutyric acid 
tracer techniques in postbypass brain homogenates. However, Cavaglia 
et al,78 measuring the leakage of fluorescent albumin from blood vessels 
in brain slices after CPB, were able to demonstrate significant breaches 
in the BBB. Both studies looked at a single time point (i.e., immediately 
after CPB), and it is not known whether there are temporal changes in 
the BBB integrity.

It is difficult to determine whether the changes in BBB integrity, if 
present at all, are a primary cause of brain dysfunction or simply a 
result of other initiating events such as ischemia (i.e., from cerebral 
microembolization) or a diffuse cerebral inflammatory event. Changes 
in the BBB could cause some of the cerebral edema that has been dem-
onstrated, or it could result from cerebral edema if the edema resulted 
in ischemic injury (from increases in intracranial pressure).74

Possible Pharmacologic Influences
Anesthetics have been demonstrated to affect cognitive loss after sur-
gery. Experimental studies of cognitive outcome in young rats exposed 
to anesthetics have demonstrated that relatively brief (several hours) 
exposure to isoflurane can lead to long-term cognitive changes in the 
animals.79,80 Coupled with the demonstration in other experimental 
models of apoptosis in neonatal brains exposed to certain anesthetic 
agents (e.g., isoflurane, midazolam, nitrous oxide),81 this added to the 
data suggesting that corresponding proteomic changes can occur in the 
brain after exposure to anesthetics82 and highlighted this as a potential 
area for further research.

Genetic Influences
Genetics may play a role in modifying the degree of CNS injury or 
in the ability of the brain to recover after an injury has occurred. 
Several investigations have assessed the genetic influences on cere-
bral outcome after CPB. The most commonly explored gene variant, 
or single nucleotide polymorphism (SNP), has been the 4 allele of 
the apolipoprotein gene. This gene has been reported to be responsible 
for increasing the risk for sporadic and late-onset Alzheimer disease 
(as well as complicating outcome after a variety of other head inju-
ries).83 Although early reports suggest that this may be an important 
influence,84 later reports shed some doubt on how robust this effect 
is.85 A second SNP examined relates to the platelet surface receptor 
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glycoprotein IIb/IIIa P1A2 (P1A2) receptor polymorphism. This plate-
let integrin receptor polymorphism is important in the cause of acute  
coronary syndromes and other thrombotic disorders.86,87 A small study 
in cardiac surgery patients demonstrated worse impairments in the 
Mini-Mental Status Examination in the P1A2-positive patients com-
pared with P1A2-negative patients.88

With the multitude of genes that may play a role in injury, it is impor-
tant to go beyond examining the impact of single SNPs and explore 
the impact of multiple SNPs, alone or in combination. In a study of 
2140 patients examining 26 different SNPs, the presence of the minor 
alleles of C-reactive protein (CRP), interleukin-6 (IL-6) had a threefold 
increase in the risk for stroke after cardiac surgery.89 Of note, no single 
(or combination of) prothrombotic genes were associated with stroke, 
suggesting that inflammatory, as opposed to thrombotic, mechanisms 
may be more important to the risk for a stroke.

With respect to cognitive dysfunction after cardiac surgery, a recent 
study outlined the impact of genetics on outcome after cardiac surgery. 
In a study of 513 patients who were extensively genotyped (30 SNPs) 
and had cognitive testing after cardiac surgery, a link between SNPs of 
CRP and P-selectin (CRP1059G4/C and SELP1087G/A), and a reduc-
tion in cognitive deficit were found.90 The incidence rate of cognitive 
deficit was 16.7% in carriers of the minor alleles of both these genes 
compared with 42.9% of the patients possessing these major alleles. 
Unique in this study was the mechanism-based genetic effect in which 
these polymorphisms also were associated with reductions in both CRP 
and platelet activation, suggesting that an attenuation of perioperative 
inflammatory and prothrombotic states may be beneficial with respect 
to reducing the cognitive deficits after cardiac surgery.91

Neuroprotective Strategies
Emboli Reduction
There are multiple sources of particulate and gaseous emboli during 
cardiac surgery. Within the CPB circuit itself, particulate emboli in 
the form of platelet-fibrin aggregates and other debris are generated. 
Gaseous emboli can be created in the circuit or augmented, if already 
present, by factors such as turbulence-related cavitation and, poten-
tially, even by vacuum-assisted venous drainage.92 Air in the venous 
return tubing is variably handled by the bypass circuit (i.e., reservoir, 
oxygenator, and arterial filters). The ability of the circuit to prevent the 
transit of gaseous emboli through the oxygenator varies considerably 
between manufacturers and remains a significant source of emboli. 
The impact of perfusionist interventions on cerebral embolic load also 
has been studied. Borger et al44 found that after drug injections into the 
venous reservoir, gaseous emboli can make a rapid passage through to 
the arterial outflow. Reducing these perfusionist interventions reduced 
emboli generation and neurocognitive impairment.

Significant quantities of air can be entrained from the surgical field 
into the heart itself; flooding the field with carbon dioxide has been 
proposed as being effective in reducing this embolic source.93 Its ability 
to specifically reduce cerebral injury has not been rigorously evaluated, 
although it has been demonstrated to significantly reduce the num-
ber of TEE-detectable bubbles in the heart after cardiac surgery.94 Even 
with the use of carbon dioxide in the surgical field, significant amounts 
of entrained air can be present. Although the oxygenator-venous res-
ervoir design attempts to purge this air before reaching the inflow 
cannula, the arterial line filter handles a great deal of what is left. The 
capacity of the arterial filter to remove all sources of emboli (gaseous or 
particulate) has significant limitations, and despite its use, emboli can 
pass easily through and on into the aortic root.

The aortic cannula may be very important to reduce cerebral emboli 
production. Placement of the cannula into an area of the aorta with 
a large atheroma burden may cause the direct generation of emboli 
from the “sandblasting” of atherosclerotic material in the aorta.95 
The use of a long aortic cannula, where the tip of the cannula lies 
beyond the origin of the cerebral vessels, also has been found to reduce 
emboli load.96 The type of cannula itself may be an important factor. 

Various designs have allowed the reduction of sandblasting-type jets 
emanating from the aortic cannula. Baffled cannulae and cannulae 
that allow the incorporation of regional brain hypothermia and diver-
sion of emboli away from the cerebral vessels have been investigated.97 
A cannula that has a basket-like extension that can be inserted just 
before cross-clamp removal also has been studied.98 In a large (N = 
1289) study, this Embol-X cannula was unable to reduce the incidence 
of CNS dysfunction.99 A smaller (N = 24) study paradoxically showed 
an increase in embolic signals with its deployment in the aorta.100 This 
has been because of air bubbles trapped within the basket or abrasion 
of the atheromatous aortic wall. Few other emboli-reducing strate-
gies, besides arterial line filtration and reducing perfusion interven-
tions itself,44,47 have been studied sufficiently to determine their impact 
on cognitive loss after cardiac surgery. The safety of introducing new 
techniques also has not been thoroughly studied; the additional risk 
assumed when significantly altering a standard of practice to use a new 
device must be considered (see Chapters 3, 29, and 39).

Blood that is returned from the surgical field through the use of the 
cardiotomy suction may significantly contribute to the particulate load 
in the CPB circuit and, subsequently, in the brain. The use of cell-salvage 
devices to process shed blood before returning it to the venous reservoir 
may minimize the amount of particulate- or lipid-laden material that 
contributes to embolization.42,43 Most of this material is small enough 
or so significantly deformable (due to its high lipid content) that it can 
pass through standard 40- m arterial filters. There are several issues 
with the cell saver, however. One is the cost that is incurred with its 
use, and the other is its side effects of reducing platelet and coagula-
tion factors through its intrinsic washing processes. Modest use of cell 
salvage up to a certain, although as yet undefined, volume of blood 
likely is prudent. Despite this rationale, the results from studies exam-
ining neurologic outcome have shown variable effects of cell-saver use 
on cognitive outcome. A study by Djaiani et al102 demonstrated a ben-
efit, whereas one by Rubens et al101 did not. This may have been caused 
by differences in cell savers used that likely varied in their ability to 
remove lipid emboli (see Chapter 29).

Management of Aortic Atherosclerosis
Although the previous section dealt with issues related to reduction of 
emboli, many of which likely are spawned from atheromatous plaque 
in the aorta, further specific management of the atheromatous aorta, 
particularly as it relates to stroke risk, requires special attention. The 
widespread use of TEE and complementary (and preferably routine) 
epiaortic scanning has had a tremendous impact on the understand-
ing of the risks involved in the patient with a severely atheromatous 
aorta. There is indisputable evidence linking stroke to atheroma.31,50–52 
However, the strength of association between atheroma and cognitive 
decline seen after cardiac surgery is less clear.

A small study used a combination of epiaortic scanning and ather-
oma avoidance techniques (with respect to cannulation, clamping, and 
vein graft anastomosis placement) to attempt to reduce neurocognitive 
deficits.54 In that study, the incidence of cognitive decline was lower in 
patients who had an avoidance technique guided by epiaortic scanning 
compared with no epiaortic scanning. It was limited by its small size, 
but it identified an area that requires more investigation. Others have 
examined this issue and found the relation between cognitive decline 
and atheroma to be doubtful.103 Regardless of whether atheroma cause 
cognitive dysfunction, their contribution to cardiac surgery–associated 
stroke is enough to warrant specific strategies for their management.

One of the difficulties in interpreting studies that have evaluated 
atheroma avoidance strategies is the absence of any form of blinding 
of the investigators. For the most part, a strategy is chosen based on 
the presence of known atheroma, and the results of these patients are 
compared with historic controls. What constitutes the best strategy is 
unclear. Multiple techniques can be used to minimize atheromatous 
material liberated from the aortic wall from getting into the cerebral 
circulation. These range from optimizing placement of the aortic 
cannula in the aorta up to an area relatively devoid of plaque to the use 
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of specialized cannulae that reduce the sandblasting of the aortic wall. 
Alternative aortic cannulae and using different locations possess the 
ability to decrease embolization of atheromatous plaque. The avoidance 
of partial occlusion clamping for proximal vein graft placement 
by performing all of the anastomoses made in a single application 
of an aortic cross-clamp has been demonstrated to have benefit.104 
Specialized cannulae that contain filtering technologies98 and other 
means to deflect emboli to more distal sites have been developed and are 
being studied.105 Technology is advancing rapidly, and proximal (and 
distal) coronary artery anastomotic devices are becoming increasingly 
available and focus on minimizing manipulation of the ascending 
aorta. None of these aortic manipulations has yet yielded significant 
neuroprotective results in large, prospective, randomized trials, but the 
potential holds promise.

Pulsatile Perfusion
A large volume of literature has accumulated comparing the physi-
ology of pulsatile with nonpulsatile perfusion.106,107 Nevertheless, it 
remains uncertain whether pulsatile CPB has shown substantive clini-
cal improvement in any outcome measure compared with standard, 
nonpulsatile CPB. Table 28-3, although by no means complete, rep-
resents this highly contradictory body of literature.108–137 Claims of 
advantages to pulsatile flow are effectively offset by conflicting studies 
of similar design (see Chapter 29).

Nonpulsatile CPB is the most commonly practiced form of artifi-
cial perfusion. As intuitive as it may seem that this type of nonphysi-
ologic, nonpulsatile pump flow could be injurious, there is an overall 
lack of data to suggest that using pulsatile flow during clinical CPB has 
a neurologic benefit. In a large (N = 316), double-blind, randomized 
investigation by Murkin et al,138 examining the effect of pulsatile versus 
nonpulsatile CPB on neurologic and neuropsychologic outcome, no sig-
nificant benefit was demonstrated. One study of balloon pump–induced 
pulsatile perfusion during CPB failed to show any improvements in 
jugular venous oxygen saturation of regional brain oxygenation.139 A 
significant limitation to most pulsatility studies is that, because of tech-
nical limitations, true “physiologic” pulsatility is almost never accom-
plished. Instead, variations of sinusoidal pulse waveforms are produced 
that do not replicate the kinetics and hydrodynamics of normal physi-
ologic pulsation. A review by Hickey et al,107 published in 1983, offered 
important criticism and insight into this controversy and remains ger-
mane to recent reports. A fundamental difference between pulsatile and 

 nonpulsatile flow is that additional hydraulic energy is required and 
applied to move blood when pulsatile flow is used. This extra kinetic 
energy is known to improve red blood cell (RBC) transit, increase cap-
illary perfusion, and aid lymphatic function.133 The hydraulic power of 
pulsatile flow is the sum over time of the product of instantaneous pres-
sure and instantaneous flow. CPB may influence many of the properties 
of the blood (viscosity) and the vasculature itself (arterial tone, size, and 
geometry) as a result of hemodilution, hypothermia, alteration of RBC 
deformability, and redistribution of flow. As a result of these changes, 
generation of what appears to be a normal pulsatile pressure waveform 
may not result in a normal pulsatile flow waveform. Simply reproduc-
ing pulsatile pressure is not sufficient to assure reproduction of pulsatile 
flow, nor does it allow quantification of energetics.

Virtually no study has quantified the energetics of the pulsatile or 
nonpulsatile perfusion used. Few studies report representative pressure 
waveforms.108–113 Even fewer give flow waveforms.134,135 When pulsatile 
flow is not quantified, critical features such as vascular impedance and 
the hydraulic power delivered cannot be evaluated (i.e., whether the 
pulsatile perfusion used in a particular study was really delivering more 
hydraulic power than the nonpulsatile perfusion with which it was 
compared). Grossi et al135 developed two indices of pulsatility: the pul-
satility index, which quantitates the relative sharpness of a given wave-
form with respect to its mean flow; and the pulse power index, which 
quantifies the power of a pulsatile waveform compared with nonpul-
satile equal flow. They found that despite use of a computer-controlled 
pulsatile pump, in every case, pulsatility index or pulse power index 
was considerably less than control (nonbypass pulsatility). Only with 
specific combinations of pulse rate and pulsatile flow contours, which 
had high pulsatility index or pulse power index, was lactate production 
lower than the nonpulsatile perfusion at the same minute flow during 
pulsatile CPB. This study indicates that not all pulsatile perfusion is the 
same and that pulsatile modes are not necessarily capable of improved 
perfusion relative to nonpulsatile systems.

It is, therefore, not surprising that such a wide disparity of results 
should occur. The authors are unaware of any human study in which 
pulsatility has been quantitated in terms other than pulse pressures. 
Consequently, whether the generated pressure waveform is a sine wave 
or some other pattern cannot be ascertained.113,114,117,119–123,126–128 The 
comparatively small size of the arterial inflow cannula effectively can  
filter out a large component of the pulsatile kinetic energy. Consequently, 
as achieved clinically, pulsatile flow may actually be quite similar ener-
getically to nonpulsatile flow.

Newer pulsatile technologies may better reproduce the normal bio-
logic state of cardiac pulsatility. Computer technologies that allow 
creating a more physiologic pulsatile perfusion pattern have, at least 
experimentally, demonstrated preservation of cerebral oxygenation. 
This approach showed some promise in a pig model of CPB in which 
pulsatile flow controlled by a computer to replicate the normal biologic 
variability in pulsatility was associated with significantly lower jugu-
lar venous oxygen desaturation during rewarming after hypothermic 
CPB.140 However, most studies do not present convincing evidence to 
suggest that routine pulsatile flow during CPB, as can be achieved by 
widely available technology, is warranted.

Acid-Base Management: Alpha-Stat versus pH-Stat
Optimal acid-base management during CPB has long been debated. 
Theoretically, alpha-stat management maintains normal CBF auto-
regulation with the coupling of cerebral metabolism (CMRO

2
) to 

CBF, allowing adequate oxygen delivery while minimizing the poten-
tial for emboli. Although early studies138 were unable to document a  
difference in neurologic or neuropsychologic outcome between the 
two techniques, later studies showed reductions in cognitive perfor-
mance when pH-stat management was used, particularly in cases with 
prolonged CPB times.141 pH-stat management (i.e., CO

2
 is added to 

the fresh oxygenator gas flow) results in a greater CBF than is neces-
sary for the brain's metabolic requirements. This luxury perfusion 
risks excessive delivery of emboli to the brain. Except for congenital 

Comparison of Studies Investigating Pulsatile Flow 
during Cardiopulmonary Bypass

References

Proposed Beneficial Effect  
of Pulsatile Flow Yes No

Reduced systemic vascular 
resistance

108–114 115–123

Changes in systemic blood 
flow distribution

108, 124 110, 115, 116, 
121

Improved microcirculatory 
flow/aerobic metabolism

108, 109, 111,  
123, 125, 126

110, 115, 116, 
121–123

Attenuation of hormonal 
responses

Catecholamines 127 109, 119
Renin/angiotensin 114, 119, 122 115, 116, 127, 

128
Antidiuretic hormone 113, 127 117
Cortisol 117, 128
Thromboxane/prostacyclin 120
Improved renal blood flow or 

urine output
111, 113, 115, 124, 126 110, 116–118, 

123, 129, 136
Improved pancreatic blood 

flow
124, 129

Improved cerebral blood flow, 
metabolism, or outcome

112, 125, 130–132, 140 137–139

TABLE  
28-3
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heart surgery, for which most outcome data support the use of pH-stat  
management142,143 because of its improvement in homogenous brain 
cooling before circulatory arrest, adult outcome data support the use 
of alpha-stat management.

Temperature and Rewarming Strategies
The use of hypothermia remains a mainstay of perioperative man-
agement in the cardiac surgical patient. Its widespread use relates to 
its putative, although not definitively proved, global organ-protective 
effects. Although hypothermia has a measurable effect on suppressing 
cerebral metabolism (approximately 6% to 7% decline per 1° C),144 
it is likely that its other neuroprotective effects may be mediated by 
nonmetabolic actions. In the ischemic brain, for example, moderate 
hypothermia has multimodal effects, including blocking the release 
of glutamate,145 reducing calcium influx,146 hastening recovery of  
protein synthesis,147 diminishing membrane-bound protein kinase C 
activity,148 slowing of the time to onset of depolarization,149 reducing 
formation of reactive oxygen species,150 and suppressing nitric oxide 
(NO) synthase activity.151 Some or all of these effects in combina-
tion may convey some of the neuroprotective effects of hypothermia. 
Although experimental demonstrations of this are abundant, clini-
cal examples of hypothermia neuroprotection have been elusive until 
recently.152–155

Some of the most meaningful data on CPB temperature and cere-
bral outcome came from work that had its origins in the late 1980s 
and early 1990s. It was at that time that warm CPB was used because 
of its putative myocardial salvaging effects when used with continuous 
warm cardioplegia.156–159 However, because CPB was being conducted 
at higher temperatures than what were considered conventional, the 
implications for the brain were also studied. Several large studies 
have been undertaken to elucidate the effects of temperature man-
agement on cerebral outcome after cardiac surgery. The Warm Heart 
Investigators trial,156 a trial performed at Emory University,160 and a 
later trial at Duke University,161 although having several methodologic 
differences, had similar results with respect to neurocognitive out-
come,162,163 but some divergent results with respect to stroke. None of 
the studies, or ones performed since, demonstrated any neuroprotec-
tive effect of hypothermia on neurocognitive outcome after cardiac 
surgery. However, the Emory trial did demonstrate an apparent injuri-
ous effect (as manifest by a worse stroke outcome) of what were most 
likely mild degrees of hyperthermia during CPB. Neither the Warm 
Heart Investigators trial nor the Duke trial showed any effect of tem-
perature on stroke per se. These data suggest that active warming to 
maintain temperatures at (or greater) than 37° C may pose an unnec-
essary risk for stroke.

Just as hypothermia has some likely protective effects on the brain, 
hyperthermia, in an opposite and disproportionate fashion, has some 
injurious effects. Although the studies referred to previously156,160,161 
demonstrated no neuroprotective effect, there is emerging evidence 
that if some degree of neuroprotection is afforded by hypothermia, it 
may be negated by the obligatory rewarming period that must ensue.63 
Grigore et al63 demonstrated in a prospective trial that compared with 
conventional “fast” rewarming, slower rewarming resulted in a lower 
incidence of neurocognitive dysfunction 6 weeks after cardiac surgery. 
These lower rewarming rates led to lower peak cerebral temperatures 
during rewarming, consistent with past observations that rapid rewarm-
ing can lead to an overshoot in cerebral temperature resulting in inad-
vertent cerebral hyperthermia.164 By reducing this rewarming rate, it 
reduces the overshoot in temperature and prevents the negative effects 
of cerebral hyperthermia. Consistent with the concept that preventing 
some of the rewarming may be protective was a study by Nathan et al165 
that demonstrated an intermediate-term (3 months) neurocognitive 
benefit for patients who were maintained between 34° C and 36° C for 
a prolonged (12 hours) period after surgery. That trial may have had 
its beneficial effect by the avoidance of cerebral hyperthermia  during 
rewarming rather than the prolonged hypothermia.165 However, the 
5-year follow-up rate did not show a sustained benefit.166

Although there are numerous sites for monitoring temperature  
during cardiac surgery, several warrant special consideration. One of the 
lessons learned from the three warm versus cold trials, as well as from 
other information regarding temperature gradients between the CPB 
circuit, nasopharynx, and brain,164 is that it is important to monitor 
(and use as a target) a temperature site relevant to the organ of interest. 
If it is the body, a core temperature measured in the bladder, rectum, 
pulmonary artery, or esophagus is appropriate. However, if the tem-
perature of the brain is desired, barring implantation of a thermistor 
directly into the brain (which actually has been done),167 it is important 
to look at surrogates of brain temperature. These include nasopharyn-
geal temperature and tympanic membrane temperature. More invasive 
surrogates of brain temperature have been obtained using a jugu-
lar bulb thermistor.164,168 Testing these different temperature sites has  
demonstrated that vast temperature gradients appear across the body 
and across the brain. It is likely that during periods of rapid flux (e.g., 
during rewarming), these temperature gradients are maximal.

Mean Arterial Pressure Management during 
Cardiopulmonary Bypass
The relation between blood pressure during CPB and CBF is pertinent 
to understanding whether MAP can be optimized to reduce neuro-
logic injury. Tables 28-4 and 28-5 outline some of the pertinent stud-
ies regarding the relation (or lack thereof) between blood pressure 
and neurologic outcome. Plochl et al169 examined the lower threshold 
of the autoregulatory curve in dogs whereby further decreasing blood 
pressure would result in inadequate CBF and oxygen delivery during 
CPB. In that study, the brain became perfusion pressure dependent 
below 50 mm Hg. The investigators also demonstrated that hypo-
thermia did not shift this threshold leftward. Clinically, the available 
data suggest that in an otherwise normal patient, CBF during non-
pulsatile hypothermic CPB using alpha-stat blood gas management 
is largely independent of MAP as long as that MAP is within or near 
the autoregulatory range for the patient (i.e., 50 to 100 mm Hg).170 

Studies Supporting Relation between Intraoperative 
Hypotension and Postoperative Neurologic Dysfunction

First Author Year Patients

Gilman746 1965  35
Javid747 1969 100
Tufo748 1970 100
Lee749 1971  71
Stockard750 1973  25
Stockard751 1974  75
Branthwaite752 1975 538
Savageau753 1982 227
Gardner754 1985 168
Gold59 1995 248

TABLE  
28-4

Studies Not Supporting Relation between Intraoperative 
Hypotension and Postoperative Neurologic Dysfunction

First Author Year Patients

Kolkka755 1980 204
Ellis756 1980  30
Sotaniemi757 1981  49
Slogoff758 1982 204
Govier170 1984  67
Nussmeier57 1986 182
Fish759 1987 100
Townes760 1989  90
Slogoff644 1990 504
Bashein761 1990  86
Stanley762 1990  19
Kramer763 1994 230
McKhann764 1997 456

TABLE  
28-5
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Although the autoregulatory curve traditionally is considered a hori-
zontal plateau, this plateau has a slightly positive slope, but this slight 
upward slope is unlikely to have a significant clinically meaningful 
effect. For example, Newman et al17 demonstrated that under hypo-
thermic conditions, CBF changed only 0.86 mL/100 g/min for every 
10-mm Hg change in MAP. Although this change (1.78 mL/100 g/min) 
was greater with normothermia,171 these changes represented a relatively 
small fraction of the normal CBF of approximately 50 mL/100 g/min. 
Underlying essential hypertension as a comorbidity, however, likely is 
the effect of a rightward shift in the autoregulatory curve. The degree 
to which this rightward shift occurs is not clear, but it would be rea-
sonable to expect that it is at least 10 mm Hg, suggesting that the lower 
range of autoregulatory blood flow is more likely to be 60 than 50 mm 
Hg.172 In addition, diabetes may lead to autoregulatory disturbances 
that make CBF more pressure passive than in individuals without 
diabetes.173,174

Although the data relating MAP to neurologic and neurocognitive 
outcome after CABG surgery are inconclusive, most data suggest that 
MAP during CPB is not the primary predictor of cognitive decline or 
stroke after cardiac surgery. However, with increasing age, MAP dur-
ing CPB may play a role in improving cerebral collateral perfusion to 
regions embolized, improving neurologic and cognitive outcome.17

Gold et al59 added significantly to the understanding of the influ-
ence of perfusion pressure on outcome after cardiac surgery in a study 
of 248 patients randomized to low (50 to 60 mm Hg) or high (80 to 
100 mm Hg) MAP during CPB. Although a difference was demon-
strated in their composite end point of combined adverse cardiac and 
neurologic outcome (4.8% high vs. 12.9% low; P = 0.026), when the 
individual outcomes were compared, there were similar trends but no 
statistical differences. A secondary analysis of the same data performed 
by Hartman et al38 found interesting interactions among pressure, aor-
tic atheroma, and stroke; patients who were at risk for cerebral embo-
lic stroke (from having severely atheromatous aortas) were more likely 
to manifest a stroke if MAP was maintained in the lower range than 
in the higher range. Intuitively, this is logical. Some experimental data 
in the noncardiac surgical setting suggest that collateral perfusion to 
penumbral areas of brain suffering from ischemic injury are relatively 
protected by higher perfusion pressure.60 Overall, it appears that MAP 
(in the normal range) has little effect on cognitive outcome; but in 
those with significant aortic atheroma, it may be prudent to modestly 
increase blood pressure.

Glucose Management
Hyperglycemia is a common occurrence during the course of car-
diac surgery. Administration of cardioplegia containing glucose and 
stress response–induced alterations in insulin secretion and resistance 
increase the potential for significant hyperglycemia.175 Hyperglycemia 
has been repeatedly demonstrated to impair neurologic outcome after 
experimental focal and global cerebral ischemia.176–178 The explanation 
for this adverse effect likely relates to the effects that hyperglycemia 
have on anaerobic conversion of glucose to lactate, which ultimately 
cause intracellular acidosis and impair intracellular homeostasis and 
metabolism.179 A second injurious mechanism relates to an increase in 
the release of excitotoxic amino acids in response to hyperglycemia in 
the setting of cerebral ischemia.177 If hyperglycemia is injurious to the 
brain, the threshold for making injuries worse appears to be 180 to 
200 mg/dL.180,181

Despite much experimental data, the role of glucose management 
on cerebral outcome after clinical CPB is not clear. Although Hindman 
et al182 cautioned about the use of glucose-containing prime for CPB, 
Metz and Keats183 did not find a difference in neurologic outcome in 
patients undergoing CPB with a glucose prime (blood glucose dur-
ing CPB of 600 to 800 mg/dL) versus no glucose prime (blood glucose 
level of 200 to 300 mg/dL). This finding was supported by Nussmeier 
et al,184 who reported that use of a glucose-containing prime was not a 
risk factor for cerebral injury in nondiabetic or diabetic patients hav-
ing CABG procedures. In the largest retrospective review, outcome 

data from 2862 CABG patients showed no association between the 
 intraoperative maximum glucose concentration and major adverse 
neurologic outcome or in-hospital mortality.185,186

The appropriate type of perioperative serum glucose management 
and whether it adversely affects neurologic outcome in patients under-
going CPB remain unclear. The major difficulty in hyperglycemia treat-
ment is the relative ineffectiveness of insulin therapy. Using excessive 
amounts of insulin during hypothermic periods may lead to rebound 
hypoglycemia after CPB. Chaney et al187 attempted to maintain nor-
moglycemia during cardiac surgery with the use of an insulin protocol 
and came to the conclusion that even with aggressive insulin treatment, 
hyperglycemia often is resistant and may actually predispose to postop-
erative hypoglycemia. This concern over potentially increasing adverse 
effects by exerting tight glycemic controls reportedly has been demon-
strated.188,189 Attempting to mediate injury may actually predispose to 
additional injury.

Off-Pump Cardiac Surgery
Off-pump coronary artery bypass (OPCAB) surgery frequently is 
used for the operative treatment of coronary artery disease (CAD). 
Although its ability to optimally treat CAD (through the demonstra-
tion of long-term graft patency) has not yet been shown in a long-
term, prospective, randomized, controlled fashion, it is clear that 
OPCAB and similar operations will continue to be mainstays of car-
diac surgery, although in an evolving fashion. Their impact on adverse 
cerebral outcomes after cardiac surgery has been variably reported.190

Although early data suggested less cognitive decline after OPCAB 
procedures, most studies have not seen it eliminated altogether. The 
reasons for this are unclear but likely reflect the complex pathophysi-
ology involved. For example, if inflammatory processes play a role in 
 initiating or propagating cerebral injury, OPCAB, with its continued 
use of sternotomy, heparin administration, and wide hemodynamic 
swings, all of which may contribute to a stress and inflammatory 
response, may be a significant reason why cognitive dysfunction is 
still seen. Ascending aortic manipulation, with its ensuing particulate 
embolization, is also still commonly used (see Chapter 18).

The results of the largest OPCAB study by Van Dijk et al191 to exam-
ine cognitive dysfunction showed that, although there was a reduction 
in cognitive decline in the early months after surgery, at 1 year,192 and 
even at 5 years,166 there were no differences between groups. In a sub-
set of patients from this study, jugular bulb saturation was examined. 
More desaturation (indicative of ischemia risk to the brain) was seen 
in the OPCAB group. This may have been caused by the low cardiac 
output that can be seen during manipulation of the heart, as well as 
jugular venous hypertension.193 The effects of OPCAB on stroke risk 
have not been sufficiently analyzed, but one meta-analysis showed no 
beneficial effect on the incidence of stroke.194

Pharmacologic Neuroprotection
In addition to the improvements in CPB technology, knowledge of the 
molecular workings of the brain has improved significantly, revealing 
potential pharmacologic neuroprotective targets. The oversimplified 
concept that depletion of high-energy phosphates and destruction of 
brain tissue rapidly follow ischemia has been replaced by a consider-
ably more complex temporal, topographic, and biochemical picture. 
Advanced imaging techniques have discovered spatial gradations of 
residual CBF in the downstream territory of an occluded cerebral 
vessel, producing an ischemic penumbra, in which CBF is critically 
reduced but still sufficient to prevent immediate cell death. There is 
a marked difference in the temporal association between the isch-
emic insult and eventual cell death, resulting in a therapeutic window 
in which intervention (particularly pharmacologic) may attenuate 
infarct size. This window differs between the profoundly ischemic 
core and the penumbra. In the ischemic core, restoration of oxygen 
and glucose supplies is essential where high-energy phosphates have 
been severely depleted. In contrast, in the penumbra, the decreases 
in oxygen and glucose delivery are insufficient to kill cells directly. 
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In these regions, pharmacologic agents with little or no ability to 
modify CBF have been shown experimentally to effectively reduce 
cerebral infarct volume, even if administered after the onset of per-
manent focal ischemia.

The CNS ischemic cascade (Figure 28-6) is triggered by reductions 
in CBF, globally or regionally, to the point at which the demands of 
cerebral metabolism can no longer be met.195 This depletion in cere-
bral energy stores leads to membrane ionic pump failure, resulting in 
a number of injurious events mediated by the influx of sodium, the 
opening of voltage-dependent calcium gates, a release of stored intra-
cellular calcium, and overall membrane depolarization. Membrane 
depolarization results in the release of excitatory amino acids (e.g.,  
glutamate, aspartate), with subsequent dramatic increases in intra-
cellular calcium. This increase in cytoplasmic calcium propagates the 
cascade through the activation of a number of calcium-dependent 
enzymes, including endonucleases, NO synthase, various proteases, 
protein kinases, and phospholipases. If left unabated, these enzymes 
will result in neuronal death.

Although some of these events are potentially reversible if reper-
fusion is quickly reestablished, reperfusion itself initiates a number 
of other destructive pathways. The reestablishment of oxygen deliv-
ery provides substrate for the production of reactive oxygen species, 
so-called free radicals. Reperfusion initiates a number of other dam-
aging extracellular events, including BBB breakdown, endothelial 
swelling, and localized thrombosis that together may culminate in 
microvascular occlusion and further ischemia. Each of these path-
ways in the ischemic cascade represents discrete groups of potential 
targets for neuroprotection. The ischemic cascade has formed the 
basis for the initiation of pharmacologic neuroprotective strategies 
in the setting of overt stroke and of cardiac surgery-related cerebral 
injury.

No pharmacologic therapies have been approved by the U.S. Food 
and Drug Administration or foreign regulatory agencies for the pre-
vention or treatment of cardiac surgery–associated cerebral injury, 
despite numerous previous investigations of specific pharmacologic 
agents in this setting (Table 28-6). This has not stopped progress, how-
ever, with multiple clinical trials ongoing. The most relevant cardiac 
surgery pharmacologic neuroprotection strategies, past and present, 
are reviewed here.

Thiopental
Thiopental was one of the first agents investigated as a potential 
neuroprotective agent for cardiac surgery. In a study by Nussmeier 
et al,57 thiopental was administered until electroencephalographic 
(EEG) isoelectricity was obtained before cannulation and contin-
ued until separation from CPB. In this study, neurologic compli-
cations on postoperative day 10 were significantly reduced in the 
thiopental group versus control subjects. Based on the encourag-
ing results of this trial, high-dose thiopental frequently was used 
for valvular and other open ventricular procedures. The proposed 
mechanism of this effect related to the suppressive effects of bar-
biturates on cerebral metabolism. This mechanism, together with 
experimental data reporting the beneficial effects of the barbitu-
rates,196 made it a logical choice for cardiac surgery. However, results 
of additional investigations of the use of thiopental were not as pos-
itive. Studies by Pascoe et al197 and Zaidan et al198 failed to support a 
beneficial effect of thiopental on neurologic outcome after cardiac 
surgery. These negative trials and the side effects of prolonged seda-
tion with barbiturates served to quell the optimism for barbiturates. 
Retrospectively examining the initial Nussmeier et al57 study, the 
beneficial effects of the thiopental might not have been related to a 
direct neuroprotective effect, but to an indirect effect on reducing 
emboli-containing CBF. The well-known cerebral vasoconstrict-
ing effects of thiopental (matching CBF with a barbiturate-induced 
reduction in CMRO

2
) may have resulted in a reduction in embolic 

load to the brain during CPB and, as a result, a beneficial effect on 
neurologic outcome. It subsequently has been shown that isoelec-
tricity itself is not necessary to incur a neuroprotective benefit from 
barbiturates.199 Evaluations of subisoelectric doses of thiopental 
have not been performed.

Propofol
Propofol has effects similar to those of thiopental on CMRO

2
 and 

CBF and has some antioxidant and calcium channel antagonist 
properties.200 Together with supportive data from experimental cere-
bral ischemia studies,201–203 propofol has been evaluated as a neuro-
protectant in the setting of cardiac surgery. A prospective, ran domized, 
clinical trial was conducted to determine whether propofol-induced 
EEG burst suppression would reduce the incidence or severity  
of cerebral injury during valvular surgery.204 In a randomized trial  
(n = 215) of burst-suppression doses of propofol, there was no ben-
eficial effect on cognitive outcome at 2 months. The investigators 
concluded that EEG burst-suppression doses of propofol provided 
no neuroprotection during valvular cardiac surgery. No other stud-
ies in nonvalve cardiac surgery have assessed the effects of propofol 
on the brain.
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Figure 28-6 Cerebral ischemic cascade. A simplified overview of 
central nervous system events that occur after energy failure in the isch-
emic brain. NO, nitric oxide. (From Dirnagl U, Iadecola C, Moskowitz M: 
Pathobiology of ischemic stroke: An integrated review. Trends Neurosci 
22:391, 1999.)

Agents Studied as Pharmacologic Neuroprotectants 
during Cardiac Surgery

Agent Study Reference

Thiopental 57
Propofol 200
Acadesine 205
Aprotinin 209, 210
Nimodipine 220–222
GM

1
 ganglioside 223

Dextromethorphan 225
Remacemide 225
Lidocaine 230

-Blockers 232
Pegorgotein 235
C5 complement inhibitor  

(pexelizumab)
237

Lexiphant (platelet-activating factor  
antagonist)

239

Clomethiazole 244
Ketamine 251

TABLE  
28-6
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Acadesine
The adenosine-regulating agent, acadesine, was studied in the early 
1990s with the aim of improving myocardial outcome; stroke was 
examined as a secondary outcome.205 Compared with placebo, high- 
and low-dose infusions of acadesine resulted in a lower stroke rate  
(P = 0.016). Other adenosine-like agents have provided neuroprotec-
tion in preclinical experimental settings.206,207 Despite this positive, albeit 
indirect, clinical data and supportive experimental data, no further 
clinical neuroprotection indication for acadesine has been pursued.208 
However, studies of this drug recently have been renewed. Whether this 
will have any effect on neurologic outcome is not known.

Aprotinin
Aprotinin is a nonspecific serine protease inhibitor that was first used 
in the 1950s for the treatment of pancreatitis. Its indication in cardiac 
surgery was for the prevention of blood loss and transfusion. In a large, 
multicenter trial of aprotinin for primary or redo CABG and valvu-
lar surgery evaluating its blood loss–reducing effects, the high-dose 
aprotinin group also had a lower stroke rate compared with placebo 
(P = 0.032).209,210 Similarly, Frumento et al211 retrospectively examined 
patients at high risk for stroke (because of the presence of significant 
aortic atheroma), and those who received aprotinin had a significantly 
lower stroke rate. In a small (N = 36) study examining the effect of 
aprotinin on cognitive deficit after CABG surgery, the incidence of cog-
nitive deficit was reduced in the aprotinin group (58% aprotinin vs. 
94% placebo; P = 0.01).212 However, the high rate in the placebo group, 
the small size of the study, and methodologic concerns limit the appli-
cability of these results to broader populations.213 Animal investigations 
in the setting of cerebral ischemia failed to show any direct benefit on 
functional or neurohistologic outcome after cerebral ischemia.214

There has been considerable investigation of the potential mech-
anism for aprotinin-derived neuroprotection. Initial enthusiasm 
focused on its anti-inflammatory effects potentially preventing some 
of the adverse inflammatory sequelae of cerebral ischemia. However, 
aprotinin may have beneficial effects independent of any direct neu-
roprotective effect through an indirect effect of modulating cerebral 
emboli. Brooker et al42 identified the cardiotomy suction as a major 
source of cerebral emboli during CPB. By extrapolation, if a drug 
reduces the amount of particulate-containing blood returning from 
the operative field to the cardiotomy reservoir (by decreasing overall 
blood loss), cerebral emboli and the resulting neurologic consequences 
also may be decreased.

The potential adverse effects of aprotinin were reported by Mangano 
et al215 in their observational study of 4,374 patients. In that study, 
patients having received aprotinin had a significantly greater rate of 
cerebrovascular complications (P < 0.001). The Blood Conservation 
using Antifibrinolytics: A Randomized Trial (BART) reported a signifi-
cant reduction in bleeding but an overall mortality risk with aprotinin 
compared with other antifibrinolytics.216 However, there were no dif-
ferences in the stroke rate with aprotinin compared with tranexamic 
acid (2.5% aprotinin vs. 3.7% tranexamic acid [0.78 odds ratio, 95% 
confidence interval, 0.45 to 1.35]). Although the Mangano et al215 study 
and the BART trial contributed to the market withdrawal of aprotinin, 
the  relevance of the potential neurologic effects of kallikrein inhibition 
remains. At least two other highly potent kallikrein inhibitors (CU-
2010 and ecallantide) are being considered for clinical development, 
the neurologic effects of which are unknown.217–219

Nimodipine
Calcium plays a central role in propagating cerebral ischemic injury. 
For this reason, as well as a demonstrated beneficial effect of the cal-
cium channel blocker nimodipine in subarachnoid hemorrhage and 
experimental cerebral ischemia, a randomized, double-blind, placebo-
controlled, single-center trial was undertaken to assess the effect of 
nimodipine on neurologic, neuro-ophthalmologic, and neuropsycho-
logic outcomes after valvular surgery.220–222 The trial was not completed 
after safety concerns regarding increased bleeding and death rates in 
the nimodipine group prompted an external review board to suspend 
the study after enrolling 150 of 400 patients planned to be  studied. 

There also was no neuropsychologic deficit difference between the 
placebo or nimodipine groups at this interim review. As a result, the 
true effect of this drug or similar calcium blockers may never be fully 
known in this setting.

GM1 Ganglioside
The monosialoganglioside GM

1
 ganglioside has been investigated as 

a potential neuroprotectant during cardiac surgery.223 In addition to 
the potential beneficial effects of this type of compound on preserving 
neuronal membranes, some data suggest that it has a potential benefi-
cial effect on reducing excitatory amino acid transmission.224 In a pre-
liminary (but underpowered) cardiac surgery study, no beneficial effect 
was demonstrated. However, the study authors used this pilot trial to 
describe useful statistical methodology needed to measure differences 
in neurocognitive outcome, thereby constituting a template for later 
trials. This trial highlights one of the biggest difficulties in this investi-
gative field: the interpretation of negative but underpowered studies.

Dextromethorphan
The N-methyl-d-aspartate (NMDA) receptor plays a major role in 
cerebral ischemic injury.195 Although human stroke trials have been 
limited by distressing psychomimetic side effects, a wealth of exper-
imental data point to NMDA-receptor antagonists as being robust 
neuroprotective agents with a potential role in CPB-associated cere-
bral injury.225 Dextromethorphan, known for its antitussive activity, 
has some nonspecific NMDA antagonistic properties. A small (N = 12)  
pilot study examined dextromethorphan in the setting of pediat-
ric cardiac surgery using EEG and magnetic resonance imaging end 
points to determine a difference between treatment groups but saw no 
difference, probably because of the small size of the study.226 No other 
studies have examined NMDA-receptor antagonism in the setting of 
pediatric cardiac surgery.

Remacemide
A second NMDA-receptor antagonist that has been evaluated for 
neuroprotection during CABG surgery is remacemide. In a well-
designed and well-executed study by Arrowsmith et al,225 remacemide 
was given orally for 4 days before CABG. A neurocognitive battery was 
performed 1 week before and 8 weeks after CABG. A deficit was defined 
as a decrease in one standard deviation in 2 or more of the 12 tests 
within the neurocognitive battery. The patients were evaluated for their 
learning ability by subtracting the postoperative neurocognitive score 
from the preoperative score (formulating a Z-score). Although there 
was no difference between groups with respect to the dichotomous 
outcome of cognitive deficit (P = 0.6), examination of a continuous 
measure of learning ability showed there was a beneficial cognitive 
effect in the patients who received remacemide (P = 0.028). Despite 
these apparently beneficial results, because of the length of time 
that it took to perform this single-center trial, initial nonbeneficial 
preliminary results, and a prolonged period of data analysis and review 
for publication, this drug was not further pursued for this indication.  
It has, however, highlighted the potential utility of this class of drugs for 
this indication, and ongoing investigations examining other NMDA-
receptor antagonists continue.227–229

Lidocaine
Intravenous lidocaine, because of its properties as a sodium channel 
blocking agent and potential anti-inflammatory effects, has been inves-
tigated as a neuroprotectant in cardiac surgery. In a study of 55 patients 
undergoing valvular surgery, a lidocaine infusion (in an antiarrhyth-
mic dose of 1 mg/min) was begun preinduction and maintained for 
48 hours after surgery.230 Neurocognitive testing was performed before 
surgery and 8 days, 2 months, and 6 months after surgery. Compared 
with placebo, neurocognitive outcome 8 days after surgery was sig-
nificantly better in the lidocaine group (P = 0.025). However, a much 
larger double-blind, randomized trial in cardiac surgery failed to rep-
licate the finding.231 Mathew et al,231 in a study of 241 patients, found 
no difference in the incidence of cognitive loss with the perioperative 
administration of lidocaine. Interestingly, they found that in patients 
with diabetes, and in those receiving high doses of lidocaine, that  
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outcome was worse and may have confounded any potential benefit in 
the overall cohort receiving it. Lidocaine cannot be recommended at 
this time as a clinical neuroprotective agent in cardiac surgery, but it 
continues to be investigated.

-Blockers
Although the use of -blockers in patients with cardiac disease 
has been predominantly directed toward the prevention of adverse 
myocardial events, in a study of neurologic outcomes after cardiac 
surgery, -blockers have been demonstrated to have mixed effects 
on neurologic outcomes. In a retrospective study of almost 3000 
patients, stroke and encephalopathy were studied.232 Patients receiving 

-blocker therapy had a significantly lower incidence of neurologic 
deficit versus those not receiving -blockers. Although the reasons 
for this potential benefit are not clear, there are several potential rea-
sons why -blockers may be efficacious, including the modulation of 
cerebrovascular tone and CPB-related inflammatory events. Support 
for a potential neuroprotective effect from -blockers has come from 
a study of carvedilol, which is known to have mixed adrenergic antag-
onist effects, as well as acting as an antioxidant and inhibitor of apop-
tosis233 (see Chapter 10). Any potential benefit to -blocker therapy 
needs to be tempered by recent data in the noncardiac surgery popula-
tion that demonstrated neurologic harm. The perioperative ischemic  
evaluation (POISE) trial, although demonstrating a reduction in myo-
cardial infarction, demonstrated an increase in stroke rate in patients 
randomized to receive metoprolol perioperatively.234 It is unclear how 
this information pertains to the cardiac surgical population.

Pegorgotein
The generation of reactive oxygen species is a well-described pathophys-
iologic mechanism of ischemic/reperfusion injury. Combined with the 
whole-body inflammatory response associated with CPB and its own 
generation of reactive oxygen species, this mechanism has opened the 
field of neuroprotection and cardiac surgery to antioxidant therapies. 
Superoxide dismutase is involved in the catabolism of free radicals, and 
its mimetics have had beneficial results in the setting of experimental 
ischemia. Pegorgotein, a monomethyoxy-polyethyleneglycol covalently 
linked to superoxide dismutase, is protective against reperfusion-medi-
ated cardiac and neuronal injury in animal studies.235 One study was 
initiated to examine whether pegorgotein would be associated with 
a reduced number of neurocognitive deficits after cardiac surgery.236  
In this study of 67 patients undergoing primary elective CABG surgery 
(n = 22 to 23 in each of three groups: placebo, 200 IU/kg pegorgotein, 
or 5000 IU/kg pegorgotein), no difference in neurocognitive outcome 
was found.

C5 Complement Inhibitor: Pexelizumab
The activation of complement is central to the inflammatory response 
seen as a response to CPB.237 In a small (n = 18) study using a simple 
assessment of cognitive function, patients receiving an inhibitor to C5 
(h5G1.1-scFv, pexelizumab), demonstrated fewer visuospatial defi-
cits at hospital discharge.238 Additional large-scale (phase III) investi-
gations of this compound to more adequately delineate any potential 
longer term neuroprotective effects from this drug in this setting have 
been performed. Mathew et al238 assessed pexelizumab in a 914-patient 
study aimed at evaluating its effect on myocardial outcome and mor-
tality. A secondary end point of neurocognitive outcome demonstrated 
that pexelizumab, although having no effect on global measures of 
cognition, appeared to have a benefit with respect to the visuospatial 
domain.

Platelet-Activating Factor Antagonist: Lexiphant
Platelet-activating factor antagonists have demonstrated neuroprotec-
tive effects in experimental models of cerebral ischemia.239 Platelet-
activating factor is thought to modulate postischemic injury by the 
release of cerebral cellular lipids and free fatty acids that may result in 
cellular injury and cerebral edema.240 In an investigation of 150 car-
diac surgery patients receiving placebo or one of two different doses 
of lexiphant, no protective effects were found in neurocognitive out-
come 3 months after cardiac surgery. This study was significantly 

 underpowered, which is a recurring and troublesome feature of many 
studies in this field.241

Clomethiazole
Clomethiazole, which enhances -aminobutyric acid (GABA)-receptor 
activity, has been evaluated in CABG surgery. GABA repeatedly has 
been shown to be an important neuroprotective target in focal and 
global experimental ischemia.242,243 However, in a relatively large, well-
designed, and well-conducted study, it failed to decrease neurocogni-
tive dysfunction after cardiac surgery.244

Steroids
Corticosteroids have long been considered as potential cerebropro-
tective agents, in part, because of their ability to reduce the inflam-
matory response. Inflammation is considered an important factor in 
propagating ischemia-mediated brain injury.245,246 However, with the 
exception of spinal cord injury,247 steroids have never been demon-
strated to possess any significant clinical neuroprotective properties. 
Furthermore, the administration of steroids actually has worsened 
cerebral outcome in a large trial (N = 10,000). The Corticosteroid 
Randomization after Significant Head Injury (CRASH) trial dem-
onstrated an increased relative risk for death (1.18 [95% confidence 
interval, 1.09 to 1.27]; P = 0.0001) in those receiving high-dose  
steroids within 8 hours of injury.248,249 Part of their lack of effect may 
result from the hyperglycemia that generally follows their adminis-
tration. Hyperglycemia in animal models and several human stud-
ies of cerebral injury has been associated with worsened neurologic 
outcome.180,250 The administration of steroids with the intent of 
 conferring some degree of neuroprotection during cardiac surgery 
cannot be recommended. This therapeutic modality remains one that 
is being actively studied.

Ketamine
The neuroprotective effects of S(+)-ketamine, a frequently used anes-
thetic that is also an NMDA-receptor antagonist, were evaluated in a 
small (N = 106) study enrolling cardiac surgery patients.251 The inci-
dence of neurocognitive dysfunction 10 weeks after surgery trended 
toward being lower in the ketamine group (20% for ketamine vs. 25% 
for controls; P = 0.54), but because the study was underpowered, it 
was not a significant change. Although some experimental evidence  
supports its role as a neuroprotectant, there is insufficient clinical  
evidence to support its use for this indication.252

Future Neuroprotective Drugs
Despite the failure thus far to discover a robust pharmacologic neuro-
protectant, efforts continue in this investigative field. Most of these drug 
trials are using cognitive dysfunction, or mild cognitive impairment, 
as primary end points, although stroke is assumed (albeit with little 
evidence) to be on the same brain injury continuum. Dexanabinol is 
one such potential neuroprotective compound that is a synthetic non-
competitive NMDA-receptor antagonist. It also possesses some tumor 
necrosis factor-  antagonist properties. Its neuroprotective potential 
has been evaluated extensively experimentally in the setting of vari-
ous models of cerebral ischemia.253,254 It currently is being evaluated in 
early-phase clinical trials in CABG for the prevention of neurocogni-
tive dysfunction.

In addition to the dexanabinol trial, other peptides are also under 
investigation. One of these, AL-208, is an eight–amino acid activity-
dependent neurotrophic factor that is secreted by allele cells in response 
to stimulation by vasoactive intestinal protein. In addition to antiapop-
totic activity, it also has been shown to promote neurite outgrowth 
and stabilize microtubules. It is currently in a phase II trial in CABG  
surgery. Another growth factor–related peptide, Glypromate (glycine-
proline-glutamate), is an insulin-like growth factor 1 that has com-
pleted a small phase II trial (N = 30) and has advanced to larger clinical 
trials. Furthermore, a small phase I CABG trial (N = 20) was under-
taken of the energy substrate providing ketone body drug, KTX-0101 
(sodium -hydroxybutyrate), but the results have not been reported. 
Several other proprietary compounds also are undergoing evaluation 
and have yet to be reported.
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ACUTE RENAL INJURY
Despite concern for almost half a century over the seriousness of 
renal dysfunction as a complication,255–258 acute kidney injury (AKI) 
persists as a prevalent and important postcardiac surgery predic-
tor of early mortality.259 Even during procedures in which there is 
no evidence of AKI by serum creatinine, more subtle markers often 
demonstrate renal tubular injury.260 Increasing degrees of AKI after 
cardiac surgery are associated with poorer outcome, greater costs, 
and more short- and long-term resource utilization.256,261–263 The 
degree of AKI also predicts poorer long-term survival in patients 
returning home.264–266 Notably, long-term outcome is just as strongly 
linked to the success of renal recovery as the magnitude of the injury; 
incomplete return of renal function occurs in up to one third of the 
patients.264–266 Although some of the harm associated with AKI sim-
ply reflects its accompaniment of other serious complications as an 
“epiphenomenon” (e.g., sepsis), there is also compelling evidence 
that AKI itself contributes to adverse outcome.267–272 Accumulation 
of “uremic toxins” beyond creatinine has widespread adverse effects 
on most organ systems,267,268,273 and where it is best studied in chronic 
renal disease, inadequate clearance of uremic toxins adversely affects 
survival.274 (See Chapter 37.)

Even when postoperative dialysis is avoided, the strong relation of 
AKI with adverse outcome continues to fuel the search for therapies 
to protect the kidney. Although practicing avoidance of the numer-
ous recognized renal insults is a well-established approach to reducing 
AKI rates, the search for renoprotective strategies has otherwise been 
extremely disappointing. More recently, lack of progress has fueled a 
strategic reexamination of AKI with agreement that, compared with 
other conditions such as acute myocardial infarction (AMI) in which 
advances have been made, progress in AKI therapy has been hampered 

by its obligate delay in diagnosis (serum creatinine accumulation 
takes 48 to 72 hours) and poor agreement on its definition.275,276 Thus, 
strategic policies have reframed AKI along the lines of AMI, viewing 
it as a condition with threshold criteria, whose treatment demands 
prompt diagnosis and acute intervention.275 On a positive note, con-
sensus serum creatinine thresholds are already available to diagnose 
AKI and are becoming widely embraced, whereas tools for the kid-
ney allowing earlier diagnosis equivalent to the ST segment, creatine 
kinase-MB (CK-MB), and troponin for the heart may soon be avail-
able clinically.275–279

Clinical Course, Incidence,  
and Significance
Surgical procedure is important when considering postoperative AKI. 
The incidence varies widely by operation (Figure 28-7), each cardiac 
surgery having its own characteristic renal insult and pattern of serum 
creatinine change. For example, creatinine often declines immediately 
after CABG surgery (presumably because of hemodilution) but then 
increases, typically peaking on postoperative day 2, then returning 
toward or even below baseline values in subsequent days. Up to 30% of 
CABG patients sustain sufficient insult to meet threshold AKI criteria 
(e.g., RIFLE–injury275/AKIN criteria280: a creatinine increase > 0.3 mg/dL  
or 50% within the first 48 hours).256,261,281,282 The reported incidence var-
ies according to the definition of kidney injury, as well as by the insti-
tution reporting their results (Figure 28-8). Even among patients with 
similar risk factors undergoing the same procedure, however, current 
models poorly predict the likelihood of AKI. AKI also has been linked 
to accelerated long-term renal decline that may lead to end-stage dis-
ease requiring chronic dialysis.283–288
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Of the 1% to 3% of patients sustaining AKI severe enough to 
require dialysis after CABG, up to 60% will die before hospital dis-
charge, and many of the survivors will require continuing dialysis 
or be left with chronic kidney disease.289 Up to 20% of individuals 
presenting for nonemergent CABG surgery have chronic kidney dis-
ease.290,291 Although dialysis after cardiac surgery is always important, 
when this is associated with poor preoperative renal function, post-
operative mortality rates more closely resemble similar patients who 
avoid dialysis.292 The rate of “renal recovery” after AKI is also difficult 
to predict, but emerging evidence suggests it is highly associated with 
outcome and apparently independent of AKI itself.265,293

Risk Factors and Surgery-Related Acute 
Kidney Injury Pathophysiology
Numerous studies have characterized risk factors for nephropathy 
after cardiac surgery (Figure 28-9).294 Despite an increasing under-
standing of perioperative renal dysfunction, known risk factors 
account for only one third of the observed variability in creatinine 
increase after cardiac surgery. Procedure-related risk factors include 
emergent and redo operations,295,296 valvular procedures,295,297,298 and 
operations requiring a period of circulatory arrest296 or extended 
durations of CPB.256,261,299–301 Infection and sepsis,296,299,302 atrial 
fibrillation,303 and indicators of low cardiac output states, includ-
ing need for inotropic agents and insertion of an intra-aortic  
balloon pump during surgery, also have been associated with renal 
impairment.261,295,296,299,304

Preoperative demographic risk factors identified include advanced 
age,256,261,296,298,304,305 increased body weight,256 African American eth-
nicity,256,306 hypertension and wide pulse pressure,295,307,308 baseline 
anemia,309 peripheral or carotid atherosclerotic disease,256,295 diabe-
tes, preoperative hyperglycemia and/or increased hemoglobin A1c 
in individuals without diabetes,256,261,307,310,311 reduced left ventricu-
lar (LV) function, and obstructive pulmonary disease.256,295,296,299,300 
Interestingly, baseline chronic kidney disease is not a risk factor for 
AKI, but because even small amounts of additional renal impairment 
may lead to dialysis when severe renal disease is present at baseline, 
these individuals are at greatest risk for dialysis.

A genetic predisposition to AKI exists and explains more varia-
tion in postcardiac surgery AKI than conventional clinical risk factors 
alone.312,313 A handful of candidate polymorphisms known to affect 
inflammation and vasoconstriction have been studied, and several, 
alone or in combination, demonstrate strong associations with postcar-
diac surgery AKI.312,313 For example, CO possession of the IL-6 -572C 
and angiotensinogen (AGT) 842C polymorphisms in whites (6% of 
patients) predicts an approximately fourfold greater than  average 
 creatinine increase (121%) after CABG surgery.313 These data add  
credence to the idea that much of the variability in postoperative AKI 
may result from genetic influences313 and suggest that wider genetic 
profiling and future whole-genome studies may lead to useful preop-
erative risk prediction tools and may even provide a roadmap in the 
search for useful renoprotective strategies.
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Figure 28-8 Even after adjusting for case complexity, among institu-
tions there is wide variation in acute kidney injury (shaded bar repre-
sents risk, injury, or failure by ADQI-RIFLE-system)275 and dialysis (dark 
bar) rates, as exemplified by Heringlake and colleagues353 in a study of 
2003 data from 26 German heart centers. (Modified from Heringlake M, 
Knappe M, Vargas Hein O, et al: Renal dysfunction according to the 
ADQI-RIFLE system and clinical practice patterns after cardiac surgery in 
Germany. Minerva Anesthesiol 72:645–654, 2006, by permission.)
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Postcardiac surgery AKI for an individual patient reflects the actual 
net injury from numerous potential perioperative sources known capa-
ble of inflicting insult (see Figure 28-9). Many markers of renal risk 
hint at causes of perioperative AKI in individuals. Thus, perioperative 
AKI contrasts with single-insult renal injuries such as contrast neph-
ropathy. Nonetheless, a common pathway mediates the consequences 
of AKI including tubular and vascular cell dysfunction, necrosis, and 
apoptosis.314 Although details of the trigger mechanisms for this reflex-
ive component of AKI remain elusive, there is better understanding 
of the direct renal consequences of some insults specific to cardiac  
surgery. Although the physiology of perioperative renal recovery is as 
yet less studied, emerging data suggest this is also likely to be impor-
tant. A brief overview of AKI pathophysiology focused toward cardiac 
 surgery is pertinent.

Using intraoperative epiaortic scanning, Davila-Roman et al315 found 
that ascending aortic atheroma burden correlates with AKI. Sreeram 
et al316 noted that postoperative AKI correlates with arterial emboli 
counts. Conlon et al,317 however, did not see a relation between renal 
artery stenosis and AKI. Renal atheroembolism is sometimes a domi-
nant source of cardiac surgical AKI318 and often observed at autopsy.319 
Filter devices deployed before cross-clamp removal often capture mac-
roscopic atheroemboli.98 Plaque disruption caused by balloon pump 
counterpulsation also is a contributor to AKI.296,320 Antiembolism 
strategies have been adopted into the conduct of cardiac surgery,321–324 
but evidence that this is decreasing AKI is lacking. One randomized 
filter device trial in a post hoc analysis found less AKI in higher-risk 
patients.99

Other emboli sources may be relevant to AKI in some circumstances. 
Fat droplets, particulates, and bubbles are common during cardiac 
surgery. Renal embolic infarcts from any source are wedge shaped and 
involve adjacent cortex and medulla, highlighting the vascular arrange-
ment and lack of redundancy of kidney perfusion. Incriminated par-
ticulates other than atheroma include thrombus, platelet fibrin debris, 
septic vegetations, and even normal vessel wall.98,325 One third of surgery 
patients with bacterial endocarditis suffer significant AKI.326 Although 
sternal marrow lipid droplet reinfusion with red cell salvage is com-
mon327 and may have effects on renal cortical blood flow,328 its impor-
tance is unknown. Air bubbles rarely have been associated with AKI.329 
Surgical field insufflation of CO

2
 reduces intravascular emboli,330 but 

whether this reduces AKI rates has not been assessed.
Many cardiac surgery patients meet the criteria for systemic inflam-

matory response syndrome in the early postoperative period. AKI is 
a major consequence of systemic inflammatory response syndrome.331 
Sepsis is a strong predictor of postoperative AKI, likely mediated 
through the effects of renal inflammation.275,296,299,332 A surge of circulat-
ing proinflammatory cytokines is typical after trauma, major surgery, 
and CPB.333 Local cytokine release also occurs in response to ischemia/
reperfusion-mediated renal nuclear factor-kappa B (NF- B) activa-
tion.334 Finally, impaired renal filtration affects the course of any inflam-
matory response by influencing the primary clearance mechanism for 
many cytokines (e.g., IL-6, IL-1 , tumor necrosis factor- ).335

Many elements of cardiac surgery contribute to the risk for hypoper-
fusion and ischemia/reperfusion-mediated AKI. Embolism, low-output 
syndrome, and exogenous catecholamines can all contribute,296,316,336 
leading to cellular high-energy phosphate depletion, calcium accu-
mulation, oxygen free radical generation, local leukocyte activation, 
and NF- B activation.337 These changes can cause apoptotic cell death 
through caspase activation (executioner enzymes) or tissue necrosis, or 
both.338 Apoptosis instigates more local inflammation and injury,339,340 
and, experimentally, inhibition of caspase or NF- B attenuates ischemia/
reperfusion AKI.

Femoral artery cannulation can be complicated by leg ischemia and 
has been blamed for myoglobinuric AKI.341 Although statins can cause 
myopathy, these agents have not been associated with increased renal 
risk in vascular and major noncardiac surgery patients.342 Myoglobin 
and hemoglobin avidly bind NO and are believed to cause AKI through 
vasoconstrictor effects, but also through direct cytotoxicity and frank 
tubular obstruction.343

Withdrawal of the antifibrinolytic agent aprotinin from the 
market eliminates one concern of perioperative renal toxicity for 
cardiac surgery patients.344 In contrast, the lysine analog antifibrin-
olytics  aminocaproic acid and tranexamic acid can raise concern 
because of their renal effects of small protein spillage into the urine 
(tubular proteinuria).345,346 A single retrospective analysis of 1502 
patients involving the introduction of  aminocaproic acid ther-
apy did not find an increase in AKI.290 Although tubular proteinu-
ria often heralds tubular injury, with lysine analog antifibrinolytics, 
this is completely resolved within 15 minutes after the agent is 
discontinued.345,346

Other perioperative nephrotoxins include some antibiotics,347 
-adrenergic agonist agents,348 cyclosporine,349 and nonsteroidal anti-

inflammatory agents.350 However, the net effect on postcardiac sur-
gery AKI of 

1
-mediated vasoconstriction and dopaminergic and 

2
-mediated renal vasodilation with hemodynamic compromise is 

unknown. Although experimentally, even short periods of high-dose 
norepinephrine cause long-lasting AKI,351 and catecholamines during 
cardiac surgery also predict AKI,296,352 disentangling cause and associa-
tion for these agents is problematic because they are rarely used in the 
absence of other major risk factors (e.g., low output state). Interestingly, 
in a survey of German intensive care units (ICUs) involving more than 
29,000 cardiac surgery patients, centers with worse AKI rates were 
more likely to prefer dopamine over other inotropes and avoid norepi-
nephrine as a vasopressor.353

Intravenous contrast is known to have nephrotoxic effects. Contrast-
associated nephropathy usually is heralded by a significant increase 
in serum creatinine within 5 days after intravascular contrast injec-
tion and occurs in approximately 2% to 7% of patients.354,355 The 
pathophysiology primarily results from vasoconstriction and direct 
renal tubular cell injury. Those at greatest risk typically have prepro-
cedure renal impairment.356 In a study of 27 CABG patients, Garwood 
et al357 found indicators of tubular injury to be increased in those pre-
senting for surgery within 5 days of cardiac catheterization relative to 
those further separated from an intravenous contrast injection. Use of 
low-osmolar contrast media and aggressive prestudy hydration have 
significantly reduced the risk for contrast-associated nephropathy for 
patients with diabetic nephropathy and other causes of chronic renal 
disease (Box 28-2).

Strategies for Renal Protection
The sluggish serum creatinine increase consequent to sudden declines 
in glomerular filtration is now considered inadequate to be the sig-
nal for acute renoprotection, much as Q waves are too late to be use-
ful for cardioprotection. When serum creatinine is used, the obligatory 
delay in AKI recognition has even been suggested to explain some of 
the disappointing results from past renoprotection studies. Developing 
and validating tools for more prompt AKI diagnosis has become a pri-
ority. The hope is that early AKI biomarkers that can play a role in renal 
protection, much like CK-MB and troponin currently serve for myocar-
dial protection, can be identified.

Nonetheless, despite its limitations as an early biomarker, serum  
creatinine remains an important clinical tool because of its many other 
uses. Indisputably, creatinine accumulation serves as a prognostic “gold 
standard,” heralding AKI that is highly predictive of other major adverse 

BOX 28-2. CAUSES OF RENAL INJURY DURING 
CARDIOPULMONARY BYPASS
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outcomes including mortality.256 Validation for even the most promis-
ing of newer early AKI biomarkers is limited or lacking in compari-
son. In addition to injury, serum creatinine characterizes renal recovery 
unlike most AKI biomarkers. Renal recovery as reflected by declining 
creatinine levels is highly predictive of short- and long-term outcomes 
beyond the magnitude of kidney insult.265 Finally, the generalizability 
across studies and settings of creatinine-based consensus definitions 
for AKI, such as RIFLE and AKIN,280 are gaining popularity.

Unfortunately, the lack of success in developing effective renopro-
tective responses and the renal monitoring challenges outlined ear-
lier dictate that any review of renal protection still remains limited 
primarily to strategies to minimize or avoid AKI risk factors. Few to 
no interventions have consistently proved effective once AKI is estab-
lished. However, there is hope that the new paradigm, viewing AKI as 
a threshold diagnosis much like AMI, whose recognition must be swift 
and intervention immediate if tissue salvage is to occur, will lead to 
progress in this field.

Early Acute Kidney Injury Biomarkers
Beyond serum creatinine, the race is on to identify one or more “early 
biomarkers” for AKI. As a condition whose treatment paradigm 
demands prompt intervention, AKI currently has no equivalents to 
CK-MB, troponin, and the ST segment for the heart.

The search for better early AKI biomarkers currently involves several 
contenders involving numerous physiologic mechanisms (Table 28-7). 
Markers such as creatinine and cystatin C that accumulate to  diagnostic 

levels because of decreased clearance are further challenged during the 
perioperative period because of “signal-to-noise” confounders, such 
as hemodilution, which complicate early AKI recognition by disrupt-
ing steady-state assumptions. Although only a few new early biomarker 
candidates involve a substitute “ideal” creatinine, most involve one of 
three other early consequences of AKI: tubular cell damage, tubular cell 
dysfunction, and the adaptive stress response of the kidney. For exam-
ple, damaged renal cells leak contents directly into urine; this strategy 
underpins “tubular enzymuria” AKI biomarkers including -N-acetyl-

-d-glucosaminidase and at least eight other candidates. Monitoring 
markers of the kidney's “stress” response provides another strategy for 
AKI recognition, including some frontrunners; these include neutrophil 
gelatinase-associated lipocalin, urinary IL-18, and at least three other 
candidates. Simple urinary Po

2
 monitoring correlates with changes in 

renal medullary oxygen levels and predicts subsequent AKI in cardiac 
surgery patients.

Some early biomarker candidates are poorly suited specifically to 
perioperative AKI. So-called tubular proteinuria biomarkers, includ-
ing urine 

1
- and 

2
-microglobulin and at least 12 other markers, 

manifest AKI through spillage into the urine of small filtered proteins 
because of impaired reuptake by the kidney. As outlined earlier, com-
monly used lysine analog antifibrinolytics (epsilon aminocaproic acid 
and tranexamic acid) mimic this abnormality by selectively block-
ing kidney tubule receptors, causing a reversible form of this same 
 proteinuria with apparently benign consequences; these biomarkers 
are considered of little value in most cardiac surgery settings.

Several large, prospective observational studies are currently under 
way that may help identify the winner(s) of the early AKI biomarker 
race. It will be important for surgical and anesthesia advocates to 
highlight AKI biomarker issues unique to cardiac surgery lest these be 
overlooked in the broader pursuit of consensus AKI definitions.

Cardiopulmonary Bypass Management  
and the Kidney
Basic issues in the management of CPB that relate to the kidney involve 
the balance between oxygen supply and oxygen demand, particularly 
to the renal medulla. Perfusion pressure (i.e., MAP during CPB) and 
oxygen-carrying capacity (as related to hemodilution and transfusion) 
address the supply issues, with the use of hypothermia being directed 
at modulating renal oxygen demand.

Profound hypothermia is a highly effective component of the pro-
tective strategy used during renal transplantation. Mild hypothermia 
during CPB would, therefore, seem to be a logical component of a 
perioperative renal protective strategy.358 However, three separate stud-
ies have not found any protective benefit of mild hypothermia during 
CPB.359–361 In the largest study, including 298 elective CABG patients 
who were randomly assigned to normothermic (35.5° C to 36.5° C) or 
hypothermic (28° C to 30° C) CPB, there was no association between 
normothermic (as compared with hypothermic) bypass and increased 
renal dysfunction after cardiac surgery.361

Low CPB blood pressure typically is not associated with the hypop-
erfusion characteristic of hypovolemic shock and low output states, 
conditions that are highly associated with AKI. Studies addressing the 
role of CPB perfusion pressure have not shown an association with 
AKI.305,310,362,363 A retrospective, multivariable analysis of minute-to-
minute CPB blood pressure data from 1404 CABG surgery proce-
dures, including an assessment of a degree-duration integral index of 
MAP less than 50 mm Hg, found no links between acute or extended  
episodes of hypotension during CPB and AKI.310

Moderate hemodilution is thought to reduce the risk for kidney 
injury during cardiac surgery through blood viscosity-related improve-
ment in regional blood flow.364,365 However, the practice of extreme 
hemodilution (hematocrit < 20%) during CPB has been linked to 
adverse renal outcome after cardiac surgery.366,367 Accounting for perfu-
sion pressure, in the study of 1404 CABG patients cited earlier,310 inde-
pendent associations were noted for both lowest hematocrit during 
CPB and transfusion with postoperative AKI. Other studies have 

Early Acute Kidney Injury Biomarkers

Serum accumulation markers: reflect AKI much like creatinine, serum 
accumulation and decreased clearance with decline in glomerular filtration 
(Note: It is also useful to monitor renal recovery.)

Cystatin C
Proatrial natriuretic peptide (1–98)
Tryptophan glycoconjugate

Tubular enzymuria markers: reflect AKI through leakage of cell contents 
into urine after tubular cell damage

-Glutathione S-transferase
-Glutathione S-transferase
-N-acetyl- -d-glucosaminidase
-Glutamyl transpeptidase

Alkaline phosphatase
Lactate dehydrogenase
Ala-(leu-gly)-aminopeptidase
Proximal renal tubular epithelial antigen
Urinary sodium hydrogen exchanger isoform 3

Tubular proteinuria markers: reflect AKI through appearance of small 
proteins in urine that would normally be taken up by tubule cells, reflecting 
tubular cell dysfunction (Note: These are not useful if using lysine analog 
antifibrinolytic agents.)

1
-Microglobulin

2
-Microglobulin

Albumin
Adenosine deaminase binding protein
Renal tubular epithelial antigen 1
Retinol binding protein
Lysozyme
Ribonuclease
IgG
Transferrin
Ceruloplasmin

 and  light chains
Urinary total protein

Renal stress markers: reflect AKI through various pathphysiologies reflecting 
or triggered by acute stress
Neutrophil gelatinase-associated lipocalin
Urinary interleukin-18
Platelet activating factor
Kidney injury molecule-1
Cysteine rich protein 61
Urinary pO2

TABLE  
28-7

Early acute kidney injury (AKI) biomarkers reflect renal insult through diverse 
mechanisms. Understanding of the physiology underpinning each marker can aid in 
understanding their potential value to improve the diagnosis of AKI.
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reported similar patterns and suggest that profound hematocrit change 
(e.g., > 50% decline) may be even less well tolerated, highlighting the 
importance of a clinical strategy including transfusion only after all 
measures of hemodilution avoidance have been taken.368–371

Glycemic control during CPB has been identified as a potential 
opportunity to attenuate AKI. However, recent evidence has called 
into question the influential findings of Van den Berghe et al,372 who 
reported reduced AKI and dialysis rates with postoperative therapy tar-
geting tight serum glucose control (63% of study patients were postcar-
diac surgery). Despite widespread adoption of these intensive insulin 
protocols, numerous subsequent studies have failed to reproduce 
Van den Berghe et al's findings of benefit. Wiener et al373 performed a 
meta-analysis of the available randomized ICU studies involving more 
than 3500 patients and found no reductions in AKI, dialysis rates, or 
mortality. In a study combining “Van den Berghe-like” postoperative 
management of 400 cardiac surgery patients randomized to intensive 
intraoperative insulin therapy (target, 80 to 100 mg/dL) versus usual 
management, Gandhi et al188 found no benefit and similar dialysis 
rates (6/199 vs. 4/201; P = 0.54), even noting an unexpected increase in 
30-day mortality and stroke with tight control.

Pharmacologic Intervention
As evidenced by a recent Cochrane database review, few interven-
tions are available to the clinician to pharmacologically prevent or 
treat established perioperative AKI.374 Proposed changes to improve 
the likelihood of success in finding renoprotective strategies have 
included increasing the size of studies designed to see benefit should it 
be present and, as outlined earlier, improving timely AKI detection to 
allow earlier intervention. Researchers have performed meta-analyses 
for many prevalent therapies by combining data from their random-
ized clinical trials. In some cases, these reports indicate that study size 
concerns may have been warranted. Potential optimism comes from 
a finding of reduced AKI in a meta-analysis of trials involving 934 
cardiac surgery patients comparing various natriuretic peptides with 
placebo (urodilatin: 2 studies; brain natriuretic peptide [BNP]: 3 stud-
ies; atrial natriuretic peptide [ANP]: 9 studies)375; however, combined 
evaluation of the most studied single agent, ANP, still remained incon-
clusive.376 Another meta-analysis involving 20 studies assessing various 
methods to guide fluid and inotrope therapy to achieve hemodynamic 
optimization targets, involving 4220 patients, found reduced AKI and 
a trend toward reduced mortality.377 Notably, although hopeful, neither 
of these meta-analyses has sufficient evidence to make practical recom-
mendations for changes in clinical practice.

Other systematic reviews and meta-analyses of collected AKI car-
diac surgery studies recently have been reported. For example, several 
meta-analyses found N-acetylcysteine not to have renal benefit even in 
large cardiac surgery populations.378–381 A meta-analysis limited to ran-
domized cardiac surgery trials of fenoldopam (20 studies, more than 
1400 patients) concluded that a larger trial (1700 to 2300 patients) was 
needed to reconcile promising but conflicting evidence.382 Another less 
rigorous fenoldopam analysis of trials and observational studies (1059 
patients, 13 studies) by Landoni et al383 suggested reduced dialysis and 
death after cardiac surgery. A meta-analysis of statin therapy before 
cardiac surgery including 3 randomized and 16 observational studies 
(more than 30,000 patients) found reduced incidence of renal failure 
with this therapy.384 A meta-analysis of 61 studies comparing “renal” 
dose dopamine with placebo (3359 patients) found extremely mod-
est benefit on day 1—increased urine output, slight serum creatinine 
decline (4%), and GFR increase (6%).385 However, by day 2, these gains 
were lost, and there was no effect on mortality, need for dialysis, or 
adverse events. Meta-analyses of loop diuretics trials and controlled 
studies in critically ill patients described improvements in markers of 
renal function (urine output, oliguric period) and reduced need for 
dialysis, but also concerning trends toward increased mortality, and 
poorer renal recovery.386–388 Unfortunately, because of the limitations 
of current research tools, most potential renoprotective therapies have 
not been subjected to the rigor of a large randomized trial, or even 

meta-analysis, and none has been given the opportunity to be used 
soon after the onset of AKI. Additional data, including rationale and 
existing studies for a number of these therapies, are outlined later.

Dopamine
Mesenteric dopamine

1
 (D

1
)-receptor agonists increase renal blood 

flow, decrease renal vascular resistance, and enhance natriuresis and 
diuresis. Despite the absence of clinical evidence of renoprotection, this 
rationale has been used to justify the use of low-dose (“renal-dose”) 
dopamine (< 5 g/kg/min) for decades. However, numerous double-
blind, randomized studies in several surgical and nonsurgical settings 
have failed to demonstrate any renal benefits.389–391 Concerns have 
been raised that dopamine in cardiac surgery is not benign, including 
evidence suggesting impairment of hepatosplanchnic metabolism, 
despite an increase in regional perfusion,392 and increased postoperative 
arrhythmias.393 Despite the lack of benefit and accumulating concerns 
regarding the use of low-dose dopamine, many centers continue to use 
this agent for renoprotection.

Fenoldopam
Fenoldopam mesylate, a derivative of benzazepine, is a selective D

1
-

receptor agonist. Although first approved as an antihypertensive agent, 
fenoldopam has shown promise in the prevention of contrast-induced 
nephropathy.394–396 There are, however, few randomized, controlled 
studies to evaluate the agent as a therapy for postoperative renal dys-
function. In one prospective, randomized study involving 160 patients 
with preoperative renal dysfunction, improved renal function with 
fenoldopam versus placebo was reported after cardiac surgery; how-
ever, no long-term benefit was evaluated.397 Other prospective, ran-
domized, double-blind studies enrolling patients with established 
postoperative renal injury have proved inconclusive or even indicated 
possible adverse outcomes in patients with diabetes.398 More systematic 
study is necessary before this agent can be recommended for renopro-
tection in cardiac surgery.

Diuretic Agents
Diuretics increase urine generation by reducing reuptake of tubular 
contents. This can be achieved by numerous mechanisms, including 
inhibiting active mechanisms that lead to solute reuptake (e.g., loop 
diuretics), altering the osmotic gradient in the tubular contents to favor 
solute remaining in the tubule (e.g., mannitol), or hormonal influ-
ences that affect the balance of activities of the tubule to increase urine  
generation (e.g., ANP). The general renoprotective principle of diuretic 
agents is that increasing tubular solute flow through injured renal 
tubules will maintain tubular patency, avoiding some of the adverse 
consequences of tubular obstruction, including oliguria or anuria and, 
possibly, the need for dialysis. Other agent-specific properties (e.g., 
antioxidant effects, reduced active transport) also have been proposed 
to have beneficial effects in the setting of ischemic renal injury.

Loop diuretics, such as furosemide, produce renal cortical vaso-
dilation and inhibit reabsorptive transport in the medullary thick 
ascending limb, causing more solute to remain in the renal tubule 
and increasing urine generation. In animal models, administration 
of furosemide and other loop diuretics has been shown to increase 
oxygen levels in the renal medulla,399 presumably by reducing oxygen 
consumption by tubular active transport; but it also results in distal 
tubular hypertrophy.400 In experimental models, loop diuretics have 
provided protection from renal tubular damage after ischemia/reper-
fusion and nephrotoxic injuries.401–403 In contrast with evidence from 
animal experiments, several clinical studies have shown no benefit and, 
possibly, even harm from perioperative diuretic therapy in cardiac 
surgery patients.404–406 In a double-blind, randomized, controlled trial 
comparing infusions of furosemide, low-dose dopamine, or placebo 
administered during and for 48 hours after surgery in 126 cardiac  
surgery patients, Lassnigg et al407 found no benefit of dopamine and a 
greater postoperative increase in serum creatinine in the group receiv-
ing furosemide. Although they may facilitate avoidance of dialysis in 
responsive patients by maintaining fluid balance in selected patients, 
there is insufficient evidence to support the routine use of loop diuretics as 
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specific renoprotective agents. However, in situations of severe hemo-
globinuria, they may facilitate urine production and tubular clearance 
of this nephrotoxin.

Mannitol, an osmotic diuretic, has been evaluated in several stud-
ies of cardiac surgical patients.359,408,409 Although an increased diuresis 
has been documented, few studies have carefully assessed postopera-
tive renal dysfunction in these patients. In an animal model of tho-
racic aortic clamping, mannitol did not provide evidence of improved 
renal function after unclamping.410 In addition to the lack of benefi-
cial effect on the kidney, several studies have identified a nephrotoxic 
potential of high-dose mannitol, especially in patients with preexisting 
renal insufficiency.411

Several studies have addressed the potential for renoprotection with 
natriuretic peptides. Three natriuretic peptides have received most 
of the attention in human trials: ANP (anaritide), urodilatin (ularit-
ide), and BNP (nesiritide).412 Natriuretic peptides have primary effects, 
including receptor-mediated natriuresis and vasodilation, and normally 
are secreted in response to volume expansion. ANP increases glomer-
ular filtration and urinary output by constricting efferent and dilat-
ing afferent renal arterioles.413 In a secondary analysis of randomized 
data from an ICU study of 504 patients with established AKI, Allgren 
et al414 noted a 24-hour intravenous infusion of ANP (0.2 g/kg/min) 
was associated with improved dialysis-free survival in oliguric patients 
(8% vs. 27%; P = 0.008) but not in nonoliguric patients (59% vs. 48%; 
P = 0.03). Unfortunately, a repeat study designed to reproduce these 
favorable findings did not see any benefit.415 Few studies have evaluated 
urodilatin, and these have all provided inconclusive results.416 BNP has 
potent vasodilating properties and is generated in response to ventric-
ular dilatation. Recent evidence from cardiology studies suggests that 
BNP treatment may worsen renal function in patients with heart fail-
ure.417,418 However, two randomized studies in cardiac surgery patients 
suggest renoprotective benefit from this agent.419,420

N-acetylcysteine
N-acetylcysteine is an antioxidant that enhances the endogenous glu-
tathione scavenging system and has shown promise as a renoprotective 
agent by attenuating intravenous contrast-induced nephropathy. The 
weight of evidence, including four meta-analyses, suggests that poten-
tial benefits that may exist with contrast nephropathy are not pertinent 
to the perioperative patient.378–381,421,422

Adrenergic Agonists
The 

1
- and 

2
-adrenergic receptors in the kidney modulate vaso-

constrictor and vasodilatory effects, respectively. Agents that attenu-
ate renal vasoconstriction may have potential as renoprotective drugs 
because vasoconstriction most likely contributes to the pathophysiol-
ogy of AKI. Clonidine, an 

2
-agonist, has been shown experimentally 

to inhibit renin release and cause a diuresis, and it has been evaluated 
in an experimental AKI model, confirming its potential as a renopro-
tective agent.423–427 Similarly, two clinical trials have demonstrated some 
promise. A prospective, double-blind, randomized, placebo-controlled 
clinical trial evaluating preoperative clonidine in 48 CABG patients 
found that creatinine clearance decreased over the first postoperative 
night from 98 ± 18 (before surgery) to 68 ± 19 mL/min (P < 0.05) in 
the placebo-treated group, but it remained unchanged in clonidine-
treated patients (90 ± 1 to 92 ± 17 mL/min; P < 0.05).428 The effect was 
transient, however, with creatinine clearance in both groups being no 
different at postoperative day 3. Despite being positively supported in a 
second trial,429 clonidine has not gained popular acceptance as a reno-
protective agent. Notably, decreased afferent 

1
-adrenergic receptor–

mediated vasoconstriction has been suggested as an explanation for the 
renoprotective benefit of thoracic epidural blockade in cardiac surgery 
patients.430

Calcium Channel Blockers
Diltiazem is the calcium channel blocker that has been the most 
evaluated as a renoprotective agent in cardiac surgery, with its abil-
ity to antagonize vasoconstricting signals and reports of beneficial 

effects in experimental models of toxic and ischemic acute renal fail-
ure.431,432 However, in humans, numerous small, randomized trials 
and a retrospective study combined to provide a confusing picture, 
including evidence suggesting diltiazem therapy in cardiac surgery 
patients may have minor renal benefits, no benefit, or even potential 
harm.433–438

Sodium Bicarbonate
The perioperative infusion of sodium bicarbonate recently has 
attracted attention because of reduced AKI compared with a placebo 
saline infusion in 100 postcardiac surgery patients.439 Despite evidence 
that sodium bicarbonate-based hydration appears to be of benefit in 
other settings such as contrast-induced nephropathy, the consider-
able additional fluid and sodium loads required with this therapy have 
raised concern for some clinicians.440

Angiotensin-Converting Enzyme Inhibitor and Angiotensin-
1–Receptor Blockers
The renin-angiotensin system mediates vasoconstriction and is 
important in the paracrine regulation of the renal microcircula-
tion. Angiotensin-converting enzyme inhibitor and angiotensin- 
1–receptor blocker agents act by inhibiting steps in activation of the 
renin-angiotensin system. Although angiotensin-converting enzyme 
inhibitor and angiotensin-1 receptor–blocker agents have dem-
onstrated effects at slowing the progression of most chronic renal  
diseases,441 their role in AKI has not been well studied.442,443 In a 
study of 249 aortic surgery patients, Cittanova et al444 reported an 
increased risk for postoperative renal dysfunction in patients receiv-
ing  preoperative angiotensin-converting enzyme inhibitor therapy. 
Animal studies suggest that both groups of drugs have protective 
properties in experimental AKI.445 In a small (N = 18), double-blind, 
placebo-controlled clinical trial enrolling CABG patients, preserva-
tion of renal plasma flow intraoperatively in patients receiving the 
angiotensin-converting enzyme inhibitor captopril relative to pla-
cebo was demonstrated.446 A similar study assessing perioperative 
enalaprilat (an angiotensin-1–receptor blocker) therapy in 14 CABG 
patients demonstrated greater renal plasma flow in the enalaprilat 
group before CPB and on postoperative day 7, as well as greater crea-
tinine clearance after CPB.447,448

Insulin-Like Growth Factor
The concept of combining AKI prevention with enhanced renal recov-
ery is appealing given the emerging evidence; insulin-like growth factor  
offers the potential for the importance of the latter, evidenced by 
promising findings from animal AKI studies and reports in humans 
with chronic kidney disease of improved renal function and delayed 
need for dialysis.449–451 However, unfortunately, the only randomized 
controlled trial in 72 patients with acute renal failure found no renal 
benefit and a significant side effect profile.452

Alternate Perioperative Renoprotective Strategies
In a survey involving more than 29,000 cardiac surgery patients from 
26 German heart programs, Heringlake et al353 reported extremely wide 
variation in AKI rates by center, ranging from 3.1% to 75% (mean, 
15.4%; see Figure 28-9). Although programs were unaware of their 
AKI ranking when responding to a questionnaire, centers were asked 
to provide case mix data and answer questions on their standard prac-
tice in patients with increased renal risk. Interestingly, groups of cen-
ters with higher and lower AKI rates had similar case mix and urgency/
emergency rates, but several differences existed in their responses to 
standard management questions. High and low AKI centers used loop 
diuretics at about the same rates but selected norepinephrine in pref-
erence to epinephrine or dopamine as a vasopressor, and they were 
less likely to prefer dopamine for either inotropy or renal prophylaxis. 
Using monitoring of AKI rates among centers as a tool to identify out-
liers and alter practice patterns was a useful strategy to improve out-
comes in one study.262
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MYOCARDIAL INJURY
From the earliest days of modern cardiac surgery, perioperative myo-
cardial dysfunction, with its associated morbidity and mortality, has 
been reported.453 Evidence, including substantial subendocardial cel-
lular necrosis, led to the conclusion that this injury resulted from an 
inadequate substrate supply to the metabolically active myocardium.454 
Optimizing myocardial protection during cardiac surgery involves sev-
eral compromises inherent in allowing surgery to be performed in a 
relatively immobile, bloodless field while preserving postoperative 
myocardial function. The fundamental tenets of this protection center 
on the judicious use of hypothermia together with the induction and 
maintenance of chemically induced electromechanical diastolic cardiac 
arrest. Bigelow et al455 were the first to describe the use of hypothermia 
for this purpose, and this was complemented by subsequent work by 
Melrose et al,456 who first reported the electromechanical arrest of the 
heart by the administration of potassium-containing cardioplegia. 
Despite continued efforts directed at myocardial protection, it is clear 
that myocardial injury, although reduced, still remains a problem, and 
with it, the representative phenotype of postoperative myocardial dys-
function (see Chapters 29, 32, and 34).

Incidence and Significance of Myocardial 
Dysfunction after Cardiopulmonary Bypass
Unlike other organs at risk for damage during cardiac surgery, it is 
assumed, because of the very nature of the target of the operation 
being performed, that all patients having cardiac surgery will suffer 
some degree of myocardial injury. Although the injury can be subclini-
cal, represented only by otherwise asymptomatic increases in cardiac 
enzymes (e.g., myocardial creatine kinase isoenzyme [CK-MB]), fre-
quently it manifests more overtly. The degree to which these enzymes 
are released by injured myocardium, frequently to levels sufficiently 
high to satisfy criteria for myocardial infarction, have been related to 
perioperative outcome after cardiac surgery.457–459 Chaitman et al458 
reported CK-MB results from the Guard During Ischemia Against 
Necrosis (GUARDIAN) trial in 11,950 patients with acute coronary 
syndromes or undergoing high-risk percutaneous intervention or 
CABG surgery. CK-MB values more than 10 times the upper limit  
of normal during the initial 48 hours after CABG were significantly 
associated with 6-month mortality (P < 0.001).458

Risk Factors for Myocardial Injury
With an increasingly sicker cohort of patients presenting for cardiac 
surgery,460 many with acute ischemic syndromes (e.g., often with evolv-
ing AMI) or significant LV dysfunction, the need has never been greater 
for optimizing myocardial protection to minimize the myocardial 
 dysfunction consequent to aortic cross-clamping and cardioplegia.461 
The continued increase in cardiac transplantation and other complex 
surgeries in the heart failure patient has served to fuel the search for 
better myocardial protection strategies.

Pathophysiology of Myocardial Injury
Myocardial stunning represents the myocardial dysfunction that 
follows a brief ischemic event. It is differentiated from the revers-
ible dysfunction associated with chronic ischemia, which is termed 
hibernation.462 Myocardial stunning typically resolves over the 48 to 
72 hours after the ischemic event and frequently is observed after 
aortic cross-clamping with cardioplegic arrest.463,464 Important  
factors that contribute to stunning include not only the metabolic 
consequences of oxygen deprivation but also the premorbid con-
dition of the myocardium, reperfusion injury, acute alterations in 
signal transduction systems, and the effects of circulating inflamma-
tory mediators.

The metabolic consequences of oxygen deprivation become apparent 
within seconds of coronary artery occlusion. With the rapid depletion 
of high-energy phosphates, accumulation of lactate and intracellular 
acidosis in the myocytes soon follows, with the subsequent develop-
ment of contractile dysfunction. When myocyte adenosine triphos-
phate (ATP) levels decline to a critical level, the subsequent inability 
to maintain electrolyte gradients requiring active transport (e.g., Na+, 
K+, Ca2+) leads to cellular edema, intracellular Ca2+ overload, and loss 
of membrane integrity.

Predictably, with the release of the aortic cross-clamp and the resto-
ration of blood flow, myocardial reperfusion occurs. With reperfusion, 
the paradox represented by the balance of substrate delivery restora-
tion needed for normal metabolism that also can serve as the substrate 
for injurious free radical production, becomes a significant issue for 
consideration. Reperfusion causes a rapid increase in free radical pro-
duction within minutes, and it plays a major role initiating myocar-
dial stunning. Bolli et al465 identified the importance of this effect by 
demonstrating that antioxidants administered just before reperfusion 
significantly diminished myocardial stunning, an effect not observed if 
the same substances were introduced after reperfusion. Sun et al466,467 
subsequently showed the significance of the free radical effect by dem-
onstrating that up to 80% of myocardial stunning could be avoided 
with an appropriately timed regimen of free radical scavengers.

Free radical insults during myocardial reperfusion result in the near-
immediate dysfunction of proteins involved in ion transport and exci-
tation-contraction coupling, as well as injury to membranes through 
damage mediated through lipid peroxidation.468 Free radical–mediated 
myocardial dysfunction is related to a myofilament defect manifested 
by an impairment in Ca-activated excitation-contraction coupling.468 
Although free radicals can directly injure these myofilament compo-
nents, injury to other proteins related to ion transport and membrane 
integrity serve to increase intracellular calcium. Several mechanisms 
have been proposed to explain this impairment of myofilament func-
tion, although the most likely explanation includes physiologic down-
regulation of excitation-contraction coupling in response to cellular 
Ca2+ overload. The mechanisms underlying Ca2+ overload are not well 
understood, but they are thought to involve free radical–related and free 
radical–independent abnormalities in Ca2+ homeostasis. Whatever the 
cause, the rapid calcium influx during myocardial reperfusion quickly 
can overload the myocyte with Ca2+.469 The importance of Ca2+ overload 
is demonstrated by the substantial protection from reperfusion injury 
obtained by pretreatment with traditional Ca2+ blocking agents.470

A free radical–independent mechanism for Ca2+ overload involves 
activation of the Na+/H exchanger during reperfusion in an attempt by 
the cell to correct intracellular pH.471 The resultant increase in intra-
cellular Na+ from activation of the Na+/ H+ exchanger further acti-
vates the Na+/Ca2+ exchanger, increasing Ca2+ influx.472 Evidence for 
the activation of Na+/ H+ exchangers being responsible for some of the 
harmful effects of reperfusion is shown by the benefits that Na+/H+ 
exchanger inhibitors have had on myocardial stunning with reductions 
in arrhythmias, improvements in systolic and diastolic function, and 
reductions in myocyte injury.473 In addition to its role in Ca2+ overload, 
activation of the Na+/H+ exchanger has been linked to increased phos-
pholipase activity, generation of prostaglandins and other eicosanoids, 
and activation of platelets and neutrophils—all potentially injurious 
processes.471,473

In addition to free radical upregulation, myocardial reperfusion 
associated with acute myocardial ischemic injury induces inflamma-
tion mediated by neutrophils and an array of humoral inflammatory 
components.471,474,475 Several studies using novel neutrophil inhibitors 
have demonstrated a cardioprotective effect in models of myocar-
dial stunning.475,476 Prostaglandins also are generated during reper-
fusion. The adverse effects of prostaglandins appear to be synergistic 
with increases in intracellular calcium. The relation of leukotriene 
and cytokine release to reperfusion injury is less clear.471,474 Consistent 
with a role for prostaglandins in this injury is the demonstration that 
 inhibition of prostaglandins by nonsteroidal anti-inflammatory agents 
can significantly diminish myocardial stunning.477



858 SECTION V Extracorporeal Circulation

A potential additional mechanism for myocardial dysfunction 
specific to the setting of CPB relates to proposed acute alterations 
in -adrenergic signal transduction.478 Acute desensitization and 
downregulation of myocardial -adrenergic receptors during CPB 
have been demonstrated after cardiac surgery.478,479 Although the role 
of the large increases in circulating catecholamines seen with CPB 
on -adrenergic malfunction is unclear, it has been proposed that 
an increased incidence of post-CPB low cardiac output states and 
reduced responsiveness to inotropic agents may, in part, be attrib-
uted to this effect.480,481

Myocardial Protection during Cardiac 
Surgery: Cardioplegia
Optimizing the metabolic state of the myocardium is fundamental to 
preserving its integrity. The major effects of temperature and func-
tional activity (i.e., contractile and electrical work) on the metabolic 
rate of myocardium have been extensively described.454,472,482 With the 
institution of CPB, the emptying of the heart significantly reduces con-
tractile work and myocardial oxygen consumption (Mvo

2
). Nullifying 

this cardiac work reduces the Mvo
2
 by 30% to 60%. With subsequent 

reductions in temperature, the Mvo
2
 further decreases, and with 

induction of cardiac arrest and hypothermia, 90% of the metabolic 
requirements of the heart can be reduced (Figure 28-10). Temperature 
reductions diminish metabolic rate for all electromechanical states 
(i.e., beating or fibrillating) of the myocardium (Table 28-8).

Although cardiac surgery on the empty beating heart or under con-
ditions of hypothermic fibrillation (both with the support of CPB) is 
sometimes performed, aortic cross-clamping with cardioplegic arrest 
remains the most prevalent method of myocardial preservation. Based 
on the principle of reducing metabolic requirements, the introduction 
of selective myocardial hypothermia and cardioplegia (i.e., diastolic 
arrest) marked a major clinical advance in myocardial protection.483,484 
With the various additives in cardioplegia solutions (designed to opti-
mize the myocardium during arrest and attenuate reperfusion injury) 
and the use of warm cardioplegia, the idea of delivering metabolic sub-
strates (as opposed to solely reducing metabolic requirements) also is 
commonplace. Several effective approaches to chemical cardioplegia 
are used. The clinical success of a cardioplegia strategy may be judged 
by its ability to achieve and maintain prompt continuous arrest in all 
regions of the myocardium, early return of function after cross-clamp 
removal, and minimal inotropic requirements for successful separation 
from CPB. Composition, temperature, and route of delivery consti-
tute the fundamentals of cardioplegia-derived myocardial protection  
(see Chapter 29).

Composition of Cardioplegia Solutions
The composition of the various cardioplegia solutions used during car-
diac surgery varies as much between institutions as it does between 
individual surgeons. In general terms, cardioplegia can be classified 
into blood-containing and nonblood-containing (i.e., crystalloid) 
solutions. Crystalloid cardioplegia has fallen out of favor, with blood 
cardioplegia in various combinations of temperatures and routes of 
delivery being the most used solution. However, even within the cat-
egory of blood cardioplegia, the individual chemical constituents of 
the solution vary considerably with respect to the addition of numer-
ous additives. Table 28-9 outlines the various additives to cardioplegia 
solutions together with their corresponding rationale for use. Although 
all cardioplegia solutions contain greater than physiologic levels of 
potassium, solutions used for the induction of diastolic arrest contain 
the greatest concentrations of potassium as opposed to solutions used 
for the maintenance of cardioplegia. In addition to adjustment of elec-
trolytes, manipulation of buffers (e.g., bicarbonate, tromethamine), 
osmotic agents (e.g., glucose, mannitol, potassium), and metabolic 
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Figure 28-10 Myocardial oxygen uptake (reflecting oxygen demand) 
versus temperature. Compared with the oxygen uptake of a normally 
beating heart, eliminating cardiac work by venting the beating heart 
during bypass reduces oxygen demand by 30% to 60%. Arresting the 
heart reduces demands by another 50%, producing a total reduction 
of approximately 90%. Hypothermia extends the reductions in oxygen 
demand. (From Vinten-Johansen J, Thourani VH: Myocardial protection: 
An overview. J Extra Corpor Technol 32:38, 2000.)

Influence of Temperature on Myocardial Oxygen 
Consumption for Different Work and Electrical Conditions

Myocardial Oxygen Consumption (mL/100 mg/min)

Cardiac Conditions 37° C 32° C 28° C 22° C

Beating, empty 5.5 5.0 4.0 2.9
Fibrillating, empty 6.5 3.8 3.0 2.0
K+ cardioplegia 1.8 0.8 0.6 0.3
Beating, full 9.0 — — —

TABLE  
28-8

Data from Karkouti et al368 and Stone et al.396

Strategies for the Reduction of Ischemic Injury 
with Cardioplegia

Principle Mechanism Component

Reduce O
2
 demand Hypothermia Blood, crystalloid, ice 

slush, lavage
Perfusion
Topical/lavage
Asystole KCl, adenosine (?), 

hyperpolarizing agents
Substrate supply  

and use
Oxygen Blood, perfluorocarbons, 

crystalloid (?)
Glucose Blood, glucose, citrate-

phosphate-dextrose
Amino acids Glutamate, aspartate
Buffer acidosis Hypothermia (Rosenthal 

factor), intermittent 
infusions

Buffers Blood, tromethamine, 
histidine, bicarbonate, 
phosphate

Optimize metabolism Warm induction (37° C), 
warm reperfusion

Reduce Ca2+ overload Hypocalcemia Citrate, Ca2+ channel 
blockers, K channel 
openers (?)

Reduce edema Hyperosmolarity Glucose, KCl, mannitol
Moderate infusion 

pressure
50 mm Hg

TABLE  
28-9

From Vinten-Johansen J, Thourani VH: Myocardial protection: An overview. J Extra 
Corpor Technol 32:38, 2000.
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substrates (e.g., glucose, glutamate, and aspartate) constitute the most 
common variations in cardioplegia content. Oxygenation of crystalloid 
cardioplegia before infusion is aimed at increasing aerobic metabolism, 
but the limited oxygen-carrying capacity of crystalloid makes a rapid 
decline in metabolic rate through immediate and sustained diastolic 
arrest critical to effective cardioprotection with this technique.

Blood cardioplegia has the potential advantage of delivering suf-
ficient oxygen to ischemic myocardium to sustain basal metabolism 
or even augment high-energy phosphate stores, as well as possessing 
free radical scavenging properties.485 The introduction of blood car-
dioplegia in the late 1970s followed recognition of the clinical utility 
of this technique.486 Although low-risk cardiac surgical patients appear 
to do equally well with crystalloid or blood cardioplegic protection, 
evidence is compelling that more critically ill patients, including those 
with “energy-depleted” hearts (e.g., cardiogenic shock, AMI before 
CPB), have improved outcomes using blood cardioplegia.487,488 Patients 
at high risk also appear to have better recovery using a combination of 
antegrade and retrograde blood cardioplegia delivery, when compared 
with antegrade administration alone.488

Because an infusion of oxygenated blood cardioplegia is in many 
ways similar to myocardial reperfusion, it is not surprising that the 
composition of blood cardioplegia is based on reperfusate parame-
ters known to minimize myocardial stunning.489,490 These parameters 
include maintenance of Ca2+ at 1.0 mEq/L (by chelating Ca2+ from per-
fusate blood) to diminish myocyte Ca2+ uptake; pH between 7.6 and 
7.8 (the pH of water in the hypothermic temperature range used); 
osmolality between 340 and 360 mOsm to minimize edema-related 
myocardial dysfunction after reperfusion; and hyperkalemia between 
10 and 25 mEq/L to safely sustain electromechanical arrest. Blood is 
mixed in a ratio of 4:1 with a prepared crystalloid solution to create 
blood  cardioplegia with these characteristics.

Infusion of a single, warm (37° C) reperfusion dose of cardiople-
gia (so-called hot shot) containing metabolic substrates (i.e., glu-
cose, glutamate, and aspartate) just before aortic cross-clamp removal  
is preferred by some clinicians. The rationale for this is evidence that 
normothermia maximally enhances myocardial aerobic metabolism 
and recovery after an ischemic period. Although some have advocated 
continuous infusion of hyperkalemic warm cardioplegia throughout 
the period of aortic cross-clamping,491 this technique has not gained wide 
popularity for CABG because of the technical challenges of grafting 
vessels perfused in this way and the threat of ischemia to nonperfused 
(warm) myocardium during grafting.

Numerous other cardioplegia additives continue to be assessed 
involving various buffers, osmotic agents, metabolites, ATP and pre-
cursors, enzymes controlling ATP synthesis and catabolism, oxy-
gen radical scavengers and antioxidants. Protection of myocardial 

-adrenergic receptor function using intracoronary administration 
of esmolol appears to hold promise as an alternate cardioprotective 
method.492 Alternative cardioplegia strategies potentially extending 
safe ischemic periods for heart transplantation to up to 24 hours also 
are being evaluated.493–495

Cardioplegia Temperature
The composition of cardioplegia solutions varies considerably; in con-
trast, myocardial temperature during cardioplegia is almost uniformly 
reduced to between 8° C and 10° C or less by the infusion of refriger-
ated cardioplegia and external topical cooling with ice slush. However, 
the introduction of warm cardioplegia has challenged the once univer-
sally accepted necessity of hypothermia for successful myocardial pro-
tection.156 Although hypothermic cardioplegia is the most commonly 
used, numerous investigations have examined tepid (27° C to 30° C) 
and warm (37° C to 38° C) temperature ranges for the administration 
of cardioplegia. Much of the work aimed at determining the optimum 
temperature of the cardioplegia solution centered on the fact that,  
although hypothermia clearly offered some advantages to the myo-
cardium in suppressing metabolism (particularly when intermittent 
 cardioplegia was delivered), it may have some detrimental effects.

The deleterious effects of hypothermia include the increased risk 
for myocardial edema (through ion pump activity inhibition) and 
the impaired function of various membrane receptors on which some 
pharmacologic therapy depends (such as the various additives to the 
cardioplegia solutions). The other disadvantages of hypothermic car-
dioplegia, in addition to the production of the metabolic inhibition 
in the myocardium, are an increase in plasma viscosity and a decrease 
in RBC deformability.157,482,496 As a result, investigations aimed at using 
warmer cardioplegia temperatures have been conducted.156,497 During 
the initial phase of cardioplegia delivery, hypothermic temperatures, in 
addition to inhibiting some of the needed drug-receptor interactions, 
fail to optimize the metabolic rate in the myocardium. Hypothermia 
results in a leftward shift in the oxygen hemoglobin dissociation curve, 
inhibiting the release of oxygen into tissues. The myocardium is rela-
tively ischemic during this initial induction phase of cardioplegia, with 
the uptake of the oxygen to this tissue being low and, as a result, signifi-
cant oxygen debt occurs.

The adverse effects of hypothermia spawned interest in using warm 
cardioplegia. With the warm induction of cardiac arrest, metabolic 
activity is maintained, ion exchanges through cellular membranes are 
maintained, intracellular acidosis occurring with hypothermia is elim-
inated, oxygen delivery is optimized by maintaining a near-normal 
hemoglobin-oxygen dissociation curve, hypothermia-induced changes 
in viscosity and blood rheology are avoided, and RBC deformabil-
ity and resulting flow through the myocardial microvasculature are 
maintained. The principal differences in cold versus warm cardiople-
gia result from the timing and route of delivery. If the myocardium 
is maintained at normothermic temperature, continuous cardioplegia 
must be delivered to adequately supply substrate to the metabolically 
active myocardium. In most cases, this is done using continuous retro-
grade cardioplegia (discussed later).

A compromise temperature (tepid, 27° C to 30° C) also has been pro-
posed.497 Ikonomidis et al497 compared outcomes for patients receiving 
warm, tepid, or cold cardioplegia. Although numerous differences were 
found among the various groups, the recovery of LV stroke work at  
1 and 4 hours after surgery was optimal in the tepid group. The research-
ers concluded that tepid cardioplegia provided better overall protec-
tion with superior functional recovery.498 Hayashida et al498 conducted 
a randomized trial comparing the effects of cold (9° C), tepid (29° C), 
and warm (37° C) cardioplegia in 42 patients undergoing CABG sur-
gery. Overall, the investigators found that Mvo

2
 and lactate production 

were greatest in the warm group, intermediate in the tepid group, and 
least in the cold cardioplegia group. However, early postoperative LV 
function was optimized in the tepid cardioplegia group.498

Cardioplegia Delivery Routes
If using tepid or warm cardioplegia administration, the continuous 
administration of this cardioplegia needs to be ensured. Retrograde 
cardioplegia, in which a cardioplegia catheter is introduced into the 
coronary sinus, allows for almost continuous cardioplegia administra-
tion. Retrograde delivery is also useful in settings in which antegrade 
cardioplegia is problematic, such as with severe aortic insufficiency or 
during aortic root or aortic valve (and, frequently, mitral) surgery. It 
also allows the distribution of cardioplegia to areas of myocardium 
supplied by significantly stenosed coronary vessels. Retrograde car-
dioplegia has proved safe and effective for cardioplegia in patients with 
CAD and in those undergoing valve surgery.499,500 With the administra-
tion of retrograde cardioplegia, certain provisos should be considered. 
The acceptable perfusion pressure to limit perivascular edema and 
hemorrhage needs to be limited to less than 40 mm Hg.501

Two trials added information about cardioplegia routes of delivery. 
The CABG patch trial502 enrolled high-risk CAD patients with impaired 
LV function and demonstrated the superiority of the combined ante-
grade and retrograde delivery of blood cardioplegia compared with 
antegrade cardioplegia alone. The limitation of this trial was that the 
antegrade group received crystalloid cardioplegia (as opposed to blood 
cardioplegia in the antegrade-retrograde group), raising questions 
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about whether the differences in the groups were seen because of the 
route of administration or the constituents of the cardioplegia itself.  
A second trial failed to demonstrate any differences when the adminis-
tration of intermittent antegrade cold blood cardioplegia was compared 
with a group receiving antegrade cold blood cardioplegia induction 
 followed by retrograde cold blood maintenance for valve surgery.503 
They did find that the antegrade-retrograde approach was technically 
more convenient, allowing for shorter aortic cross-clamp times.

Retrograde cardioplegia does have some limitations. Although the 
retrograde approach has been shown to effectively deliver cardioplegia 
adequately to the left ventricle, because of shunting and blood flowing 
into the atrium and ventricles by the thebesian veins and various arte-
riosinusoidal connections, the right ventricle and septum frequently 
receive inadequate delivery of cardioplegia. Difficulties with retrograde 
delivery also can occur if the coronary sinus catheter is placed beyond 
the great cardiac vein, or if anatomic variants occur that communi-
cate with systemic veins, such as a persistent left superior vena cava 
(SVC).501,504,505 Because retrograde cardioplegia is inefficient in produc-
ing arrest of the beating heart, induction of arrest with this technique 
must be achieved by a single antegrade infusion of cardioplegia before 
its institution (Box 28-3; see Chapter 29).

Ischemic Preconditioning
Myocardial stunning during cardiac surgery is affected by several 
parameters. The preischemic state of the myocardium can influence 
the degree of stunning that follows an ischemic event. Ischemic pre-
conditioning (IPC) is endogenous myocardial protection triggered by 
exposure to brief (5 to 15 minutes) periods of ischemia. IPC is a natural 
defense mechanism that permits the heart to better tolerate myocardial 
ischemia. Although brief ischemic episodes in themselves result in stun-
ning, they also build up a temporary resistance to the adverse effects of 
subsequent more prolonged ischemia.506,507 IPC has been well described 
experimentally.508–510 Several proposed mechanisms are responsible for 
IPC, including the activation of several myocardial G protein–coupled 
receptors, most notably A

1
 adenosine and 

1
-adrenergic receptors.511 

Protein kinase C appears to be a key cellular mediator of IPC, in part 
through activation of ATP-sensitive potassium channels.512

Myocardial protection strategies continue to be an active area of 
investigation, including assessment of IPC. Attempts to induce IPC by 
brief ischemia or pharmacologic means before CPB have been assessed 
in human cardiac surgical patients. Sevoflurane, a frequently used vola-
tile anesthetic, has been demonstrated to pharmacologically replicate 
IPC.513 Administration of adenosine, before bypass or in cardioplegic 
solutions, has been studied as a pharmacologic means to induce IPC. 
It has been associated with reduced postoperative myocardial injury, 
reduced inotropic requirements, and improved myocardial recov-
ery.514,515 The potential for myocardial stunning after beating heart 
OPCAB has not been fully assessed. Intermittent coronary occlusion 
before OPCAB to induce IPC, although unclear as to its effect, has also 
undergone clinical assessment.516 (See Chapter 9.)

GASTROINTESTINAL COMPLICATIONS

Incidence and Significance
Gastrointestinal (GI) complications after cardiac surgery, although 
occurring relatively infrequently (0.5% to 5.5%), portend a signifi-
cantly increased risk for overall adverse patient outcome. The  variability 

in the reported incidence of GI complications is partly a reflection of 
how they are defined, as well as the variable patient and operative risk 
factors in the studied cohorts.517–528 As devastating as they are, because of 
the relative low incidence, studies of GI complications are few. Although 
the most commonly considered GI complications include pancreatitis, 
GI bleeding, cholecystitis, and bowel perforation or infarction, hyper-
bilirubinemia (total bilirubinemia > 3.0 mg/dL) also has been described 
as an important complication after cardiac surgery. In one of the larg-
est prospective studies examining these complications after CPB, 
McSweeney et al525 studied 2417 patients undergoing CABG (with or 
without concurrent intracardiac procedures) in a multicenter study in 
the United States. The overall incidence rate of GI complications in this 
study was 5.5%, ranging from 3.7% for hyperbilirubinemia to 0.1% for 
major bowel perforation or infarction (Table 28-10).

In addition to their association with other morbid events, adverse 
GI complications are significantly associated with increased mortality 
after cardiac surgery.525,529–531 The average mortality among subtypes of 
GI complications in the study by McSweeney et al525 was 19.6%, and 
in other reports, the mortality rate ranges from 13% to 87%, with an 
overall average mortality rate of 33%. Even the seemingly insignificant 
complication of having an increased laboratory measurement of total 
bilirubin was associated with a 6.6 odds ratio of death in McSweeney 
et al's study, compared with a death odds ratio of 8.4 for all adverse 
GI outcomes combined. Apart from the significant effect on mortality, 
the occurrence of an adverse GI outcome also significantly increases 
the incidence of perioperative myocardial infarction, renal failure, and 
stroke, as well as significantly prolonging ICU and hospital length of 
stay.525

Risk Factors
Many preoperative, intraoperative, and postoperative risk factors for GI 
complications have been identified in a number of studies.523,525,532–537 
Because many factors are associated with one another, it is only when 
these risk factors are examined in multivariable analyses that a more 
accurate understanding of what the most significant risk factors for 
visceral complications after cardiac surgery are. Table 28-11 represents 
the most consistently reported risk factors for GI complications after 
cardiac surgery: Before surgery, age (> 75 years), history of congestive 
heart failure, presence of hyperbilirubinemia (> 1.2 mg/dL), combined 
cardiac procedures (e.g., CABG plus valve), repeat cardiac operation, 
preoperative ejection fraction less than 40%, preoperative increases in 
partial thromboplastin time, and emergency operations; intraopera-
tively, prolonged CPB, use of TEE, and blood transfusion; and postop-
eratively, requirements for prolonged inotropic vasopressor support, 
IABP use for the treatment of low cardiac output; and prolonged  

BOX 28-3. USES FOR RETROGRADE CARDIOPLEGIA

Adverse Gastrointestinal Outcomes

No. of Patients

Percentage of 
Patients with a 
Gastrointestinal 
Event (n = 133)

Percentage of 
Total Patients  
(N = 2417)

Hyperbilirubinemia, 
total*

90 67.7 3.7

3.1–5.0 mg/dL 54 40.6 2.2
5.1–9.0 mg/dL 19 14.2 0.8
>9.0 mg/dL 17 12.8 0.7
Gastrointestinal 

bleeding
28 21.0 1.2

Pancreatitis 19 14.3 0.8
Cholecystitis  7  5.3 0.3
Bowel perforation  2  1.5 0.1
Bowel infarction  2  1.5 0.1

TABLE  
28-10

*Hyperbilirubinemia was defined as maximum total bilirubin after surgery of 3.0 mg/dL.
From McSweeney ME, Garwood S, Levin J, et al: Adverse gastrointestinal complications 

after cardiopulmonary bypass: Can outcome be predicted from preoperative risk 
factors? Anesth Analg 98:1610, 2004.
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ventilatory support are all risk factors. These factors identify patients at 
high risk, and they lend some credence to the overall pathophysiology 
and suspected causes of these adverse events. If there is a common link 
among all these risks, it is that many of these factors would be associ-
ated with impairment in oxygen delivery to the splanchnic bed.

Pathophysiology and Causative Factors
Impairments in splanchnic perfusion commonly occur during even 
the normal conduct of cardiac surgery. When these are superimposed 
on an already depressed preoperative cardiac output or associated 
with prolonged postoperative low cardiac output, the impairment in 
splanchnic blood flow is further perpetuated. The systemic inflam-
matory response to CPB itself can be initiated by splanchnic hypop-
erfusion by means of translocation of endotoxin from the gut into 
the circulation. De novo splanchnic hypoperfusion can be a result of 
the humoral vasoactive substances that are released by inflammation 
remote from the gut.538–540 Another causative factor for GI complica-
tions directly related to splanchnic hypoperfusion is atheroembolism. 
Several studies have directly attributed atheroembolism to splanchnic 
hypoperfusion and gut infarction.532,536,541 Prolonged ventilator sup-
port is another causative factor for GI complications. Several lines of 
investigation have described a relation between prolonged ventila-
tion and GI adverse events; this likely results from a direct effect of 
positive-pressure ventilation impairing cardiac output and, subse-
quently, splanchnic perfusion.521,523,535,542 Lung volume reduction sur-
gery and lung transplantation also produce (approximately 9%) GI 
complications.543,544

Protecting the Gastrointestinal Tract 
during Cardiac Surgery
As with other aspects of organ protection, critical causative factors 
need to be addressed with specific targeted therapies (Box 28-4). 
Unfortunately, as with most other organ-protective strategies, the 
major limitation in making definitive recommendations is an over-
all lack of large, well-controlled, prospectively randomized  studies to 

provide supportive data for any one particular technique. However, 
some recommendations can be made, and attention can be focused on 
a number of other less well-studied but potentially valid strategies.

Cardiopulmonary Bypass Management
Because CPB itself has been shown to impair splanchnic blood flow, 
modifications in how it is conducted may have some salutary effects 
on GI tract integrity. Several studies have focused on the issue of 
the relative importance of pressure versus flow during CPB, dem-
onstrating that it is likely more beneficial to maintain an adequate 
bypass flow rate than only maintaining pressure during bypass.545–547 
The addition of significant vasoconstrictors to artificially maintain 
an adequate MAP in the presence of inadequate flow on CPB may 
lead to further compromise of splanchnic blood flow. Few defini-
tive data offer guidance about pulsatility. Some studies have shown 
improvements with pulsatility by indirect measurements (i.e., gas-
tric mucosal intracellular pH), but no studies have found defini-
tive differences in clinical outcomes. Similarly, the optimal bypass 
temperature to protect the gut also is unknown. Just as aggressive 
rewarming can be injurious to the brain,63 there is some evidence 
that rewarming can cause increases in visceral metabolism, mak-
ing any overshoot in temperature suspect by adversely altering the  
balance of gut oxygen consumption and delivery.548

Emboli Reduction
Whereas microembolization and macroembolization to the splanchnic 
bed clearly occur during CPB and possibly even during the postby-
pass period, there are few data to determine whether emboli reduc-
tion strategies can alter GI outcome. Mythen et al549 found a relation 
between transcranial Doppler–detected emboli (used as a surrogate 
for overall microembolic load within the body) and adverse changes 
in gastric mucosal intracellular pH. However, with respect to micro-
embolization, a trial that used an intra-aortic filter to reduce athero-
emboli failed to have any influence on the rate of GI complications.99 
It remains prudent to avoid maneuvers (i.e., aortic cannulation and 
cross-clamping) in areas of high atheroma burden, which is an overall 
tenet of cardiac surgery for the prevention of all other complications.

Drugs
A range of vasoactive drugs has been used to enhance splanchnic 
blood flow during CPB. It is likely that most of these drugs, such as 
the phosphodiesterase III inhibitors, dobutamine, and other inotro-
pic agents, maintain or enhance splanchnic blood flow not because 
of a direct effect on the vasculature but by the inherent enhancement 
in cardiac output. Dobutamine and dopamine have had a paradoxic 
detrimental effect on the splanchnic vasculature, with some evidence 
that they cause further mucosal ischemia.550,551 Dopexamine also 

Commonly Identified Risk Factors for Visceral Complications after Cardiac Surgery

Preoperative Risk Factors Type of Cardiac Surgery Cardiopulmonary Bypass Factors Postoperative Risk Factors

Age Emergency surgery Duration of CPB Low cardiac output, use of 
inotropes, vasopressors, or IABP

History of CHF or low EF Reoperations Cross-clamp duration Reoperation for bleeding
Renal insufficiency Valve or combined procedures Loss of normal sinus rhythm
Peptic ulcer disease, chronic lung disease, 

recent acute myocardial infarction,  
diabetes mellitus, peripheral vascular 
disease, use of IABP*

Cardiac transplantation Renal failure

Ventilation > 24 hours
ICU stay > 1 day
Increased bilirubin or lactate level, 

mediastinitis*

TABLE  
28-11

*Less commonly mentioned risk factors.
CHF, congestive heart failure; CPB, cardiopulmonary bypass; EF, ejection fraction; IABP, intra-aortic balloon bump; ICU, intensive care unit.
From Hessel EA 2nd: Abdominal organ injury after cardiac surgery. Semin Cardiothorac Vasc Anesth 8:243, 2004.

BOX 28-4. PROTECTING THE GASTROINTESTINAL 
TRACT DURING CARDIOPULMONARY BYPASS
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has been studied in a small group that did show an improvement 
in mucosal blood flow (using laser–Doppler flowmetry), but there 
was no beneficial effect on gastric mucosal intracellular pH.552 An 
increasingly common drug in the setting of cardiac surgery is vaso-
pressin. Although vasopressin clearly can augment systemic MAP, it 
does so at the cost of severe impairments to splanchnic blood flow.553 
Although there are always trade-offs when choosing which vasoac-
tive agent to use, if having a very low MAP is going to be detrimental 
to other organ systems, the choice to use vasopressin should at least 
be made with the knowledge that it can have an adverse effect on 
splanchnic blood flow.

Selective Gastrointestinal Decontamination
Addressing the concept that gut translocation of endotoxin plays a role 
in inflammation and other organ injuries, one interesting therapy that 
has been tried in the setting of cardiac surgery involves the administra-
tion of oral antibiotics to selectively decontaminate the GI tract before 
surgery.554 Although examined in a small (N = 100) study, a combina-
tion of oral polymyxin, tobramycin, and amphotericin before surgery 
for 3 days reduced the degree of endotoxemia, it was not associated 
with a beneficial effect on patient outcomes. One possible explanation 
is that there is such an overwhelmingly large depot of gram-negative 
organisms in the GI tract that the elimination of even a large population 
of these by oral antibiotics still leaves significant repositories of endo-
toxin in the gut. Killing these bacteria may in itself cause the release of 
the endotoxin, which can then be absorbed into the systemic circulation 
by impairment of mucosal blood flow inherent in the unphysiologic 
flow during CPB.

Off-Pump Cardiac Surgery
There is little evidence that the use of off-pump cardiac surgery is in 
any way beneficial to the GI tract. Three retrospective studies525,533,555 
have shown no differences in GI complications. One reason for this 
lack of apparent difference between on-pump and off-pump cardiac 
surgery may again be related to the common denominator of splanch-
nic perfusion. OPCAB surgery is fraught with hemodynamic compro-
mise that may lead to prolonged periods of splanchnic hypoperfusion 
by itself or as a result of the concurrent administration of vasopressors 
to maintain normal hemodynamics during the frequent manipulations 
of the heart.

Anti-inflammatory Therapies
Although the inflammatory response to CPB has been implicated as 
a causative factor in GI complications after cardiac surgery, few data 
are available to assess the ability of various anti-inflammatory thera-
pies (e.g., corticosteroids, aprotinin, complement inhibitors) to reduce 
these types of complications.

LUNG INJURY DURING CARDIAC SURGERY

Incidence and Significance
Pulmonary dysfunction was one of the earliest recognized complica-
tions of cardiac surgery using CPB.556 However, as improvements in 
operative technique and CPB perfusion technologies occurred, the over-
all frequency and severity of this complication decreased. Juxtaposed to 
the improvements in cardiac surgery, which led to an overall reduction 
in complications, is an evolving patient population that now comprises 
a higher risk group with a greater degree of pulmonary comorbidities, 
increasing their risks for postoperative pulmonary dysfunction. With 
the advent of fast-track techniques,557 even minor degrees of pulmo-
nary dysfunction have reemerged as significant contributors to patient 
morbidity and the potential need for extended postoperative ventila-
tion. As with most postoperative organ dysfunction, there is a range 
of dysfunction severity. Arguably, some degree of pulmonary dysfunc-
tion occurs in most patients after cardiac surgery; however, it manifests 
clinically only when the degree of dysfunction is particularly severe 

or the pulmonary reserve is significantly impaired.558,559 As a result,  
even minor CPB-related pulmonary dysfunction can cause significant 
problems in some patients.

The full range of reported pulmonary complications includes sim-
ple atelectasis, pleural effusions, pneumonia, cardiogenic pulmonary 
edema, pulmonary embolism, and various degrees of acute lung injury 
ranging from the mild to the most severe (i.e., acute respiratory distress 
syndrome [ARDS]). Although the final common pathway in all these 
forms of pulmonary dysfunction complications is the occurrence of 
hypoxemia, these complications vary widely in their incidence, cause, 
and clinical significance. Understanding that the changes that occur 
after CPB represent a continuum, it becomes necessary to define what 
constitutes pulmonary dysfunction and injury.

Definitions have varied. One commonly accepted definition that 
was used in a large study (N = 1461 patients) performed in the set-
ting of cardiac surgery defined acute pulmonary dysfunction as a 
patient requiring mechanical ventilation with a Pao

2
/Fio

2
 ratio of less 

than 150, irrespective of positive end-expiratory pressure, coupled 
with a chest radiograph that indicated the development of bilateral 
pulmonary infiltrates, assuming that other causes of hypoxia such 
as pneumothorax could be excluded. Using this definition, approx-
imately 12% of patients on admission to the cardiovascular ICU 
after cardiac surgery met the criteria of early acute pulmonary dys-
function.560,561 Early acute pulmonary dysfunction should be differ-
entiated from the more severe but less common ARDS that occurs 
in 1% to 2% of patients.560,562 Although these two forms likely repre-
sent similar processes with different degrees of severity, ARDS differs 
 particularly in its timing. The definition of ARDS in the setting of car-
diac surgery generally requires the presence of refractory hypoxemia,  
diffuse bilateral pulmonary infiltrates on chest radiograph, the require-
ment for mechanical ventilation with an Fio

2
 of more than 0.40, and 

most importantly, duration of at least 3 days (as opposed to on admis-
sion to the ICU). This must be in the presence of a low pulmonary 
capillary wedge pressure (< 18 mm Hg). In Welsby et al's563 study of 
2609 consecutive adult cardiac surgery patients, 7.5% of whom had 
pulmonary complications, the overall mortality rate was 21%, with 
64% of these patients remaining in the hospital more than 10 days. 
In another study, the most significantly affected patients (i.e., those 
with ARDS) had a mortality rate upward of 80%.564 These significant 
morbidity and mortality rates lend credence to pulmonary complica-
tions remaining as significant and relevant today as in the early days 
of cardiac surgery.

Atelectasis and pleural effusions are the most common pulmonary 
abnormalities seen after cardiac surgery, presenting in more than 60% 
of patients.565,566 Atelectasis commonly is attributed to a number of 
intraoperative and postoperative events. With the induction of general 
anesthesia, physical compression of the left lower lobe to aid exposure 
of the heart and facilitate in the dissection of the internal mammary 
artery and the apnea occurring during the conduct of CPB itself have 
been implicated.567,568 Postoperative causes include the poor respiratory 
efforts by patients with impaired coughing, lack of deep inspirations, 
and pleural effusions.569 Despite a high incidence of these radiographi-
cally recognized complications, the clinical significance is relatively 
low.570,571

Similar to atelectasis, pleural effusions, despite occurring commonly 
after cardiac surgery (40% to 50%), rarely cause significant perioper-
ative morbidity. More common in the left thorax, likely as a conse-
quence of the bleeding from the dissection of the internal mammary 
artery, other causes of pleural effusions relate to continued postopera-
tive bleeding, pulmonary edema from cardiogenic and noncardiogenic 
causes, and pneumonia. Surgical trauma also can disrupt the normal 
pleural lymphatic flow through the thorax and, rarely, direct dam-
age to the thoracic duct can lead to the development of a chylothorax. 
Small effusions tend to resolve over time (a few months after surgery) 
and rarely require any specific treatment. However, large pleural effu-
sions that compromise the underlying lung respond well to thoracen-
tesis and temporary chest tube placement, but if persistent, they may 
require decortication.
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Pneumonia after cardiac surgery also has a variable incidence but a 
much greater significance to overall patient outcome. Reported rates 
of pneumonia range widely from 2% to 22%.572–575 Pneumonia occur-
ring early after cardiac surgery portends a poor outcome, illustrated in 
one study by a mortality rate of 27%.576 A number of factors increase 
the risk for postoperative pneumonia, including smoking, the presence 
of chronic obstructive pulmonary disease, other pulmonary complica-
tions requiring prolonged intubation, significant cardiac failure itself, 
and the transfusion of large volumes of blood products.

Risk Factors for Pulmonary Dysfunction
Rady et al560 defined preoperative, operative, and postoperative variables 
that represent risk factors for early pulmonary dysfunction after car-
diac surgery. Although it is not entirely clear whether any of these risk 
factors can be modified, identifying their presence increases the level 
of vigilance for the subsequent development of pulmonary dysfunc-
tion. The risk factors for the most severe ARDS syndrome as defined by 
Christenson et al562 include hypertension, current smoking, emergency 
surgery, congestive heart failure (New York Heart Association Class III 
and IV), low postoperative cardiac output, and a LV ejection fraction 
of less than 40%. More recently, Filsoufi et al reported the risk fac-
tors for respiratory failure, focusing on valve surgery patients.577 They 
studied 2808 patients having risk factors of preoperative renal failure, 
female sex, ejection fraction less than 30%, double-valve procedures, 
active endocarditis, advanced age (> 70 years), congestive heart failure, 
reoperation, emergent procedures, previous myocardial infarction, and 
prolonged (> 180 minutes) CPB time.

Pathophysiology and Causative Factors
Studies have demonstrated CPB-induced changes in the mechani-
cal properties (i.e., elastance or compliance and resistance) of the 
pulmonary apparatus (particularly the lung as opposed to the chest 
wall) and changes in pulmonary capillary permeability. Impairment 
in gas exchange has been demonstrated to be a result of atelectasis 
with concomitant overall loss of lung volume.556,578–582 Most research 
has focused on the development of increases in pulmonary vascu-
lar permeability (leading to various degrees of pulmonary edema) 
as the principal cause of the impaired gas exchange that occurs dur-
ing cardiac surgery and results in a high alveolar-arteriolar gradient 
(A-a Do

2
).

The cause of pulmonary dysfunction and ARDS after cardiac sur-
gery is complex but largely revolves around the CPB-induced systemic 
inflammatory response with its associated increase in pulmonary 
endothelial permeability.583,584 A central causative theme is a significant 
upregulation in the inflammation induced because of the interaction 
between the blood and foreign surfaces of the heart-lung machine or 
the inflammation related to the consequences of splanchnic hypop-
erfusion with the subsequent translocation of significant amounts of 
endotoxin into the circulation. Endotoxin is proinflammatory, and it 
has direct effects on the pulmonary vasculature.585 Clinical studies have 
demonstrated an increase in circulating intracellular adhesion mole-
cules after CPB in patients with development of acute lung injury.586 
Pathologic examination of the lungs of patients manifesting ARDS has 
shown extensive injury to the tissue, including swelling and necrosis 
of endothelial cells and type I and II pneumocytes.587 In addition to 
CPB-mediated inflammation, inflammation mediated by endotoxemia 
has been reported. Several studies have identified transfusion of packed 
RBCs (> 4 units) as a risk factor for ARDS in the cardiac surgical 
patient.588,589 Transfusion-related ARDS has been repeatedly recorded 
in noncardiac surgical settings.

Pulmonary Thromboembolism
Although not an injury to the lungs occurring as a direct result of 
CPB itself, deep vein thrombosis (DVT) and pulmonary embolism 
occur with regular frequency in the cardiac surgical population. The 

 incidence rate of pulmonary embolism after cardiac surgery ranges 
from 0.3% to 9.5%, with a mortality rate approaching 20%.326,590,591 The 
incidence of pulmonary embolism appears to be lower after valve sur-
gery compared with CABG, which may be because of the anticoagula-
tion that is started soon after valve surgery.591,592

The incidence rate of DVT is 17% to 46%, with most cases being 
asymptomatic.326,591 The greater incidences were reported from series 
that used lower extremity ultrasound to more comprehensively exam-
ine populations.326 DVT has been reported for the leg from which the 
saphenous vein grafts were harvested and for the contralateral leg.591,593 
In a study of post-CABG patients (n = 270) admitted to a rehabili-
tation unit who underwent lower extremity ultrasound examinations, 
DVT was detected in 17%, with two patients subsequently experienc-
ing development of pulmonary emboli.594 In a postmortem study in 
147 patients after cardiac surgery, pulmonary embolism was the cause 
of death for 4% (see Chapter 24).

The recommendations for DVT prophylaxis in cardiac surgery 
are aspirin and elastic gradient compression stockings in patients 
who ambulate within 2 to 3 days after surgery, and low-molecular-
weight heparin and sequential compression stockings in nonambula-
tory patients.326 These recommendations are based on a randomized 
trial in which prophylaxis with sequential pneumatic compression 
stockings provided no added protection against DVT in ambulating 
CABG patients treated with aspirin and elastic gradient-compression 
stockings.595

Pulmonary Protection
Ventilatory Strategies
Several studies have examined the use of continuous positive airway 
pressure during CPB as a means to minimize the decrement in the 
A-a Do

2
 gradient that can occur after surgery. In a small study by Gilbert 

et al,596 the effect of continuous positive airway pressure was examined 
in a randomized trial of 18 patients undergoing CABG surgery with 
CPB. Continuous positive airway pressure did not appear to make 
any difference with respect to changes in measured lung resistance 
and elastance. In a larger (N = 61) study by Berry et al,597 continu-
ous positive airway pressure did appear to have some transient benefi-
cial effects on A-a Do

2
; however, these minor differences dissipated 4 

hours after bypass. Overall, it is unlikely that continuous positive air-
way pressure plays any major role in preventing or treating the pulmo-
nary dysfunction that occurs in the setting of cardiac surgery.

The inspired oxygen content of the gases that the lungs see dur-
ing the period of apnea during CPB may have an effect on the A-a 
Do

2
 gradient, probably because of the enhanced effect of greater 

Fio
2
 on the atelectasis (so-called absorption atelectasis). With these 

findings in mind, it would be prudent to reduce the Fio
2
 to room 

air levels during CPB. Several simple therapies can be introduced 
before separation from CPB, including adequate tracheobronchial 
toilet and the delivery of several vital capacity breaths that may 
reduce the amount of atelectasis that has occurred during CPB568 
(Box 28-5; see Chapter 35).

Ventilatory support of patients with acute lung injury (including 
ARDS) has undergone changes.598,599 Although not studied specifi-
cally in the setting of cardiac surgery, a study authored by the Acute 
Respiratory Distress Syndrome network highlighted the avoidance 
of ventilator-associated pulmonary mechanotrauma.599 Delivery of 

BOX 28-5. STRATEGIES TO PROTECT THE LUNGS

2
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repeated large tidal volumes may damage the alveoli and other small 
lung structures, and these mechanical stresses may activate a pulmo-
nary inflammatory response with a local release of cytokines, further 
enhancing injury to the lungs. As a result, these groups of investiga-
tors randomized patients to small (approximately 6 mL/kg) or tradi-
tional tidal volumes (12 mL/kg). They demonstrated that the low tidal 
volume ventilation strategy could reduce mortality in patients with 
ARDS by up to 25%. It would be prudent to use this beneficial ventila-
tor strategy in the cardiac surgical patient presenting with significant 
acute lung injury.

Pharmacologic Pulmonary Protection
Steroids
Anti-inflammatory therapies may play a role in moderating the effects 
of the more significant forms of pulmonary dysfunction that occur 
after cardiac surgery and that have inflammation as a central caus-
ative factor. However, with the exception of corticosteroids, few anti-
inflammatory therapies are available for routine use. Corticosteroid 
use can reduce the amount of systemic inflammation as measured by 
circulating cytokines.600–602 However, this has not been coupled with 
a reduction in pulmonary dysfunction. Chaney et al, in two separate 
studies,187,603 demonstrated that relatively high doses of methylpred-
nisolone actually had a detrimental effect on post-CPB pulmonary 
function. Both studies demonstrated no improvement or worsen-
ing in lung compliance, shunt, A-a Do

2
, and delays in extubation. It 

was speculated that the A-a Do
2
 deterioration and delayed pulmo-

nary extubation associated with steroid administration were attribut-
able to steroid-induced sodium retention and vasodilation resulting 
in increased shunt and increased lung water content with pulmonary 
edema. Steroid administration led to significant hyperglycemia, which 
is difficult to treat during CPB.603 In a similar study by Oliver et al602 
comparing placebo with steroids or hemofiltration, the steroid-treated 
patients had larger increases in postoperative A-a Do

2
 gradients. Using 

a preset mechanical ventilation protocol to guide ventilation weaning, 
steroids again failed to reduce the time to tracheal extubation (519 
± 293 vs. 618 ± 405 minutes; P = 0.21), confirming Chaney et al's603 
findings.

Aprotinin
The nonspecific serum protease inhibitor aprotinin was used to reduce 
blood loss and transfusion after cardiac surgery, and there is some 
evidence that it reduced CPB-related systemic inflammation.604–606 
Aprotinin was first investigated for use in the setting of cardiac surgery 
as a means to protect the lungs from the whole-body inflammatory 
response initiated as a result of the contact activation of blood with the 
foreign surfaces of the CPB apparatus.607,608 These studies serendipi-
tously discovered aprotinin's salutary effect on preventing blood loss 
and transfusion in cardiac surgery.609 After these studies, aprotinin was 
extensively evaluated for its blood loss and transfusion-sparing effects, 
with little further work focused on the pulmonary effects. Despite 
being a robust inhibitor of CPB-related inflammatory response, any 
ability to prevent the pulmonary complications of CPB has not yet 
been demonstrated.

Nitric Oxide
Consistent sequelae of pulmonary dysfunction include the develop-
ment of variable degrees of increased pulmonary vascular resistance 
and pulmonary hypertension. As a result, several pulmonary vasodila-
tors have been used, most notably inhaled NO, in an attempt to reduce 
the pulmonary artery pressures and with it the workload of the right 
ventricle.610–612

NO has been used in cardiac surgery and in heart and lung trans-
plantation as a selective pulmonary vasodilator.613 However, no trials 
have demonstrated any beneficial use for its prophylactic adminis-
tration in the setting of cardiac surgery. Although it has statistically 
 significantly reduced pulmonary artery pressures in cardiac surgery, it 
is unclear whether these reductions are reflected in improvements in 
overall outcome.

MANAGEMENT OF BYPASS:  
AN OVERVIEW

The Prebypass Period
An important objective is to prepare the patient properly for CPB 
(Box 28-6). This phase invariably involves two key steps: anticoagula-
tion and vascular cannulation. With rare exception,614 heparin is still 
the anticoagulant clinically used for CPB. Dose, method of admin-
istration, and opinions as to what constitutes adequate anticoagula-
tion vary. Heparin must be administered before cannulation for CPB, 
even if cannulation must be done emergently. Failure to do so is to risk 
thrombosis in both the patient and extracorporeal circuit. Chapters 30 
and 31 offer a complete discussion of hemostasis management for the 
cardiac surgery patient. After heparin has been administered, a period 
of at least 3 minutes is customarily allowed for systemic circulation and 
onset of effect. An activated coagulation time or heparin concentration 
measurement demonstrating actual achievement of adequate antico-
agulation is then performed.

Vascular Cannulation
The next major step in the prebypass phase is vascular cannulation. 
The goal of vascular cannulation is to provide access whereby the CPB 
pump may divert all systemic venous blood to the pump oxygenator 
at the lowest possible venous pressures and deliver oxygenated blood  
to the arterial circulation at pressure and flow sufficient to maintain 
systemic homeostasis (see Chapter 29).

Arterial Cannulation
Arterial cannulation generally is established before venous cannulation 
to allow volume resuscitation of the patient, should it be necessary. 
The ascending aorta is the preferred site for aortic cannulation because 
it is easily accessible, does not require an additional incision, accom-
modates a larger cannula to provide greater flow at a reduced pres-
sure, and carries a lower risk for aortic dissection compared with other 
arterial cannulation sites (femoral or iliac arteries). Because hyperten-
sion increases the risk for aortic dissection during cannulation, the 
aortic pressure may be temporarily reduced (MAP < 70 mm Hg) dur-
ing aortotomy and cannula insertion. Several potential complications 
are associated with aortic cannulation including embolization of air 
or atheromatous debris, inadvertent cannulation of aortic arch vessels, 
aortic dissection, and other vessel wall injury.615–620

Reviews and clinical reports emphasize the importance of embo-
lization as the major mechanism of focal cerebral injury in cardiac 
surgery patients. Barzilai et al621 and Wareing et al616 reported intra-
operative use of two-dimensional epiaortic ultrasound imaging as a 
guide to selection of cross-clamping and cannulation sites. In 24% 
and 33% of the patients in these studies, respectively, ultrasonic find-
ings led to selection of alternate cannulation sites. A femoral or axil-
lary artery, rather than the ascending aorta, can be cannulated for 
systemic perfusion. These alternate sites can be used when ascending 
aortic cannulation is considered relatively contraindicated, as in severe 
aortic atherosclerosis, aortic aneurysm or dissection, or known cystic 
medial necrosis.8,118,622,623 The anesthesiologist can look for  evidence of 
cannula malposition by checking for unilateral blanching of the face, 
gently palpating carotid artery pulses for new unilateral  diminution, 

BOX 28-6. MANAGEMENT BEFORE 
CARDIOPULMONARY BYPASS
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and by measuring blood pressure in both arms to check for new asym-
metries. However, robust assessments of CBFs can be made more reli-
ably with the use of near-infrared spectroscopy cerebral oximetry (see 
Chapter 16).

Venous Cannulation
Venous cannulation can be achieved using a single atrial cannula that 
is inserted into the right atrium and directed inferiorly (Figure 28-11). 
Drainage holes in this multistage cannula are located in the inferior 
vena cava (IVC) and right atrium to drain blood returning from the 
lower extremities and the SVC and coronary sinus, respectively. This 
technique has the advantage of being simpler, faster, and requiring only 
one incision; however, the quality of drainage can be compromised 
easily when the heart is lifted for surgical exposure.624 The bicaval can-
nulation technique, required in cases in which right atrial access is nec-
essary, involves cannulating the SVC and IVC (Figure 28-12). Loops 
placed around the vessels can be tightened to divert all caval blood flow 
away from the heart. Blood returning to the right atrium from the cor-
onary sinus will not be drained using this technique, so an additional 
vent or atriotomy is necessary.

During CPB, blood will continue to return to the left ventricle from 
a variety of sources, including the bronchial and thebesian veins, as 
well as blood that traverses the pulmonary circulation. Abnormal 
sources of venous blood include a persistent left SVC, systemic-to-
pulmonary shunts, and aortic regurgitation. It is important to avoid 
LV filling and distention during CPB to prevent myocardial rewarm-
ing, minimize LV wall tension, and limit myocardial oxygen demand.625 
This can be accomplished with the use of a vent placed in the left  
ventricle via the left superior pulmonary vein. Alternate sites include 

the pulmonary artery, the aortic root, or directly into the left ventricle 
via the ventricular apex.

Venous cannulae, using a multistage or bicaval cannula, are large and 
can impair venous return from the IVC or SVC. Superior vena caval 
obstruction is detected by venous engorgement of the head and neck, 
conjunctival edema, and increased SVC pressure. IVC obstruction is 
far more insidious, presenting only as decreased filling pressures and 
lowered venous return to the bypass circuit.

Femoral venous cannulation is sometimes used for CPB without, or 
before, sternotomy or right atrial cannulation (e.g., redos, ascending 
aortic aneurysms). Because of their comparatively small size and long 
length, venous return can be impaired but is optimized when the tip 
of the cannula is advanced (under TEE guidance) until it is placed at 
the level of the vena cava-right atrium junction. Kinetic or vacuum-
assisted negative pressure can be applied to further enhance drainage.

Other Preparations
Once anticoagulation and cannulation are complete, CPB can be insti-
tuted. Because there is redundant pulmonary artery catheter (PAC) 
length in the right ventricle, and the heart is manipulated during CPB, 
there is a tendency for distal migration of the catheter into pulmo-
nary artery branches.626 This distal migration of the catheter increases 
the risks for “overwedging” and pulmonary artery damage. During 
the prebypass phase, it is advisable to withdraw the PAC 3 to 5 cm to 
decrease the likelihood of these untoward events. It also is advisable 
to check the integrity of all vascular access and monitoring devices.  
A PAC placed through an external jugular627,628 or subclavian vein629 can 
become kinked or occluded on full opening of the sternal retractor.  
If TEE is being used, the probe should be placed in the “freeze” mode 
and the tip of the scope placed in the neutral and unlocked position. 
Leaving the electronic scanning emitter turned on during hypothermic 
CPB adds heat (in older TEE equipment models) to the esophagus and 
posterior wall of the ventricle.

RA

Ao

Figure 28-11 Aortic (Ao) and single, double-staged, right atrial 
(RA) cannulation. Notice the drainage holes of venous cannula in right 
atrium and inferior vena cava. (From Connolly MW: Cardiopulmonary 
Bypass. New York, Springer-Verlag, 1995, p 59.)

SVC

IVC

RA

Figure 28-12 Position of two-vessel cannulation of right atrium (RA) 
with placement of drainage holes into superior vena cava (SVC) and 
inferior vena cava (IVC). The aortic cannula is not shown. (From Connolly 
MW: Cardiopulmonary Bypass. New York, Springer-Verlag, 1995, p 59.)
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Before initiating CPB, the anesthesiologist should assess the depth of 
anesthesia and adequacy of muscle relaxation. It is important to main-
tain paralysis to prevent patient movement that could result in dislodg-
ment of bypass circuit cannulae and prevent shivering as hypothermia 
is induced (with the attendant increases in oxygen consumption).630 It 
often is difficult to determine the depth of anesthesia during the various 
stages of CPB. Because blood pressure, heart rate, pupil diameter, and 
the autonomic nervous system are profoundly affected by ECC (e.g., the 
heart is asystolic; blood pressure is greatly influenced by circuit blood 
flow; sweating occurs with rewarming), these variables do not reliably 
reflect the anesthetic state. Although hypothermia decreases anesthetic 
requirements, it is necessary to provide analgesia, hypnosis, and muscle 
relaxation during CPB. Useful adjuncts to assessing depth of anesthe-
sia are available in the form of processed EEG devices. For example, 
the bispectral index has proved useful in preventing awareness dur-
ing cardiac surgery.631 With the initiation of CPB and hemodilution, 
blood levels of anesthetics and muscle relaxants will acutely decrease. 
However, plasma protein concentrations also decrease, which increases 
the free-fraction and active drug concentrations. Every drug has a spe-
cific kinetic profile during CPB, and kinetics and pharmacodynamics 
during CPB will vary greatly among patients. Many clinicians admin-
ister additional muscle relaxants and opioids at the initiation of CPB. 
A vaporizer for potent inhalation drugs may be included in the bypass 
circuit. Hall et al632 presented an extended discussion of pharmacoki-
netics and bypass. A final inspection of the head and neck for color, 
symmetry, adequacy of venous drainage (neck vein and conjunctiva 
engorgement), and pupil equality is reasonable to serve as a baseline 
for the anesthetic state. A summary of preparatory steps to be accom-
plished during the prebypass phase is given in Table 28-12.

INITIATION AND DISCONTINUATION  
OF BYPASS SUPPORT

Initiation of Cardiopulmonary Bypass
Uncomplicated Initiation
Once all preparatory steps have been taken, the perfusionist progres-
sively increases delivery of oxygenated blood to the patient's arterial 
system, as systemic venous blood is diverted from the patient's right 
side of the heart, maintaining the pump's venous reservoir volume. 
After full flow is achieved, all systemic venous blood is (ideally) drained 
from the patient to the pump reservoir. An on-CPB checklist of issues 
to address shortly after initiation of bypass can serve as a valuable 

safety tool (Table 28-13). The central venous pressure (CVP) and pul-
monary arterial pressure should decrease to near zero (2 to 5 mm Hg), 
whereas systemic flow, arterial pressure, and oxygenation are main-
tained at desired values.

Hypotension with Onset of Bypass
Systemic arterial hypotension (MAP = 30 to 40 mm Hg) is relatively 
common on initiation of CPB. Gordon et al633 proposed that much of 
this could be explained by the acute reduction of blood viscosity that 
results from hemodilution with nonblood priming solutions. These 
investigators proposed systemic vascular resistance (SVR = MAP −  
CVP/CO) to be the product of blood viscosity ( ) and inherent sys-
temic vascular hindrance: SVR = SVH. MAP increases with initia-
tion of hypothermia-induced vasoconstriction, together with levels of 
endogenous catecholamines and angiotensin. The hemodilution also 
results in the loss of NO binding by hemoglobin634; the excess free NO 
can lead to further vasodilation. Treatment with -agonists usually is 
not necessary if the hypotension is brief (< 60 seconds). Of concern 
is the potential for myocardial and cerebral ischemia because hypo-
thermia has not yet been achieved.

Until the aortic cross-clamp is applied, the coronary arteries are per-
fused with hemodiluted, nonpulsatile blood. Schaff et al635 showed that 
subendocardial ischemia occurred in the distribution of critical coro-
nary stenosis when MAP was less than 80 mm Hg in the normothermic 
empty beating heart. If placement of the aortic cross-clamp is delayed, 
MAP should be maintained in the range of 60 to 80 mm Hg to sup-
port myocardial perfusion, especially in the presence of known coro-
nary stenosis or ventricular hypertrophy. This arterial pressure is likely 
adequate to maintain CBF until hypothermia is induced.

Unless pulsatile perfusion is used, once at full flow, the arterial pres-
sure waveform should be nonpulsatile except for small (5- to 10-mm 
Hg) sinusoidal deflections created by the roller pump heads. Continued 
pulsatile arterial pressure indicates that the left ventricle is receiving 
blood from some source.

Pump Flow and Pressure during Bypass
Pump flow during CPB represents a careful balance between the con-
flicting demands of surgical visualization and adequate oxygen delivery. 
Two different approaches exist. The first is to maintain oxygen delivery 
during ECC at normal levels for a given core temperature. Although 

Preparation for Bypass: Prebypass Checklist

1. Anticoagulation
a. Heparin administered
b. Desired level of anticoagulation achieved

2. Arterial cannulation
a. Absence of bubbles in arterial line
b. Evidence of dissection or malposition?

3. Venous cannulation
a. Evidence of superior vena cava obstruction?
b. Evidence of inferior vena cava obstruction?

4. Pulmonary artery catheter (if used) pulled back
5. Are all monitoring/access catheters functional?
6. Transesophageal echocardiograph (if used)

a. In “freeze” mode
b. Scope in neutral/unlocked position

7. Supplemental medications
a. Neuromuscular blockers
b. Anesthetics, analgesics, amnestics

8. Inspection of head and neck
a. Color
b. Symmetry
c. Venous drainage
d. Pupils

TABLE  
28-12 Checklist for Bypass Procedure

1. Assess arterial inflow
Is arterial perfusate oxygenated?
Is direction of arterial inflow appropriate?
Evidence of arterial dissection?
Patient's arterial pressure persistently low?
Inflow line pressure high?
Pump/oxygenator reservoir level declining?
Evidence of atrial cannula malposition?
Patient's arterial pressure persistently high or low?
Unilateral facial swelling, discoloration?
Symmetrical cerebral oximetry?

2. Assess venous outflow
Is blood draining to the pump/oxygenator's venous reservoir?
Evidence of SVC obstruction?
Facial venous engorgement or congestion, CVP increased?

3. Is bypass complete?
High-CVP/low-PA pressure?
Impaired venous drainage?
Low-CVP/high-PA pressure?
Large bronchial venous blood flow?
Aortic insufficiency?
Arterial and PA pressure nonpulsatile?
Desired pump flow established?

4. Discontinue drug and fluid administration
5. Discontinue ventilation and inhalation drugs to patient's lungs

TABLE  
28-13

CVP, central venous pressure; PA, pulmonary artery; SVC, superior vena cava.
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this may limit hypoperfusion, it does increase the delivered embolic 
load. The second approach is to use the lowest flows that do not result 
in end-organ injury. This approach offers the potential advantage of 
less embolic delivery, as well as potentially improved myocardial pro-
tection and surgical visualization.636,637 However, some of these advan-
tages are not seen when the left ventricle is vented during CPB.638

During CPB, pump flow and pressure are related through overall 
arterial impedance, a product of hemodilution, temperature, and arte-
rial cross-sectional area. This is important because the first two factors, 
hemodilution and temperature, are critical determinants of pump flow 
requirements. Pump flows of 1.2 L/min/m2 perfuse most of the micro-
circulation when the hematocrit is near 22% and hypothermic CPB 
is being used.639 However, at lower hematocrits or periods of higher 
oxygen consumption, these flows become inadequate.640–642 Because 
of changes in oxygen demand with temperature and the plateauing of 
oxygen consumption with increasing flow, a series of nomograms have 
been developed for pump flow selection (Figure 28-13).

In addition to use of these nomograms, most perfusion teams also 
monitor mixed venous saturation, targeting levels of 70% or greater. 
Unfortunately, this level does not guarantee adequate perfusion of all 
 tissue beds because some (muscle, subcutaneous fat) may be functionally 
removed from circulation during CPB.642 Hypothermic venous satura-
tion may overestimate end-organ reserves.643 Slater et al547 characterized 
the hierarchy of regional blood flows during CPB at 27° C. Animals were 
perfused at pump blood flows of 1.9, 1.6, 1.3, and 1.0 L/min/m2. Regional 
perfusion of various end organs (brain, kidney, small intestine, pancreas, 
and muscle) was quantified with a fluorescent microsphere technique. 
CBF was unchanged at the three highest pump flows. Renal perfusion 
was maintained at flows of 1.9 and 1.6 L/min/m2. Perfusion to the pan-
creas was constant at all flows studied, and small-bowel perfusion varied 
linearly with pump flow. Muscle bed flows were decreased at all flows. 
This study confirmed previous work regarding end-organ perfusion 
during CPB and highlighted the vulnerability of the kidneys to reduced 
flows at moderate hypothermia (see Chapter 29).

During CPB, most of the outcomes studied in relation to pump 
flow are those related to the organs at high risk for ischemic injury 
(i.e., kidney and brain). Much work has been devoted to examin-
ing the relation between renal dysfunction and pump flow.300,305,644,645 
Preexisting renal disease is a consistent predictor of postoperative 
renal dysfunction, the incidence of which ranges between 3% and 5%. 
Renal function appears unaltered when pump flows greater than 1.6 L/
min/m2 are used,644 but whether this management will affect outcomes 

in patients with preexisting renal dysfunction is less clear.645 Because 
of autoregulation, most studies,170,646 but not all,647 suggest that CBF is 
unaltered by variation in pump flow. At low-flow states, CBF probably 
is more dependent on perfusion pressure.648–650

Preparation for Separation
Before discontinuation of CPB, conditions that optimize cardiac and 
pulmonary function must be restored. To a great extent, this is achieved 
by reversing the processes and techniques used to initiate and maintain 
CPB (Table 28-14).

Potential for Patient Awareness
It is not uncommon for patients to sweat during rewarming. This 
almost certainly is caused by perfusion of the hypothalamus (i.e., the 
thermoregulatory site) with blood that is warmer than the latter organ's 
set point (37° C). The brain is a high-flow organ and can be assumed 
to equilibrate fairly quickly (10 to 15 minutes) with cerebral perfusate 
temperature (i.e., nasopharyngeal temperature). A less likely but more 
disturbing possibility is that restoration of brain normothermia with 
decreased anesthetic concentration may result in inadequate depth of 
anesthesia and the potential for awareness. It is estimated that awareness 
occurs during cardiac surgery in approximately 0.1% of patients.631

The following suggestions are made to attempt to limit the possibil-
ity and sequelae of awareness during cardiac surgery with CPB. During 
the preoperative evaluation, the possibility of awareness and why it 
could occur should be discussed with the patient. Use of volatile agents 
for their amnestic properties should be considered. During the post-
operative visit, a mechanism whereby the patient can freely communi-
cate perioperative experiences should be provided. Necessary support, 
including counseling, to minimize potential long-term psychologic 
problems should be provided if awareness is reported.

Patient movement before discontinuation of CPB is, at the least, 
extremely disruptive and may be genuinely life-threatening if it results in 
cannula dislodgment or disruption of the procedure. Additional muscle 
relaxant should be administered. If awareness is suspected, supplemen-
tal amnestics or anesthetics should be administered during rewarming. 
Because sweating stops almost immediately on discontinuation of CPB, 
continued sweating after emergence from CPB may be a sign of aware-
ness. Neurologic monitors such as the bispectral index can be used to help 
judge the depth of anesthesia during and after weaning from CPB.651
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Figure 28-13 Nomogram depicting the relation of oxygen consump-
tion (Vo2) to perfusion flow rate and temperature. The X on the curves 
represents common clinically used flow rates at the various tempera-
tures. (From Kirklin JW, Barratt-Boyes BG: Cardiac Surgery. New York, 
Wiley, 1986, p 35.)

Preparation for Separation-from-Bypass Checklist

1. Air clearance maneuvers completed
2. Rewarming completed

a. Nasopharyngeal temperature 36–37° C
b. Rectal/bladder temperature 35° C, but 37° C

3. Address issue of adequacy of anesthesia and muscle relaxation
4. Obtain stable cardiac rate and rhythm (use pacing if necessary)
5. Pump flow and systemic arterial pressure

a. Pump flow to maintain mixed venous saturation 70%
b. Systemic pressure restored to normothermic levels

6. Metabolic parameters
a. Arterial pH, Po

2
, Pco

2
 within normal limits

b. Hct: 20–25%
c. K+: 4.0–5.0 mEq/L
d. Ionized calcium

7. Are all monitoring/access catheters functional?
a. Transducers rezeroed
b. TEE (if used) out of freeze mode

8. Respiratory management
a. Atelectasis cleared/lungs re-expanded
b. Evidence of pneumothorax?
c. Residual fluid in thoracic cavities drained
d. Ventilation reinstituted

9. Intravenous fluids restarted
10. Inotropes/vasopressors/vasodilators prepared

TABLE  
28-14

Hct, hematocrit; TEE, transesophageal echocardiography.



868 SECTION V Extracorporeal Circulation

Rewarming
When systemic hypothermia is used, body temperature is restored to 
normothermia by gradually increasing perfusate temperature with 
the heat exchanger. Time required for rewarming (i.e., heat transfer) 
varies with arterial perfusate temperature, patient temperature, and 
systemic flow. Excessive perfusate heating is not advisable for at least 
three key reasons: possible denaturation of plasma proteins, possible 
cerebral hyperthermia, and the fact that dissolved gas can come out of 
solution and coalesce into bubbles if the temperature gradient is too 
great. Because small increases (0.5° C) in cerebral temperature exac-
erbate ischemic injury in the brain, it is critical to perfuse the patient 
with blood temperatures at or below 37° C. Although this will increase 
the duration of rewarming, the risk for hyperthermic brain injury is 
increased greatly with hyperthermic blood temperatures. Most cen-
ters now use mild hypothermia (i.e., systemic temperature = 31° C to 
34° C) instead of moderate hypothermia (26° C to 28° C), reducing 
the amount of heat transfer required to achieve normothermia dur-
ing rewarming.

Rewarming may be enhanced by increasing pump flow, which 
thereby increases heat input. At levels of hypothermia routinely used 
(25° C to 30° C), the patient behaves as if vasoconstricted (calculated 
SVR is relatively high). Increasing pump flow in this setting may result 
in unacceptable hypertension. There are two approaches to this prob-
lem: wait out the vasoconstriction or pharmacologically induce patient 
vasodilation. When rectal or bladder temperature approaches 30° C to 
32° C, patients appear to rapidly vasodilate. This is probably the result 
of decreasing blood viscosity or relaxation of cold-induced vasocon-
striction with warming. Increasing pump flow at this point serves 
several purposes: increased heat transfer, support of systemic arterial 
pressure, and increased oxygen delivery in the face of increasing oxygen 
consumption. Often, waiting for the patient to spontaneously “vasodi-
late” is sufficient, and with subsequent increased pump flows, rewarm-
ing will be adequate at separation from ECC support. Circumstances in 
which more aggressive rewarming may be necessary include profound 
hypothermia with a large hypoperfused “heat sink” and late initiation 
of warming by accident or design.

Skeletal muscle and subcutaneous fat are relatively hypoperfused 
during CPB. These tissues cool slowly and are also slow to warm. 
Temperatures at high-flow regions (e.g., esophagus, nasopharynx) do 
not reflect the temperature of these tissues. Davis et al652 reported that 
restoration of normothermia (as monitored at high-flow sites) led to 
a net heat deficit after CPB, with subsequent recooling after emer-
gence (i.e., after-drop). Pharmacologic vasodilation allows an earlier 
increase in pump flow and delivery of warmed arterial blood to low-
flow beds, making the rewarming process more uniform. Noback and 
Tinker653 used sodium nitroprusside (3.5 ± 0.8 g/kg/min) to permit 
increased pump flows during warming, from 4.0 to 4.5 L/min, keep-
ing MAP at approximately 70 mm Hg. Compared with a group who 
were warmed without sodium nitroprusside for an equivalent period, 
the sodium nitroprusside group had much greater peripheral warm-
ing and a much smaller decline in postbypass temperature. Arteriolar 
vasodilators (e.g., nicardipine, sodium nitroprusside) are much more 
likely to be effective in this process than venodilators (e.g., nitrogly-
cerin). Other aids to warming during or after CPB are sterile forced-
air rewarming devices and servoregulated systems,654 as well as heating 
blankets, warmed fluids,655 heated humidified gases,656 and increased 
room temperature. The issue of after-drop is less of a concern during 
routine cardiac surgery but manifests frequently in patients after deep 
hypothermic circulatory arrest (DHCA).

Unfortunately, there is a narrow range for acceptable systemic tem-
peratures at the end of CPB. Just as temperatures that are “too hot” 
increase the risk for cerebral injury, those that are “too cool” may lead 
to inadequate rewarming and the problem of shivering, increased oxy-
gen consumption and carbon dioxide production, and coagulopathies. 
It is imperative to prevent cerebral hyperthermia in patients under-
going CPB. Additional heat may be added to the patient with the use 
of external heating devices after discontinuation of CPB support. This 

approach can prevent the complications of hypothermia without the 
use of hyperthermic blood.

Targets for rectal or bladder temperature before separation from 
CPB vary among institutions. Nathan and Polis657 surveyed 28 
Canadian centers regarding temperature monitoring practices dur-
ing cardiac surgery and found the use of a variety of monitoring sites 
(Figure 28-14). Many centers failed to use monitors likely to reflect 
cerebral temperatures routinely—not one center studied routinely 
monitored tympanic membrane temperature, and only slightly more 
than half monitored nasopharyngeal temperatures. The investigators 
were unable to discern any uniformity of practice regarding monitors 
or rewarming temperature end points. In general, temperatures mea-
sured at highly perfused tissues exceeded 37° C at the end of CPB in 
most centers.

Cook et al658 reported that cerebral hyperthermia occurs with 
rewarming. They studied 10 cardiac surgery patients requiring hypo-
thermic CPB, and measured nasopharyngeal and cerebral venous tem-
peratures (monitored at the jugular bulb). Ten minutes after the onset 
of rewarming from 27° C, cerebral venous temperature was 37° C, but 
nasopharyngeal temperature was only 34° C ± 2.9° C. After 18 minutes 
of rewarming, nasopharyngeal temperature reached 37° C and cerebral 
venous temperature was 38.2° C ± 1.1° C. Peak central venous tem-
perature exceeded 39° C for an average of 15 minutes in all 10 patients 
before the termination of CPB.

Nathan and Polis657 found a substantial difference between tym-
panic membrane and urinary bladder temperature in 11 patients 
rewarmed after hypothermic CPB (Figure 28-15). The peak tempera-
ture for each patient was aligned at minute zero; temperatures were 
displayed for 30 minutes before (−30 to 0 minutes) and after (0 to 30 
minutes) the peak temperature. There was a smooth increase in blad-
der temperature from 31.4° C to 36° C, but an “overshoot” in peak 
tympanic membrane temperature to a mean of 38.6° C (range, 37.7° C 
to 39.7° C). Because  tympanic membrane temperature better reflects 
cerebral temperature than bladder temperature, it is likely that all 11 
patients were exposed to hyperthermic cerebral temperatures.

Restoration of Systemic Arterial Pressure  
to Normothermic Value
After aortic cross-clamp release, the heart again is perfused through 
the native coronary arteries. Until the proximal anastomoses are made, 
myocardial perfusion may be compromised in the presence of a low 
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MAP. Consequently, it is advisable to gradually increase MAP during 
rewarming to levels approximately 70 to 80 mm Hg.

With discontinuation of CPB, a marked discrepancy often exists 
between blood pressure readings measured from the radial artery and 
the central aorta. Radial arterial catheters may underestimate central 
aortic systolic pressures by 10 to 40 mm Hg. Discrepancies in MAP 
tend to be of a lesser magnitude (5 to 15 mm Hg). Such a discrepancy 
is not present before CPB, nor is it present after CPB in all patients. 
Mechanisms are undefined, but evidence supports vasodilatory and 
arteriovenous shunting phenomena in the forearm and hand.659 Gravlee 
et al660 found that systolic pressure differences after CPB were not sig-
nificantly influenced by duration of CPB, use of sodium nitroprusside 
or phenylephrine during the final 15 minutes of CPB, SVR, minimum 
CPB temperature, CPB separation temperature, or duration of rewarm-
ing. Blood pressure readings from brachial or femoral arterial catheters 
tend to more accurately reflect central aortic pressure. It is unknown at 
what point during CPB radial artery-central aortic blood pressure dis-
crepancies develop, but most investigators report their resolution 20 to 
90 minutes after discontinuation of CPB (see Chapter 14).

If measured radial arterial pressure is suspected to be low in relation 
to central aortic pressure, several actions can be taken. The surgeon can 
estimate central aortic pressure by palpation of the ascending aorta; the 
surgeon can place a small needle in the aortic lumen or use an aortic 
cannula to allow temporary monitoring of aortic pressure, or place a 
femoral arterial catheter.

Removal of Intracardiac Air
At the end of the procedure, intracardiac air is present in virtually 
all cases that require opening the heart (i.e., valve repair or replace-
ment, aneurysmectomy, septal defect repair, repair of other congenital 
lesions).661 In such cases, it is important to remove as much air as pos-
sible before resumption of ejection. Surgical techniques differ. With the 
aortic cross-clamp still applied, the surgeon or perfusionist can partially 
limit venous return and LV vent flow, causing the left atrium and left  

ventricle to fill with blood. Through a transventricular approach, the 
left ventricle then can be aspirated. The left atrium and left ventricle 
are balloted to dislodge bubbles, and the cycle is repeated. The operat-
ing table can be rotated from side to side and the lungs ventilated to 
promote clearance of air from the pulmonary veins. Rather than trans-
ventricular aspiration, some surgeons vent air through the cardioplegia 
cannula or a needle vent in the ascending aorta. Before removal of the 
aortic cross-clamp, the patient is placed head down so that bubbles will 
float away from the dependent carotid arteries. Some surgeons favor 
temporary manual carotid occlusion before cross-clamp removal, but 
safety and efficacy of this potentially dangerous maneuver are undocu-
mented. A venting cannula often is left in the aorta at a location that 
should allow air pickup after resumption of ejection.

Oka et al,661 using TEE, have shown that routine air clearance tech-
niques are not completely effective. Transcranial Doppler studies doc-
ument a high incidence of intracranial gas emboli on release of the 
aortic cross-clamp or resumption of ejection. Oka et al661 described 
three essential elements of air removal: mobilization of air by posi-
tive chamber filling, stretching of the atrial wall, and repeated chamber 
ballottement; removal of mobilized air by continuous ascending aortic 
venting; and proof of elimination by TEE. The investigators contended 
that using these techniques could completely eliminate intracardiac air. 
Carbon dioxide gas insufflated by gravity into open cardiac chambers 
during CPB helps replace nitrogen in the bubbles with a more solu-
ble gas. Accordingly, the persistence of gas bubbles observed by TEE 
after release of the aortic cross-clamp was lower in patients exposed to 
CO

2
 in the chest wound than in the controls. However, CO

2
 insuffla-

tion should be used in addition to, rather than instead of, other deair-
ing maneuvers.662

Intracardiac air may be present in 10% to 30% of closed cardiac 
cases as well (e.g., CABG).661 Robicsek and Duncan663 demonstrated 
that during aortic cross-clamping, air may enter the aorta and left 
 ventricle retrograde through native coronary arteries opened in the 
course of CABG surgery, particularly when suction is applied to vent 
the left side of the heart or aortic root. They suggested that efforts 
to expel air from the LV and aortic root should be routine before 
unclamping the aorta. It is unclear to what extent gas emboli origi-
nating from the heart and aorta contribute to neurologic injury. Oka 
et al661 found most patients in whom LV microbubbles were detected 
to be free of major neurologic injury. This result is in agreement with 
the findings of several investigators who detected LV and cerebral 
microbubbles for various periods after CPB without apparent neu-
rologic sequelae. However, microembolic load correlates with mag-
nitude of cognitive dysfunction.664 Other studies reported that air 
ejected from the left ventricle also can travel to the coronary arteries, 
resulting in sudden and sometimes extreme myocardial ischemia and 
failure after separation from CPB.

Defibrillation
Before discontinuation of CPB, the heart must have an organized 
rhythm that is spontaneous or pacer induced. Ventricular fibrillation 
(VF), common after cross-clamp release and warming, often will spon-
taneously convert to some other rhythm. Prolonged VF is undesirable 
during rewarming for at least three reasons: Subendocardial perfusion 
is compromised in the presence of normothermic VF; myocardial oxy-
gen consumption is greater with VF compared with a beating heart at 
normothermia; and if the left ventricle receives a large amount of blood 
(aortic insufficiency or bronchial return) in the absence of mechanical 
contraction, the left ventricle may distend. LV distention increases wall 
tension and further compromises subendocardial perfusion. However, 
early resumption of mechanical contraction may make some surgical 
procedures difficult (e.g., modification of distal anastomoses).

Defibrillation, when necessary, is accomplished with internal paddles 
at much lower energies than would be used for external cardioversion. 
In the adult, starting energies of 5 to 10 J are routine. Defibrillation is 
less effective when the heart has not fully rewarmed, and it rarely is 
successful if myocardial (perfusate) temperature is less than 30° C.665 
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Repeated attempts at defibrillation, particularly with escalating energy 
levels, can lead to myocardial injury. If defibrillation is not successful 
after two to four attempts, options include further warming,  correction 
of blood gas and electrolyte abnormalities if present (high Po

2
 and 

high normal serum potassium [K+] seem favorable), increased MAP, 
and antiarrhythmic therapy. Bolus administration of 100 mg lidocaine 
before the release of the cross-clamp significantly reduces the inci-
dence of reperfusion VF.666 Increasing coronary perfusion by increas-
ing MAP is believed to result in myocardial reperfusion and recovery of 
the energy state. Larger loading doses of antiarrhythmics will be neces-
sary to achieve therapeutic concentrations because of the larger CPB 
volume of distribution.

Restoration of Ventilation
With discontinuation of CPB, the venous outflow line gradually is 
occluded and pulmonary arterial blood flow restored. Studies dis-
agree as to the nature and magnitude of pulmonary dysfunction after 
CPB, and various aspects of this problem were discussed earlier. Some 
studies have found evidence of increased deadspace/tidal volume ratio 
(Vd/Vt) after CPB, whereas others have not.667 Increased Vd/Vt would 
result in less effective alveolar ventilation than prebypass, which would 
result in increased Paco

2
. Other studies reported modest increases in 

pulmonary shunt fraction after CPB, which leads to less effective oxy-
genation and decreased Pao

2
. Catastrophic bypass-induced pulmonary 

injury with severe hypoxemia immediately on discontinuation of CPB 
is exceedingly uncommon in adults.

Before discontinuation of CPB, the lungs must be reinflated. Positive 
pressure (20 to 40 cm H

2
O) is applied repeatedly until all areas of 

atelectasis are visually reinflated. Attention is specifically directed at 
the left lower lobe, which seems more difficult to re-expand. Fluid that 
has collected in the thoracic cavities during CPB is removed by the sur-
geon, and if the pleural cavity has not been opened, evidence of pneu-
mothorax is also sought. The ventilatory rate can be increased 10% to 
20% above prebypass values to compensate for increased Vd/Vt if pres-
ent. Ventilation is resumed with 100% oxygen, and subsequent adjust-
ments in Fio

2
 are made based on arterial blood gas analysis and pulse 

oximetry.

Correction of Metabolic Abnormalities and Arterial 
Oxygen Saturation
When rewarming is nearly complete and separation from CPB is antic-
ipated to occur in 10 to 15 minutes, an arterial blood sample is taken 
and analyzed for acid-base status, Po

2
, Pco

2
, hemoglobin or hematocrit, 

potassium, glucose, and ionized calcium.

Oxygen-Carrying Capacity
Generally, a hematocrit of at least 20% to 25% is sought before discon-
tinuation of bypass. The primary compensatory mechanism to ensure 
adequate systemic oxygen delivery in the presence of normovolemic 
anemia is increased CO. Increased CO results in an increased myocar-
dial oxygen need, which is met by increased coronary oxygen deliv-
ery by coronary vasodilation. The lower limit of the hematocrit, below 
which increased CO can no longer support systemic oxygen needs, is 
reported to be 17% to 20% in dogs with completely healthy hearts.668 
With increases in systemic Vo

2
, such as occur with exercise, fever, or 

shivering, greater values of the hematocrit are required. Patients with 
good ventricular function and good coronary reserve (or good revascu-
larization) might be expected to tolerate hematocrit values in the 20s. 
When ventricular function is impaired or revascularization is incom-
plete, hematocrit greater than 25% may aid in support of the systemic 
circulation and concomitantly lower myocardial oxygen requirements 
on discontinuation of CPB.

When pump or oxygenator reservoir volume is in excess, the 
hematocrit can be increased by use of hemofiltration. As Klineberg et al669 
described, application of a hydrostatic pressure gradient across a porous 
membrane results in transport of water and low-molecular-weight 
solutes (molecular weight, 500 to 50,000). Ultrafiltrate composition is 

similar to glomerular filtrate with solute concentrations identical to that 
of plasma water (see Chapter 29).

Arterial pH
Considerable debate has centered on the extent to which acidemia 
affects myocardial performance and whether correction of arterial pH 
with sodium bicarbonate is advantageous or deleterious to the heart.670 
Studies have challenged long-held beliefs that acidemia impairs myo-
cardial performance. Nevertheless, most in vivo and clinical studies 
have found that metabolic acidosis impairs contractility and alters 
responses to exogenous catecholamines.671 Hemodynamic deteriora-
tion usually is mild above pH 7.2 because of compensatory increases 
in sympathetic nervous system activity.671 Attenuation of sympa-
thetic nervous system responses by -blockade or ganglionic blockade 
increases the detrimental effect of acidosis. The ischemic myocardium 
has been found to be particularly vulnerable to detrimental effects of 
acidosis. Patients with poor contractile function or reduction of myo-
cardial sympathetic responsiveness (e.g., chronic LV failure), those 
treated with -blockers, or those with myocardial ischemia are espe-
cially susceptible to the adverse effects of acidosis. For these reasons, 
arterial pH is corrected to near-normal levels before discontinuation 
of CPB, using sodium bicarbonate. Concerns regarding carbon diox-
ide generation and acidification of the intracellular space can be obvi-
ated by slow administration and appropriate adjustment of ventilation, 
both of which easily are achieved during CPB.

Electrolytes
Electrolytes most commonly of concern before discontinuation of CPB 
are potassium and calcium. Serum potassium concentration may be 
acutely low because of hemodilution with nonpotassium priming solu-
tions, large-volume diuresis during CPB, or the use of insulin to treat 
hyperglycemia. More commonly, potassium concentration is increased 
as a result of systemic uptake of potassium-containing cardioplegic 
solution; values exceeding 6 mEq/L are not uncommon. Other poten-
tial causes of hyperkalemia that must be considered are hemolysis,  
tissue ischemia or necrosis, and acidemia. Hypokalemia can be rap-
idly corrected during CPB with relative safety because the heart and 
 systemic circulation are supported. Increments of 5 to 10 mEq KCl over 
1- to 2-minute intervals can be given directly into the pump or oxy-
genator by the perfusionist, and potassium subsequently is rechecked. 
Depending on severity and urgency of correction, increased potas-
sium level can be treated or reduced by any of several standard means: 
alkali therapy, diuresis, calcium administration, or insulin and glucose. 
Alternatively, hemofiltration can be used to decrease serum potassium. 
While still on CPB, potassium-containing extracellular fluid is removed 
from the patient and replaced with fluid not containing potassium.

Ionized calcium is involved in the maintenance of normal excita-
tion-contraction coupling and, therefore, in maintaining cardiac con-
tractility and peripheral vascular tone. Low concentrations of ionized 
calcium lead to impaired cardiac contractility and reduced vascular 
tone. Concerns have been raised about the contribution of calcium 
administration to myocardial reperfusion injury and to the action 
of various inotropes.672 Some investigators argue in favor of measur-
ing ionized calcium before discontinuation of CPB and administer-
ing calcium in patients with low concentrations to optimize cardiac 
performance.673 When confronted with poor myocardial or peripheral 
vascular responsiveness to inotropes or vasopressors after CPB in the 
presence of a low level of ionized calcium, calcium salts should be admin-
istered to restore ionized calcium to normal (not increased) levels in 
the hope of restoring responsiveness. The same strategy can be used for 
measuring and administering magnesium.

Other Final Preparations
Before separating from CPB, all monitoring and access catheters 
should be checked and calibrated. The zero-pressure calibration points 
of the pressure transducers are checked routinely. Not uncommonly, 
finger pulse oximeter probes do not have a good signal after CPB. In 
those cases, a nasal or ear probe is placed to obtain reliable oximetry. 
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Intravenous infusions are restarted before separation from CPB, and 
their flow characteristics are assessed for evidence of obstruction or 
disconnection.

During warming and preparation for separation, an assessment 
should be made of the functional status of the heart and peripheral 
vasculature based on visual inspection, hemodynamic indices, and 
metabolic parameters. Based on this assessment, inotropes, vasodila-
tors, and vasopressors thought likely to be necessary for successful sep-
aration from CPB should be prepared and readied for administration.

Separation from Bypass
After all preparatory steps are taken (see Table 28-14), CPB can be 
discontinued. Venous outflow to the pump or oxygenator is impeded 
by slowly clamping the venous line, and the patient's intravascular vol-
ume and ventricular loading conditions are restored by transfusion of 
perfusate through the aortic inflow line. When loading conditions are 
optimal, the aortic inflow line is clamped and the patient is separated 
from CPB.

At this juncture, it must be determined whether oxygenation, venti-
lation, and, more commonly, myocardial performance (systemic perfu-
sion) are adequate. A discussion of these issues no longer involves CPB 
per se, but rather applied cardiopulmonary physiology. Consequently, 
a discussion of this extremely important topic is detailed in Chapter 32. 
Should separation fail for any reason, CPB simply can be reinstituted 
by unclamping the venous outflow and arterial inflow lines and restor-
ing pump flow. This allows for support of systemic oxygenation and 
perfusion while steps are taken to diagnose and treat those problems 
that precluded successful separation.

PERFUSION EMERGENCIES
Accidents or mishaps occurring during CPB quickly can evolve into 
life-threatening emergencies (Box 28-7). Many of the necessary con-
ditions of CPB (cardiac arrest, hypothermia, volume depletion) 
preclude the ability to resume normal cardiorespiratory func-
tion if an accident threatens the integrity of the extracorporeal cir-

cuit. Fortunately, major perfusion accidents occur infrequently and 
rarely are associated with permanent injury or death (Table 28-15). 
However, all members of the cardiac surgery team must be able to 
respond to perfusion emergencies to limit the likelihood of perfu-
sion-related disasters. Some of the most common emergencies are 
discussed in the subsequent sections.

Arterial Cannula Malposition
Ascending aortic cannulae can be malpositioned such that the outflow 
jet is directed primarily into the innominate artery,674–676 the left com-
mon carotid artery (rare),677,678 or the left subclavian artery (rare).679 
The latter two can occur with the use of long arch-type cannulae. In 
the first two circumstances, unilateral cerebral hyperperfusion, usu-
ally with systemic hypoperfusion, occurs, whereas flow directed to the 
subclavian artery results in global cerebral hypoperfusion. Despite the 
fact that not all combinations of arterial pressure monitoring site and 
cannula malposition produce systemic hypotension, it commonly is 
regarded as a cardinal sign of cannula malposition. For example, right 
arm blood pressure monitoring and innominate artery cannulation,674 
or left arm monitoring and left subclavian artery cannulation,679 may 
result in high arterial pressure on initiation of bypass. With other posi-
tioning and monitoring combinations, investigators report persis-
tently low systemic arterial pressure (MAP = 25 to 35 mm Hg), which 
is poorly responsive to increasing pump flow or vasoconstrictors. Over 
time (minutes), signs of systemic hypoperfusion (e.g., acidemia, oligu-
ria) develop.677 Because a variable period of systemic hypotension with 
CPB initiation nearly always is seen with hemodilution, hypotension 
alone is not significant evidence to establish a diagnosis of arterial can-
nula malposition. Ross et al677 described a case of accidental left com-
mon carotid cannulation with unilateral facial and conjunctival edema 
accompanied by rhinorrhea, otorrhea, and signs of systemic hypop-
erfusion. In a similar case, Sudhaman678 found left facial congestion, 
whereas the right side was pale. Watson674 described a case of innomi-
nate artery cannulation. On initiation of CPB, the skin over the carotid 
vessels on the right was colder than on the left. Three cases of innomi-
nate cannulation produced dramatic unilateral facial blanching with 
onset of CPB caused by perfusion with nonblood-containing prim-
ing solution.675,676 On initiation of CPB and periodically thereafter, it 
is advisable to inspect the face for color change and edema, rhinor-
rhea, or otorrhea and to palpate the neck with onset of cooling for tem-
perature asymmetry. EEG monitoring first was advocated as a method 
of detecting cannula malposition. In one study, cannula malposition, 
detected by EEG asymmetry, occurred in 3 (3.5%) of 84 patients.680 
However, transcranial Doppler, and more commonly available cerebral 
oximetry, is the monitor of choice to detect malperfusion secondary to 
cannula complications (see Chapter 16).

BOX 28-7. PERFUSION EMERGENCIES

Comparison of the Five Most Common Accidents from Three Perfusion Surveys

Stoney (1972–1977)686 Wheeldon (1974–1979)765 Kurusz (1982–1985)766

Complication* Incidents PI/D Incidents PI/D Incidents PI/D

Air embolism (2) 1.14 0.41 (2) 0.79 0.18 (6) 0.80 0.12
Coagulopathy (1) 1.26 0.51 (6) 0.26 0.09 (8) 0.21 0.05
Electrical failure (3) 0.67 0.01 (1) 1.00 0.06 (4) 0.84 0.003
Mechanical failure (4) 0.38 0.02 (5) 0.27 0 (7) 0.30 0.007
Inadequate  

oxygenation
(5) 0.33 0.02 (3) 0.59 0 (3) 0.88 0.07

Hypoperfusion — — (4) 0.30 0.18 (2) 0.96 0.15
Protamine reaction — — — — (1) 2.80 0.22
Drug error — — — — (5) 0.82 0.08

TABLE  
28-15

*The five most common complications for each study are listed as incidence per 1000 perfusions, and the number of permanent injuries and mortalities as incidence per 1000 perfusions. 
The numbers in parentheses are the rank of each complication from most to least.

PI/D, permanent injury or death.
Data from Stoney WS, Alford WC Jr, Burrus GR, et al: Air embolism and other accidents using pump oxygenators. Ann Thorac Surg 29:336, 1980; Wheeldon DR: Can cardiopulmonary 

bypass be a safe procedure? In Longmore DB (ed): Towards Safer Cardiac Surgery. London, 1981, MTP, pp 427–446; Kurusz M, Conti VR, Arens JF, et al: Perfusion accident survey.  
Proc Am Acad Cardiovasc Perf 7:57, 1986.
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Two other arterial cannula malpositions are possible: abutment 
of the cannula tip against the aortic intima, which results in high 
line pressure, poor perfusion, or even acute dissection when CPB 
is  initiated, and the cannula tip directed caudally toward the aortic 
valve. This may result in acute aortic insufficiency, with sudden left 
ventricular distention and systemic hypoperfusion on bypass. If 
the aortic inflow cannula is soft, aortic cross-clamping will occlude 
the arterial perfusion line, which can rupture the aortic inflow line. 
Suspicion of any cannula malposition must be brought to the attention 
of the surgeon immediately.

Aortic or Arterial Dissection
Signs of arterial dissection, often similar to those of cannula malpo-
sition, also must be sought continuously, especially on initiation of 
CPB. Dissection may originate at the cannulation site, aortic cross-
clamp site, proximal vein graft anastomotic site, or partial occlusion 
(side-biting) clamp site. Dissections are due to intimal disruption 
or, more distally, to fracture of atherosclerotic plaque. In either case, 
some systemic arterial blood flow becomes extraluminal, being forced 
into the arterial wall. The dissection propagates mostly in the direction of 
the systemic flow, but not exclusively. Extraluminal blood compresses  
the luminal origins (take-offs) of major arterial branches such that vital 
organs (heart, brain, kidney, intestinal tract, spinal cord) may become 
ischemic. Because systemic perfusion may be low, and origins of the 
innominate and subclavian arteries may be compressed, probably the 
best sign of arterial dissection is persistently low systemic arterial pres-
sure.681 Venous drainage to the pump decreases (blood is sequestered), 
and arterial inflow “line pressure” is usually inappropriately high. The 
surgeon may see the dissection if it involves the anterior or lateral 
ascending aorta (bluish discoloration), or both.681,682 It is possible the 
surgeon may not see any sign of dissection because the dissection is out 
of view (e.g., posterior ascending aorta, aortic arch, descending aorta). 
Dissection can occur at any time before, during, or after CPB. As with 
cannula malposition, a suspicion of arterial dissection must be brought 
to the attention of the surgeon. The anesthesiologist must not assume 
that something is suddenly wrong with the arterial pressure transducer 
but should “think dissection.”

After a dissection of the ascending aorta is diagnosed, immediate 
steps to minimize propagation must be taken. If it has occurred before 
CPB, the anesthesiologist should take steps to reduce MAP and the rate 
of increase of aortic pressure (dP/dt). If it occurs during CPB, pump 
flow and MAP are reduced to the lowest acceptable levels. Arterial per-
fusate frequently is cooled to profound levels (14° C to 19° C) as rapidly 
as possible to decrease metabolic demand and protect vital organs.682 
A different arterial cannulation site is prepared (e.g., the femoral artery 
is cannulated or the true aortic lumen is cannulated at a site more distal 
on the aortic arch). Arterial inflow is shifted to that new site with the 
intent that perfusing the true aortic lumen will reperfuse vital organs.682 
The ascending aorta is cross-clamped just below the innominate artery, 
and cardioplegia is administered (into the coronary ostia or coronary 
sinus). The aorta is opened to expose the site of disruption, which is 
then resected and replaced. Reimplantation of the coronary arteries or 
aortic valve replacement, or both, may be necessary. The false lumina 
at both ends of the aorta are obliterated with Teflon buttresses, and 
the graft is inserted by end-to-end suture.622 With small dissections it 
is sometimes possible to avoid open repair by application of a partial 
occlusion clamp with plication of the dissection and exclusion of the 
intimal disruption.682 Troianos et al683 described three cases of arterial 
dissection during CPB in which TEE was found useful. Although pro-
visional diagnoses were made on the basis of traditional signs, TEE 
allowed assessment of the origin and extent of dissection. Diagnosis 
of arterial dissection also has been assisted by presence of EEG684 and 
cerebral oximetry asymmetry.685

Arterial dissections originating from femoral cannulation also 
necessitate reductions in arterial pressure, systemic flow, and tempera-
ture. If the operation is near completion, the heart may be transfused 

and CPB discontinued; otherwise, the aortic arch must be cannulated 
and adequate systemic perfusion restored to allow completion of the 
operation.681

Massive Arterial Gas Embolus
Macroscopic gas embolus is a rare but disastrous CPB complication. 
Two independent studies in 1980 reported incidence rates of recognized 
massive arterial gas embolism of 0.1% to 0.2%.686,687 The current inci-
dence probably is lower because of the widespread use of reservoir level 
alarms and other bubble detection devices. Between 20% and 30% of 
affected patients died immediately, with another 30% having transient 
or nondebilitating neurologic deficits, or both. Circumstances that 
most commonly contributed to these events were inattention to oxy-
genator blood level, reversal of LV vent flow, or unexpected resumption 
of cardiac ejection in a previously opened heart. Rupture of a pulsatile 
assist device688 or intra-aortic balloon pump689 also may introduce large 
volumes of gas into the arterial circulation.

The pathophysiology of cerebral gas embolism (macroscopic and 
microscopic) is not well understood. Tissue damage after gas embo-
lization is initiated from simple mechanical blockage of blood vessels 
by bubbles.690,691 Although gas emboli may be absorbed or pass through 
the circulation within 1 to 5 minutes,690–693 the local reaction of plate-
lets and proteins to the blood/gas interface or endothelial damage is 
thought to potentiate microvascular stasis,693–698 prolonging cerebral 
ischemia to the point of infarction. Areas of marginal perfusion, such 
as arterial boundary zones, do not clear gas emboli as rapidly as well-
perfused zones,690 producing patterns of ischemia or infarction diffi-
cult to distinguish from those caused by hypotension or particulate 
emboli.

Recommended treatment for massive arterial gas embolism includes 
immediate cessation of CPB with aspiration of as much gas as possible 
from the aorta and heart, assumption of steep Trendelenburg position, 
and clearance of air from the arterial perfusion line. After resumption 
of CPB, treatment continues with implementation or deepening of 
hypothermia (18° C to 27° C) during completion of the operation and 
clearance of gas from the coronary circulation before emergence from 
CPB.687,688,699,700 In many reports of patients suffering massive arterial gas 
embolus, seizures occurred after surgery and were treated with anticon-
vulsants.126,700–702 Because seizures after ischemic insults are associated 
with poor outcomes, perhaps because of hypermetabolic effects, pro-
phylactic phenytoin seems reasonable. Hypotension has been shown to 
lengthen the residence time of cerebral air emboli and worsen the sever-
ity of resulting ischemia.703 Maintenance of moderate hypertension is 
reasonable and clinically attainable to hasten clearance of emboli from 
the circulation and, hopefully, improve neurologic outcome.

Many clinicians have reported dramatic neurologic recovery when 
hyperbaric therapy is used for arterial gas embolism, even if delayed 
up to 26 hours after the event.688,698,699,704 Spontaneous recovery from 
air emboli also has been reported,695,700,702,704 and no prospective study 
of hyperbaric therapy in the cardiac surgery setting has been per-
formed.705 Few institutions that do cardiac surgery have an appropri-
ately equipped and staffed hyperbaric chamber to allow expeditious 
and safe initiation of hyperbaric therapy. Nonetheless, immediate 
transfer by air is often possible and should seriously be considered. It 
seems reasonable to expect that institutions that do cardiac surgery 
should have policies regarding catastrophic air embolism.

In 1980, Mills and Ochsner687 suggested venoarterial perfusion as 
an alternative to hyperbaric therapy. Retrograde perfusion through 
the SVC cannula at 1.2 L/min at 20° C for 1 to 2 minutes was used in 
five of their eight patients with massive gas embolism. The goal was 
to flush air from the cerebral arterial circulation. None of the patients 
so treated had evidence of neurologic injury. Other reports using this 
technique have followed.706,707 Hendriks et al,708 in a porcine model of 
venoarterial perfusion, found that only 50% of injected gas (nitrogen) 
could be recovered from the aorta. Ninety-eight percent of the remov-
able gas was collected from the aorta in the first 7 to 10 minutes of  
retrograde perfusion. Although no animal (clinically or pathologically) 
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appeared to sustain neurologic injury, the investigators concluded that 
venoarterial perfusion did not adequately remove embolized gas, and 
hyperbaric therapy remained the treatment of choice. The timing of 
the embolism is also a major consideration. For example, if massive 
air embolism occurs during connection, serious consideration should 
be given to abandoning the procedure to allow immediate therapy and 
awakening the patient to assess the neurologic status. Air embolism and 
its subsequent cerebral ischemia are likely worsened by the nonphysi-
ologic nature of CPB, as well as its inherent inflammatory processes.

Venous Air Lock
Air entering the venous outflow line can result in complete cessation of 
flow to the venous reservoir, and this is termed air lock. Loss of venous 
outflow necessitates immediate slowing, even cessation of pump flow, 
to prevent emptying the reservoir and subsequent delivery of air to the 
patient's arterial circulation. After an air lock is recognized, a search for 
the source of venous outflow line air must be undertaken (e.g., loose 
atrial purse string, atrial tear, open intravenous access) and repaired 
before reestablishing full bypass.

Reversed Cannulation
In this case, the venous outflow limb of the CPB circuit is incorrectly 
connected to the arterial inflow cannula and the arterial perfusion 
limb of the circuit is attached to the venous cannula. On initiation of 
CPB, blood is removed from the arterial circulation and returned to 
the venous circulation at high pressure. Arterial pressure is found to 
be extremely low by palpation and arterial pressure monitoring. Very 
low arterial pressures also can (more commonly) be caused by dissec-
tion in the arterial tree. In the latter case, the perfusionist will rapidly 
lose volume, whereas with reversed cannulation, the perfusionist will 
have an immediate gross excess of volume. If high pump flow is estab-
lished, venous or atrial rupture may occur. The CVP will be dramati-
cally increased, with evidence of facial venous engorgement.

Line pressure is the pressure in the arterial limb of the CPB circuit. 
Because arterial cannulae are much smaller than the aorta, there is always 
a pressure decline across the aortic cannula. Arterial inflow line pressure 
will always be considerably greater than systemic (patient) arterial pres-
sure. The magnitude of the pressure decline depends on cannula size and 
systemic flow; small cannulae and higher flows result in greater gradi-
ents. The CPB pump must generate a pressure that overcomes this gra-
dient to provide adequate systemic arterial pressure. For a typical adult 
(i.e., MAP of about 60 mm Hg, systemic flow of about 2.4 L/min/m2, and 
a 24 Fr aortic cannula), line pressure in an uncomplicated case usually 
ranges from 150 to 250 mm Hg. The fittings on the arterial inflow line are 
plastic; the fittings and the line itself can rupture. Perfusionists typically 
do not want a line pressure in excess of 300 mm Hg.

CPB must be discontinued and the cannula disconnected and 
inspected for air. If air is found in the arterial circulation, an air 
embolus protocol is initiated. Once arterial air is cleared, the circuit is 
correctly reconnected and CPB restarted. In adults, the venous outflow 
limb of the CPB circuit is a larger diameter tubing than the arterial 
inflow tubing, precisely to eliminate reversed cannulation. This is why 
reversed cannulation is rare in adults, but it has happened. In pediatric 
cases, the arterial inflow and venous outflow limbs of the CPB circuit 
are close or equal in size (see Chapter 29).

SPECIAL PATIENT POPULATIONS

Care of the Gravid Patient during Bypass
Studies assessing the effects of cardiac surgery and CPB on obstetric 
physiology and fetal well-being are lacking. However, several reviews 
and many case reports describe individual experience in caring for the 
gravid patient and fetus during cardiac surgery and ECC.709–714 These 
surveys and anecdotal reports, together with an understanding of 

the well-documented physiology of pregnancy and the effects of car-
diac therapeutics on fetal physiology, can serve as a basis for a ratio-
nal approach to care for the pregnant patient and fetus during cardiac  
surgery (Box 28-8).

Several groups have published reports detailing their individual 
experiences or survey data on maternal and fetal outcomes after car-
diac surgery and CPB.709–714 Jacobs et al710 reported their experience 
with three first-trimester gravid patients. All recovered from their 
operative procedures and delivered normal-term infants. The first sur-
vey data on pregnancy and cardiac surgery were reported in 1969 by 
Zitnik et al711 from the Mayo Clinic. Among the 20 patients, there was 
only one maternal death, but seven fetuses died before term. The study 
authors concluded that cardiac surgery does not increase the likeli-
hood of death in the pregnant patient with heart disease but is asso-
ciated with substantial fetal mortality. Lapiedra et al713 and Becker712 
individually published reports in the 1980s on gravid patients under-
going cardiac surgery. Lapiedra et al713 reviewed their own experiences 
and found only one fetal death and no instance of maternal death in 
their review of 23 cases. Becker712 surveyed members of the Society of 
Thoracic Surgeons on their experiences with pregnant patients requir-
ing cardiac surgery. Of the 600 surgeons responding, 119 reported on 
a total of 169 gravid patients undergoing cardiac surgery, 68 of whom 
were managed with CPB. Pomini et al714 reviewed 69 case reports of 
gravid patients undergoing cardiac procedures and CPB. Overall, the 
embryo-fetal mortality rate was 20.2%, but fetal loss was reduced to 
12.5% in the last 40 cases. The reported experience on maternal and 
fetal outcomes after cardiac procedures with CPB suggests that cardiac 
surgery is well tolerated by the mother but poses a significant risk to 
the fetus.

Although most physicians advocate providing perioperative care 
that can ensure maternal well-being, appropriate investigation would 
enable clinicians to care optimally for mother and fetus. This section 
outlines recommendations for perioperative management of the gravid 
patient requiring cardiac surgery and CPB. The basic principles for the 
perioperative management of the gravid patient requiring any type 
of surgery are outlined by Levinson and Shnider715: maternal safety, 
avoidance of teratogenic drugs, avoidance of intrauterine asphyxia, and 
prevention of preterm labor.

Considerations before Bypass
Premedication and Patient Positioning
Premedication should be appropriate for the specific cardiac lesion 
and physical status of the patient. Teratogenic drugs should be avoided, 
especially in the first trimester of pregnancy. After the 34th week of 
gestation, stomach emptying is delayed and patients are at increased 
risk for pulmonary aspiration. Although it is not possible to ensure 
gastric emptying before anesthesia induction, sodium citrate and an 
H

2
-receptor antagonist may provide some protection against aspi-

ration pneumonia. The gravid uterus obstructs aortic flow and IVC 
blood return to the heart. Gravid patients should never be supine;  
they must be positioned with left uterine displacement throughout the 
perioperative period.

Maternal and Fetal Monitor Information
The pregnant patient undergoing cardiac surgery requires the usual 
monitors used during cardiac surgery, as well as monitors that can 
assess fetal well-being. Monitors that help assess the adequacy of mater-
nal cardiovascular performance and oxygen delivery to the fetus are of 

BOX 28-8. SPECIAL PATIENTS WHO MAY NEED 
CARDIOPULMONARY BYPASS
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paramount importance. Little is known about the effects of cardiovas-
cular drugs and other therapeutic measures on the pregnant cardiac 
patient undergoing CPB. Appropriate monitors permit the assessment 
of an individual therapy on maternal and fetal oxygen delivery.

Monitors for cardiac surgery and CPB are discussed in detail in 
chapters in Section III of this textbook. A two-lead (II, V

5
) ECG, 

peripheral pulse oximeter, and blood pressure cuff should be placed 
first. These monitors provide information concerning cardiorespi-
ratory function as other, more invasive monitors are placed. Before 
the induction of anesthesia, radial artery and PAC should be placed. 
An oximetry PAC provides continuous information on venous oxy-
gen saturation—an indirect, approximate measure of the adequacy of 
maternal tissue oxygen delivery.

Uterine activity should be monitored with a tocodynamometer 
applied to the maternal abdomen. This monitor transduces the tight-
ening of the abdomen during uterine contractions. As is the case with 
other types of major surgery, the tocodynamometer should not inter-
fere with the conduct of cardiac surgery; if necessary, the monitor 
may be intermittently displaced by the operating surgeon. The use 
of an intra-amniotic catheter to monitor uterine activity and pres-
sure may be inadvisable in a patient who will be fully heparinized. 
Intraoperative uterine contractions may have a deleterious effect on 
fetal oxygen delivery (by causing an increase in uterine venous pres-
sure and decrease in uterine blood flow) and signal the onset of pre-
term labor. Use of the tocodynamometer is imperative because it will 
provide important information about the state of the uterus and allow 
intervention if necessary. Various case reports have documented the 
common occurrence of uterine contractions during cardiac surgery 
and CPB. Uterine contractions may appear at any time during the 
perioperative period but occur most frequently immediately after the 
discontinuation of CPB and in the early ICU period.716 It is, therefore, 
important to leave the tocodynamometer in place after the comple-
tion of surgery. Although uterine contractions occur frequently in the 
perioperative course, they usually are effectively treated with magne-
sium sulfate, ritodrine, or ethanol infusions, and they do not result in 
preterm labor and fetal demise.717

Fetal heart rate (FHR) monitors should be used in all gravid 
patients after 16 weeks gestation because one of the primary peri-
operative goals is to avoid fetal loss. Use of an FHR monitor  permits 
recognition of fetal distress and allows the clinician to institute mea-
sures to improve fetal oxygen delivery. The FHR monitor recognizes 
and records the FHR, FHR variability, and uterine contractions. An 
electrode placed in the fetal scalp gives the most reliable fetal ECG 
and, therefore, the best FHR information. However, this method 
may be undesirable in the presence of maternal anticoagulation. 
External FHR monitoring—using ultrasound, phonocardiography, 
or external abdominal ECG—is less exact but preferable in this clini-
cal setting.

The cardiac surgeon, perfusionist, and cardiac anesthesiologist may 
not be familiar with uterine and FHR monitors. As a result, having 
a perinatologist or an obstetrician present during cardiac surgery is 
desirable to assess for preoperative fetal distress and the anticipated 
need for emergency caesarean section during cardiac surgery.

FHR usually is normal in the prebypass period but decreases pre-
cipitously with the initiation of CPB and remains below normal for the 
entire bypass period. There are many potential causes of this observed 
decrease in FHR. Persistent fetal bradycardia is a classic sign of acute 
fetal hypoxia. However, in the CPB setting, especially when hypo-
thermia is used, it is difficult to ascribe fetal bradycardia to hypoxia or 
to decreased fetal oxygen demand. Fetal tachycardia typically occurs 
after the discontinuation of ECC support. This tachycardia may repre-
sent a compensatory mechanism for the oxygen debt incurred during 
CPB. The FHR usually returns to normal by the end of the operative 
period.

Interventions optimizing maternal blood oxygen content, correcting 
any acid-base imbalance, and replenishing fetal glycogen stores may 
alleviate signs of fetal hypoxia. Some clinicians recommend an increase 
in CPB pump flow to improve fetal oxygen delivery.712,714

After anesthesia induction, a urinary bladder catheter with a tem-
perature probe and TEE probe should be placed. The former provides 
information on fluid balance and core temperature. TEE is always  
helpful but is especially important in the patient undergoing  valvular or 
congenital heart surgery because it can document pathologic changes 
and help assess the adequacy of repair. One of the authors (C.T.M.M.) 
reported a case of a gravid patient requiring replacement of aortic and 
mitral porcine prosthetic valves.717 The patient was thought to have 
cardiac disease limited to her aortic valve; however, after an unsuccess-
ful attempt to wean from CPB, mitral valve dysfunction was diagnosed 
and a second period of CPB was required to replace the mitral valve. 
Prebypass TEE would have identified mitral valve dysfunction before 
ECC and obviated the need for two separate periods of CPB.

Conducting the Bypass Procedure
The conditions of ECC—nonpulsatile blood flow, hypothermia, ane-
mia, and requisite anticoagulation—will likely have a negative impact 
on fetal well-being during CPB. No studies recommend a particular 
CPB management strategy in gravid patients. Recommendations are 
summarized (Table 28-16) for the management of bypass in pregnant 
patients, based on the survey and anecdotal reports in the literature 
(Table 28-17).

Blood Flow
The optimal extracorporeal circuit blood flow in the nongravid patient is 
controversial. Some clinicians recommend that blood flow be maintained 

Recommendations for the Conduct of Extracorporeal 
Circulation in the Gravid Patient

Variable Value/Characteristic Recommended Rationale

Blood flow 3.0 L/min/m2 Cardiac index normally is 
increased during pregnancy

Blood pressure 
(MAP)

60–70 mm Hg Uterine blood flow depends on 
maternal MAP

Temperature 32–34° C Mild hypothermia decreases 
fetal oxygen requirements 
and is less likely to cause 
fetal arrhythmia

Oxygenator type Membrane Membrane oxygenators are 
associated with fewer 
embolic phenomena than 
bubblers

Hematocrit 25–27% The quantity of oxygen 
carried in maternal blood 
(and therefore the oxygen 
available to the fetus) greatly 
depends on hemoglobin 
concentration

Duration of 
perfusion

Minimized The duration of bypass is 
dictated by the complexity 
of the operative procedure

Cardioplegia ? No data
Pulsatile perfusion ? No data

TABLE  
28-16

MAP, mean arterial pressure.

Prevalence of Maternal and Fetal Mortality after Cardiac 
Surgery and Cardiopulmonary Bypass in Gravid Patients

Study Maternal Death Fetal Death

Jacobs/Cooley (1965)710 0/3 (0%) 0/3 (0%)
Zitnik (1969)711 1/20 (5%) 7/20 (35%)
Becker (1983)712 1/68 (1.5%) 11/68 (16%)
Lapiedra (1986)713 0/23 (0%) 1/23 (4.3%)
Pomini (1996)714* 2/69 (2.9%) 8/69 (20.2%)
Pomini (1996)714† 0/40 (0%) 5/40 (12.5%)
Arnoni (2003)709 5/58 (8.6%) 11/58 (18.6%)

TABLE  
28-17

*All patients from 1958 to 1992.
†Last 40 patients in series only.
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at relatively normal values (i.e., cardiac index  2.3 L/min/m2), but others 
believe that lower blood flows, especially with hypothermia, are desirable 
and may decrease the morbidity associated with CPB and embolization of 
particulate matter.

Optimal CPB blood flow in the gravid patient is unknown. 
However, the increase in CO associated with pregnancy is well 
defined, and it might be argued that high blood flows during CPB are 
more physiologic in the gravid patient. Becker712 suggested that flow 
during CPB in the pregnant patient be maintained at a minimum 
of 3.0 L/min/m2. A few reports demonstrate that increasing CPB  
circuit blood flow improves FHR, suggesting improvement in fetal 
oxygen delivery. In Koh et al's718 report, FHR improved when pump 
flow was increased from 3100 to 3600 mL/min. Similarly, Werch et al719 
reported an improvement in FHR when blood flow was increased 
from 2800 to 4600 mL/min. However, another report, describing two 
separate cases of perfusion in which fetal monitors were used, sug-
gested that increasing pump flow did not consistently improve FHR. 
In one case, flow was increased from 2.3 to 2.9 L/min/m2, with a brief, 
unsustained apparent improvement in fetal oxygen delivery.719

Blood Pressure
Under normal conditions, uterine blood flow is determined solely 
by maternal blood pressure, as the placental vasculature is maxi-
mally dilated. However, it is not known what factors determine 
uterine blood flow during the very abnormal condition of CPB. For 
example, catecholamine levels increase by several times during CPB; 
therefore, uterine vascular resistance may increase during ECC in 
response to increased levels of norepinephrine and epinephrine. 
However, regardless of the state of uterine vascular resistance during 
CPB, maternal blood pressure will be an important determinant of 
uterine blood flow and fetal oxygen delivery. Moderately high pres-
sure (MAP  65 mm Hg) should be used during perfusion in the 
gravid patient.712

No reports demonstrate that increasing blood pressure during CPB 
improves FHR or fetal oxygen delivery. Most case reports on CPB in the 
gravid patient do not include information on blood pressure during 
CPB. The few blood pressure values reported in gravid perfusion cases 
ranged from 55 to 95 mm Hg.717,720

In theory, the use of short-acting vasodilators, such as nitroglyc-
erin or sodium nitroprusside, may counteract the effects of CPB and 
norepinephrine- or epinephrine-induced increases in uterine vascula-
ture resistance. If maternal blood pressure is maintained by increasing 
extracorporeal circuit pump flow, uterine blood flow and fetal oxygen 
delivery may be increased with vasodilators. Monitoring should be 
conducted to assess the effect of a given therapy on fetal oxygen deliv-
ery during CPB.

Temperature
Although varying degrees of hypothermic CPB have been consid-
ered the standard of care, several groups have advocated the use of 
normothermic CPB and warm blood cardioplegia to improve myo-
cardial protection. However, the effects of warm versus cold car-
dioplegia on myocardial protection are controversial, and one group 
has reported an increase in adverse neurologic sequelae in patients 
treated with normothermic perfusion.162 Controversy exists regard-
ing temperature management during CPB in the nongravid patient, 
although most perfusions are conducted under hypothermic condi-
tions. Similarly, there are few data and no consensus regarding tem-
perature management in the gravid patient undergoing CPB.

There are theoretical advantages and disadvantages for normother-
mic and hypothermic CPB in the gravid patient. Hypothermia can 
cause fetal bradycardia and may lead to fetal ventricular arrhythmias, 
resulting in fetal wastage. Rewarming after hypothermic CPB may pre-
cipitate uterine contractions and preterm labor.712 However, others 
reported the onset of uterine contractions at the time of discontin-
uation of CPB in spite of normothermic perfusion. Uterine contrac-
tions also occur at various times in the postbypass and postoperative 
periods. The association of uterine contractions with rewarming after 
hypothermic CPB is unclear.

Hypothermia may be protective to the fetus during ECC by decreas-
ing fetal oxygen requirements. Assali et al721 demonstrated that 
hypothermia to 28° C in gravid dogs caused an increase in uterine vas-
cular resistance but did not result in a decrease in uterine blood flow. 
Hypothermia did not affect fetal survival. Pardi et al,722 using a fetal 
lamb model, reported that temperatures above 18° C were well toler-
ated. More profound hypothermia caused irreversible fetal acidosis and 
hypoxia. Several reports discussed the effects of deliberately induced 
and septicemia-associated hypothermia in gravid patients. The inves-
tigators observed that the FHR decreased with maternal hypothermia 
but improved with maternal rewarming.723

Perfusion temperatures of 25° C to 37° C have been used in gravid 
patients undergoing CPB.712,717,720,724 Because Pomini et al714 found an 
apparent decrease in fetal loss when CPB temperatures were main-
tained at or above 36° C, they recommended normothermic tempera-
tures during CPB. However, they acknowledged the lack of follow-up 
in many of the case reports they reviewed. The authors reported a 
case in which hypothermic CPB at 25° C was required for 2 hours 40 
minutes, and in which the patient underwent two periods of rewarm-
ing. Uterine contractions occurring in the early postoperative period 
were successfully treated with magnesium sulfate. Despite the magni-
tude and duration of hypothermia and two periods of rewarming, a 
healthy infant was delivered 10 days after surgery.717

In conclusion, the optimal gravida temperature during CPB has 
not been established. No data suggest hypothermia is harmful to the 
mother or fetus undergoing bypass. Normothermic CPB may increase 
the likelihood of untoward neurologic sequelae in the mother, an event 
that would be catastrophic in a woman with young children.

Accidental Hypothermia
In the early 1950s, Bigelow et al455 demonstrated a direct relation 
between metabolic rate and temperature and postulated that DHCA 
could facilitate cardiac surgery. Although ECC was not used in these 
early cardiac cases (a tub of ice and warming coils were used to induce 
hypothermia and rewarm the patient), the notion that a patient could 
survive hypothermic arrest was established. With the introduction of 
CPB in the mid-1950s,725 the induction of DHCA, followed by resus-
citation, was greatly facilitated by the extracorporeal circuit. It was a 
short leap to consider the use of CPB to resuscitate the victim suffering 
accidental hypothermia.

This section outlines the care of a subgroup of accidental hypo-
thermia patients. Patients with core temperatures less than 32° C, 
and without a perfusing cardiac rhythm, are best managed with some 
type of extracorporeal support.726 This section discusses the manage-
ment of hypothermic patients who are optimally managed with CPB 
for rewarming. Danzl and Pozos727 outlined treatment algorithms for 
hypothermic patients who do not require ECC for resuscitation (e.g., 
patients with preserved circulation and suffering only moderate hypo-
thermia [temperature  32° C]).

Patient Selection
Clinicians lack consensus regarding the absolute indications or con-
traindications for the use of CPB in the treatment of accidental deep 
hypothermia.728 However, there are theoretical considerations and some 
data to help guide the decision-making process regarding the rewarm-
ing of accidental hypothermia patients. Phenomena that greatly limit 
the likelihood of successful resuscitation (that leads to an acceptable 
patient outcome) include the presence of asphyxia before the initiation 
of hypothermia. (This occurs commonly in avalanche and drowning 
victims.) Similarly, patients with severe traumatic injury, or extremely 
increased potassium levels ( 10 mmol/L), are unlikely to benefit from 
resuscitative efforts.

One report suggested that several factors may increase the likelihood 
of a desirable patient outcome after accidental hypothermia managed 
with CPB.729 Victims suffering profound hypothermia (without prior 
asphyxia), as opposed to moderate hypothermia, benefit from the  
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substantial slowing of metabolic processes and are less likely to have 
severe end-organ (brain, heart) damage. Young patients in good health 
are more likely to survive resuscitative efforts than older, debilitated 
victims. Patients who have multiple preexisting medical problems are 
less likely to have a desirable outcome. Initial rescue treatment algo-
rithms may influence the likelihood of surviving profound hypo-
thermia. The maintenance of profound hypothermia in the rescued 
patient before the initiation of extracorporeal warming may greatly 
enhance the likelihood of successful recovery. Rewarming with CPB 
is the most efficient method to resuscitate the hypothermic patient. 
Tissue perfusion is enhanced by hemodilution, and metabolic pertur-
bations can be easily corrected.

Caring for the Accidental Hypothermia Victim
After the decision is made to resuscitate an accidental hypothermia 
victim, the patient should be maintained at the hypothermic 
temperature and rapidly transferred to a facility that can provide 
extracorporeal rewarming. In the operating room, various vascular 
sites may be cannulated to initiate rewarming. Femoral vessels 
or mediastinal vasculature may serve as conduits for rewarming. 
Because the ventricle is noncompliant at temperatures less than 32° C,  
sternotomy or thoracotomy may be preferable to facilitate direct 
cardiac massage and defibrillation. Although hypothermia reduces 
anesthetic requirements, the prudent use of anesthetics, analgesics, 
sedative-hypnotics, and volatile drugs is recommended. These agents 
should be administered through the extracorporeal circuit.

The extracorporeal circuit must include a pump, oxygenator, and 
heat exchange waterbath to treat an asystolic patient. At flow rates of  
2 to 3 L/min, with the waterbath at 37° C, the patient's core temperature 
can increase by as much as 1° C to 2° C every 3 to 5 minutes. Slowly, the 
flow rate can be increased as determined by venous return. Given the 
data regarding the adverse effects of mildly hyperthermic blood on isch-
emic cerebral damage, the accidental hypothermia patient should not be 
perfused with blood warmed to temperatures in excess of 37° C. If the 
victim has a perfusing cardiac rhythm, venovenous rewarming may be 
used. Indeed, strong arguments can be made for limiting the rewarming 
to only 32° C to 33° C and then utilizing cardiac arrest protocols that  
utilize prolonged mild hypothermia to optimize cerebral outcomes.

One study suggests that, under certain circumstances (e.g., pro-
found hypothermia before asphyxia; young, healthy patients; mainte-
nance of hypothermia before CPB-supported rewarming), accidental 
hypothermia patients have an almost even chance of surviving and not 
suffering significant end-organ (including cerebral) deficits. Walpoth 
et al729 reviewed the hospital records of 234 patients suffering acciden-
tal hypothermia. Forty-six of these patients had core temperatures less 
than 28° C and had circulatory arrest. Of the 32 patients rewarmed 
with CPB support, 15 were long-term survivors. These 15 patients were  
re-examined and studied an average of 7 years after their resuscitation 
from accidental hypothermia. The survivors were uniformly young (25.2 
± 9.9 years) and were resuscitated with CPB 141 ± 15 minutes after discov-
ery. Although neurologic and neuropsychologic deficits were observed in 
all the victims in the early postresuscitation period, all patients had fully 
or almost completely recovered at the long-term follow-up. The investi-
gators concluded that otherwise healthy individuals can survive acciden-
tal deep hypothermia with a preserved good quality of life.

Intracranial Aneurysm Surgery
Surgery for intracranial aneurysm represents a major challenge for 
the surgeon and anesthesiologist.730 For a small number of these cases, 
DHCA has been applied to improve surgical access and cerebral protec-
tion. Like many areas, significant evolution in technique and applica-
tion has occurred over time. Initial enthusiasm for DHCA in intracranial 
aneurysm surgery was tempered by the unfortunate occurrence of coag-
ulopathies. Its use was further restricted by advances in neurosurgical 
microscopic technique (aneurysm wrapping, parent vessel ligation, and 
use of temporary clips). Improvements in  perioperative monitoring and 

neuroanesthesia have reserved a use for DHCA in the approach to giant 
aneurysms that might otherwise be inoperable.

DHCA for intracranial aneurysm requires precise integration of a 
remarkably large and diverse team, which includes anesthesiologists, 
nurses, perfusionists, cardiac surgeons, and neurosurgeons. All com-
ponents and demands of the operation should be thoroughly familiar 
to all participants. The anesthesiologist primarily is occupied by five 
areas. The first area is patient selection and consent, which need to 
include a careful assessment for preexisting coagulation problems or 
contraindication to TEE. The second area entails careful premedication 
and induction. This is undertaken to blunt hemodynamic response 
to invasive monitor placement and intubation, and avoid respiratory 
depression in that subgroup of patients with increased intracranial 
pressure. The third area of focus is maintenance and monitoring. This 
often includes TEE, EEG, and placement of defibrillator pads in addi-
tion to the routine anesthetic monitors. Next, the anesthesiologist 
prepares for initiation of CPB and arrest. Lastly, the anesthesiologist 
manages rewarming, resumption of native circulation, and correction 
of coagulation abnormalities. Depending on the length of arrest and 
adequacy of cardiac protection, these steps may proceed smoothly or 
be complicated by significant hemodynamic embarrassment.

DHCA has been used for intracranial aneurysm surgery with good 
success at a number of centers.731–736 The high percentage of patients 
surviving is probably the best indicator of the value of this technique, 
although the relatively small number of cases performed on an annual 
basis make controlled outcome trials difficult to complete. Silverberg et 
al731 reported nine operative cases with no operative deaths, although 
six modest perioperative complications occurred (i.e., small stroke, 
transient cranial nerve palsy, frontal lobe hematoma, and pulmonary 
embolus). Baumgartner et al732 also had no reported deaths in their 
series, and all patients went on to live independently. Like Silverberg's 
series, a fair number of patients experienced modest perioperative 
complications (i.e., four thromboembolic episodes, three strokes, three 
transient neurologic palsies). The other reported series733–736 were simi-
lar in the respect that most patients went on to live independently and 
modest perioperative complications were in the range of 50%. Most 
recently, Stone et al167 have studied the use of DHCA for neurosur-
gery and similarly reported good results. Given that the overall num-
bers involved are small, it is difficult to develop precise estimates for 
morbidity and mortality rates. However, given that DHCA in intrac-
ranial aneurysm surgery has been reserved for only the most difficult 
cases, the results seen are encouraging. As in most areas of cardiac sur-
gery, continued developments have led to an evolution in neurosurgery 
as well and in how these intracranial aneurysms are being addressed. 
For example, many more are now being addressed with neurovascular 
radiologic coiling than are being treated open under DHCA. It is likely 
that this will be a continuing trend in the declining use of DHCA for 
intracranial aneurysm treatment.

MINIMALLY INVASIVE SURGERY  
AND CARDIOPULMONARY BYPASS
In the mid-1990s, interest in minimally invasive techniques for car-
diac surgery emerged. Today, coronary revascularization and mitral 
and aortic valvular surgery are being performed in some centers with 
minimally invasive approaches. The proponents of port-access cardiac 
surgery (PACS) suggest that this technique permits minimally inva-
sive cardiac surgery while providing the support of ECC. This sec-
tion describes the current technology and expertise with port-access 
CPB. Minimally invasive procedures and off-pump cardiac surgery are  
discussed further in Chapters 18, 19, and 29.

Port-Access Bypass Circuit
The port-access system consists of a series of catheters that are intro-
duced through various puncture sites, including the femoral artery 
and vein, and threaded through the aorta and venous system to the 



 28 Cardiopulmonary Bypass Management and Organ Protection 877

heart. The perfusion is usually set up from the femoral vein to the 
oxygenator and then returned via the femoral artery. An inflatable 
 balloon on the end of an endoaortic clamp (EAC) catheter can be used 
to arrest the blood flow in the aorta, and other catheters help drain 
and reroute the blood flow to the heart-lung machine. Through two 
of the catheters, cardioplegia solution can be administered to the heart 
(Figure 28-16).737,738

The EAC is an occlusion balloon that functions as an aortic cross-
clamp and permits antegrade cardioplegia infusion into the aortic root 
and coronary arteries. The lumen used to administer cardioplegia can 
also function as an aortic root-venting catheter. Some surgeons prefer to 
use a direct modified aortic cross-clamp inserted through a port in the 
right chest instead of using the EAC; they depend on administration of 
cardioplegia in a retrograde fashion via the coronary sinus. Retrograde 
cardioplegia can be delivered through an endocoronary sinus catheter 
(ECSC) that is placed with a percutaneous approach (Figure 28-17).

Blood returns to the ECC through the femoral venous catheter that is 
advanced to the level of the IVC-right atrium junction. Because extratho-
racic gravity drainage is usually insufficient in providing adequate blood 
flow for complete CPB support, kinetic-assisted venous drainage, with 
controlled suction, is used to augment the drainage of blood to the heart-
lung machine (see Chapter 29). Removing all air from the system at the 
end of surgery is challenging and must be done carefully.

Retrograde
cardioplegia
infusion port

Coronary sinus
pressure

monitoring
lumen ECSC

EPV

Balloon inflation
lumen EAC
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Descending
aorta
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Aortic root pressure
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Balloon
inflation
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Antegrade
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Figure 28-16 Positioning of endovascular cath-
eters. The femoral venous drainage catheter tip 
is positioned at the right atrium-superior vena 
cava junction by fluoroscopy and transesophageal 
echocardiography. EAC, endoaortic clamp; ECSC, 
endocoronary sinus catheter; EPV, cardiopulmo-
nary vent. (From Toomasian JM, Peters SP, Siegel 
LC, Stevens JH: Extracorporeal circulation for port-
access cardiac surgery. Perfusion 12:83, 1997.)

Figure 28-17 Steerable coronary catheter for port-access surgery. 
(Courtesy Edwards Lifesciences, Irvine, CA.)
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Port-access CPB demands an expanded role of the anesthesiolo-
gist during CPB. The anesthesiologist is responsible for inserting the 
ECSC and the endopulmonary vent (EPV) through introducer sheaths 
placed in the right internal jugular vein. The ECSC should be placed 
first with the assistance of both fluoroscopy and two-dimensional TEE. 
The technique was recently described in detail by Lebon et al739 and 
Miller et al,740 who have a combined experience with more than 600 
insertions. TEE guidance is used for engaging the coronary sinus and 
fluoroscopy for advancing the catheter in the coronary sinus. Proper 
placement is judged by attaining a pressure in the coronary sinus 
greater than 30 mm Hg during cardioplegia administration at a rate 
of 150 to 200 mL/min. The mean total procedure time in the series by 
Lebon et al was 16 ± 14 minutes. Failure can occur for a number of 
reasons, but the most common reason is displacement of the catheter 
from the coronary sinus during surgical manipulations. Complications 
including perforation and dissections have been reported in a small 
percentage of patients.

The EPV catheter is evolving in design and use. A balloon at the tip 
of the flow-directed catheter is inflated so that it floats into the pulmo-
nary artery, to assist EPV catheter placement. The EPV is subsequently 
advanced over the flow-directed catheter until the tip is seated within 
the pulmonary artery. The balloon-tipped catheter is then withdrawn. 
In addition to fluoroscopy and TEE, distal catheter pressures facilitate 
positioning of the catheter.

As with any new procedure or technology, the anesthesiologist  
should expect a learning curve regarding the skill of placing an ECSC 
and EPV. A side benefit of port-access bypass is the necessity of 
increased communication among members of the health care team. 
It is hoped that this phenomenon will spill over to all CPB cases and 
decrease the likelihood of perfusion mishaps.

Monitoring for Endovascular  
Clamp Bypass
Measures of venous drainage, the arterial blood flow, ventricular vent-
ing, cardioplegic delivery, regional perfusion, and aortic occlusion 
must be carefully monitored to ensure safe and adequate CPB and 
myocardial protection. Although the surgical staff is positioned to 
assess cardioplegia delivery and LV venting, and the perfusionist moni-
tors arterial flow and venous drainage to and from the CPB circuit, the 
anesthesiologist is responsible for determining the proper placement 
of the EAC and adequacy of CBF.741

The aorta catheter with the EAC should be positioned in the ascend-
ing aorta 2 to 4 cm distal to the aortic valve. Because cephalad migra-
tion of the endovascular aortic root clamp may compromise CBF, it is 

imperative to monitor endovascular clamp position continuously. 
There are several proposed methods to achieve this essential goal 
(Table 28-18). TEE and color-flow Doppler aid in visualizing the place-
ment of the EAC balloon in the ascending aorta and in detecting any 
leakage of blood around the balloon. Right radial artery pressure will 
decrease acutely if the EAC migrates and obstructs the brachiocepha-
lic artery. Some clinicians choose to measure blood pressure in the left 
and right radial arteries. The occurrence of acute difference in radial 
artery pressures may indicate cephalad migration of the EAC. Pulse-
wave Doppler of the right carotid artery can verify cerebral perfusion 
but is frequently difficult to assess under the conditions of nonpulsa-
tile blood flow. The ability of transcranial Doppler monitoring of the 
middle cerebral artery and cerebral oximetry techniques to determine 
the adequacy of CBF requires further evaluation. The TEE probe may 
be useful in visualizing the ascending aorta and location of the balloon; 
however, many clinicians report the inadequacy of this technique.

Port-Access Cardiac Surgery  
Outcome Data
Early advocates of PACS hoped that this new approach provided the 
benefits of minimally invasive surgery with the advantage of extra-
corporeal support and myocardial preservation during procedures on 
the heart. A relatively steep learning curve exists, and multiple, unex-
pected complications have been reported (e.g., inadequate deairing of 
the  ventricle before discontinuation of CPB support, aortic or femoral 
artery dissection, malposition of the endovascular clamp).

Coronary artery surgery can be done using PACS, but it has not 
become a popular technique compared with OPCABs and other min-
imally invasive revascularization procedures. Mohr et al742 reported 
a 9.8% mortality rate in their series of 51 patients undergoing elec-
tive mitral valve replacement or repair with PACS. Two patients suf-
fered femoral artery dissections (requiring conversion to conventional 
techniques), and three patients required second operations for repair 
of postoperative perivalvular leaks. Patients in the port-access group 
reported the same amount of pain as those undergoing sternal splitting 
(as measured by a visual analog pain scale), challenging the hypoth-
esis that minimally invasive procedures result in less pain than con-
ventional approaches (see Chapter 38). Two other large series of mitral 
valve surgery via right thoracotomies with PACS found the outcomes 
to be similar to the standard operations done via a sternotomy.743,744 
The use of robotic assistance for mitral valve repairs performed via a 
thoracotomy using PACS has gained popularity in some centers; results 
have shown good success rates, less transfusion need, and shorter  
hospital stays.745

Potential Strategies to Monitor Cerebral Blood Flow during Port-Access Bypass

Monitor Limitations Observation with Cephalad Migration of Endoaortic Clamp*

Fluoroscopy 1. Must interrupt surgery to use monitor EAC occluding great vessels
Transesophageal 

echocardiography
1. May be difficult to visualize EAC position during 

cardiopulmonary bypass
EAC in area of great vessels

Carotid ultrasound 1. Difficult to monitor signal continuously—depends on 
index of suspicion

2. Difficult to obtain signal with nonpulsatile blood flow

Sudden loss of blood flow signal

Transcranial Doppler 1. Difficult to monitor MCA blood flow continuously—
depends on index of suspicion

2. Difficult to insonate MCA during nonpulsatile blood flow
3. Poor sensitivity/specificity

1. Loss of MCA blood flow velocity signal
2. Change in ratio of RMCA vs. LMCA blood flow velocity
3. Change in RMCA or LMCA blood flow direction

Cerebral venous blood oximetry 
(R vs. L signal)

1. Sensitivity/specificity? Decrease in cerebral venous blood oxygen saturation; change in R 
vs. L signal†

Electroencephalography 1. Hypothermia, anesthetics, and roller pump artifacts limit 
interpretation of EEG signals

EEG slowing/change in right vs. left EEG signal

Right and left radial arterial 
pressures

1. Requires cannulation of both radial arteries; increased risk 
for hand ischemia

2. Left radial arterial free graft conduit not possible

Change in the ratio of right and left radial arteries measured MAP

TABLE  
28-18

*Hypothetical observation; the sensitivity and specificity of these monitors in this clinical setting have not been evaluated.
†The rate and magnitude of change depend on many factors, including the patient's cerebral temperature, magnitude of obstruction, and collateral blood flow.
EAC, endoaortic clamp; L, left; MAP, mean arterial pressure; MCA, middle cerebral artery; R, right.
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Extracorporeal Devices and 
Related Technologies

The development of surgical interventions for the treatment of 
 cardiovascular disease has resulted in enhancements in the quality of 
life for an indeterminate number of patients. One of the most influ-
ential areas that has aided in the evolution of this discipline has been 
the development of devices and techniques for extracorporeal circula-
tion (ECC). Indeed, the sheer complexity of how blood behaves in an 
extravascular environment and the influence of synthetic materials on 
biologic processes have provided rich areas for research.

On May 6, 1953, Gibbon closed an atrial septal defect with the use 
of a heart-lung machine, the culmination of more than 20 years of 
his own research.1,2 By the early 1950s, Gibbon had completed an 
extensive series of animal experiments with the heart-lung machine 
with survival rates of greater than 90%. However, his first attempt 
in human patients was not successful. On his second attempt, the 
patient's circulation was supported for less than 20 minutes while 
the atrial septal defect was repaired. According to Dr. Bernard J. Miller, 
“Near the termination of the operation, the machine suddenly shut 
down—reason being, clotting of the blood on the  oxygenator took 

KEY POINTS

 1. Cardiopulmonary bypass (CPB) has been 
described as one of the boldest and most 
successful feats of the human mind.

 2. CPB has progressed from experimental to a  
commonly practiced invasive high-risk 
procedure as evidenced by a recent randomized 
trial of off-pump versus on-pump surgery 
that showed significantly better composite 
outcomes with on-pump surgery.

 3. Two predominant methods of blood propulsion 
are used: positive displacement roller pumps 
and constrained vortex or centrifugal-type 
pumps.

 4. Modern heart-lung machines incorporate a 
number of microprocessor controls that serve to 
enhance safety and improve the pump-operator 
interface.

 5. Modern heart-lung machines are equipped with a 
number of alarm systems and redundant backup 
systems to overcome primary system failures.

 6. Blood gas exchange devices have improved 
over time in terms of reduced blood-surface 
interface, improved efficiency, and improved 
blood device-related inflammatory response.

 7. Gaseous and particulate microemboli enter 
the CPB circuit from entrainment in the 
venous inflow to the circuit and also through 
the cardiotomy suction system. None of the 
currently available CPB systems removes all of 
the emboli.

 8. Gaseous emboli may be reduced by correcting 
air entrainment around venous cannulation 
sites, avoiding the use of excessive vacuum-
assisted venous drainage ( 20 mm Hg), use of 
an arterial line filter, minimizing use of vent and 
cardiotomy suction flow, and use of a venous 
reservoir with a screen filter of 40 m or less 
pore size.

 9. Coating technology for CPB tubing and circuit 
components reduces inflammation and thrombus 
formation.

 10. There is growing concern about plasticizers 
such as di(2-ethylhexyl) phthalate (DEHP) in 
polyvinyl chloride tubing. New plasticizers such 

as dioctyl adipate (DOA) that have less leaching 
are under investigation.

11. Cardioplegia delivery must be delivered 
accurately to prevent myocardial damage, and 
new pump delivery systems provide a better 
operator-interface for effective delivery.

12. Blood conservation is paramount, and an 
effective system involves proper equipment 
selection for the size of the patient, careful 
coagulation management, and the use 
of advanced techniques such as acute 
normovolemic hemodilution, retrograde 
and antegrade priming, ultrafiltration, and 
autotransfusion.

13. Despite more than 150 studies to evaluate the 
effectiveness of pulsatile flow during CPB, there 
is little evidence of the efficacy of pulsatile flow.

14. Numerous techniques to continuously perfuse 
the cerebral circulation have been developed, 
reducing the use of deep hypothermia 
circulatory arrest.

15. Communication and teamwork are of 
paramount importance during cardiac surgery.

16. The use of simulation and the study of human 
factor science are emerging areas of research 
that will help teams to become effective in 
responding to routine and nonroutine events 
that may occur during CPB.
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place, and the automatic arterial control sensed the sudden fall in the 
pool at the bottom and shut the entire machine down.”3,4 However, 
the patient survived and was discharged from the hospital in 9 days. 
Gibbon's five subsequent procedures at Jefferson Hospital were not 
successful and he abandoned the use of ECC. However, his one suc-
cessful case served to inspire others, including John Kirklin at The 
Mayo Clinic, C. Walton Lillihei at the University of Minnesota, and 
Denis Melrose at Hammersmith Hospital in London, to continue the 
further development of ECC and cardiopulmonary bypass (CPB) in 
the laboratory and ultimately in the clinical arena. The accomplish-
ments of these early pioneers in cardiac surgery have been described 
as being “the boldest and most successful feats of man's mind.”4

Since the 1950s, CPB has undergone a dramatic metamorphosis 
from a lifesaving, yet life-threatening, technique to an event practiced 
nearly 1,000,000 times a year throughout the world. It is uncommon 
in today's medical environment to encounter such an invasive proce-
dure, with such significant risk and inherent morbidity, being prac-
ticed as routine. The goal of all techniques of CPB always has been 
to design an integrated system that could provide nutritive solutions 
with appropriate hemodynamic driving force to maintain whole-
body homeostasis, without causing inherent injury. A recent random-
ized clinical trial, the Randomized Off-pump or On BYpass (ROOBY) 
trial, involving 2203 elective or urgent coronary artery bypass grafting 
(CABG) patients randomized to either off- or on-pump surgery is a 
testament to the efficacy and safety of CPB as currently practiced. At  
1 year, the on-pump group had significantly better composite out-
comes (death, myocardial infarction, or repeat revascularization) than 
the off-pump group (9.9% vs. 7.4%; P = 0.04). The overall rate of graft 
patency was lower in the off-pump group than in the on-pump group 
as well (82.6% vs. 87.8%; P < 0.01).5

This chapter is a compilation of information on extracorporeal 
devices and techniques used in the conduct of cardiovascular per-
fusion. No attempt is made to chronicle or list the multitude of 
components and perfusion devices currently manufactured. Rather, 
examples have been chosen to best represent current technology. 
Similarly, the techniques described under perfusion practices were 
chosen because of the current clinical interest, with specific protocols 
taken from referenced sources.

MECHANICAL DEVICES
Blood Pumps

All extracorporeal flow occurs through processes that incorporate 
a transfer of energy from mechanical forces to a perfusate, and, ulti-
mately, to the tissue. Methods of achieving this transfer of energy 
include gravitational and mechanical forces, or a combination of both. 
It is through the transfer of energy from an electrical power source 
to the motor of a pumping mechanism and on to the fluid (blood) 
that causes tissue perfusion.4,6 Most extracorporeal pumps fall into one 
of the following categories: positive displacement (PD), centrifugal or 
constrained vortex (CP), passive filling, pneumatic and electrical pul-
sation, and axial flow (the latter pumps are used primarily as cardiac 
assist or replacement devices),7–9 and are described in Chapter 27.

Positive Displacement Pumps
The PD pump operates by occluding tubing between a stationary race-
way and rotating roller(s) or occluder(s) (Figure 29-1). The pump-
ing mechanism is also referred to as the pump head, and the tubing 
that traverses the raceway is referred to as the pump header. PD pumps 
were first proposed for use in cardiovascular medicine in the 1930s by 
Gibbon.2 In 1935, an adaptation to the PD pump was described that 
included tube bushings at the head of the raceway on both inlet and 
outlet locations to prevent tubing creepage around the roller head.9 
Melrose10 later modified the pump to include a grooved raceway, which 
further reduced tubing shimmy. Both of these adaptations were impor-
tant in reducing the mobility of tubing during the operation of the 

pump, which decreased the potential for tubing rupture in the pump 
head. In a PD pump, fluid is displaced in a progressive fashion from 
suction to discharge, with the capacity of the displacement dependent 
both on the volume of the tubing occluded by the rollers and on the 
number of revolutions per minute (rpm) of the roller. All PD roller 
pumps (RPs) use the volume in the pump header, which is referred to 
as a flow constant, and is specific to each size of tubing referred to by 
the internal diameter of tubing, for calculating the flow of the pump. 
This is displayed on a digital readout and is referred to as the output 
(flow) of the pump. It is measured in liters per minute. Although many 
types of RPs have been used for CPB, the most common PD pump in 
use today is the twin-RP.

There are currently at least five manufacturers of PD pumps used in 
ECC, with each device consisting of minor variations of the twin-RP 
design (Box 29-1). A modern heart-lung machine consists of between 
four and five of these RPs positioned on a base console (Figures 29-2 
and 29-3). Most machines are modular in design, permitting the rapid 
change-out of a defective unit in the case of single-pump failure. It is 
standard practice of perfusionists to rotate the pumps along the base 
console in different positions so that mechanical wear is distributed 
evenly while maintaining equitable time utilization. Each pump is inde-
pendently controlled by a rheostat that functions to regulate the rpm of 
the rollers. Each pump is calibrated according to specific flow constants 
that are calculated from the internal diameter of tubing, as well as the 
tubing length, placed in the pump raceway. Periodically, PD pumps are 
calibrated by performing a timed collection of pumped fluid to  verify 
that after proper calibration the pump delivers the  volume  indicated on 

Figure 29-1 Stockert S-3 Twin Roller Pump diagram. A positive 
displacement pump with a stationary raceway and rotating twin roller 
pumps. (Courtesy of The Sorin Group, Arvada CO.)
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the pump flow display. The internal diameters for ECC tubing ranges 
between 1/8 and 5/8  inch/min. For this reason, a single console can be 
used to perfuse a wide range of patients whose size may vary from a few 
kilograms to several hundred. This is accomplished simply by chang-
ing the raceway tubing and the shims that hold the tubing in place. It 
is important to note that the larger the internal diameter of the tub-
ing, the lower the rpm necessary to achieve a desired pump flow. This 
is especially important because there is a  positive correlation between 

red blood cell (RBC) hemolysis and the rpm of the pump rotation. 
The magnitude of hemolysis is related to both the time and exposure of 
the blood to shear forces generated by the pump. A region of high pres-
sure and shear force is created at the leading edge of the roller where 
the tubing is compressed, which is followed by a period of negative 
pressure as the tubing expands behind the roller. This momentary neg-
ative pressure under certain conditions may induce the cavitation of 
air dissolved in the solution. A further related concern is particulate 
emboli that may be generated by microfragmentation, so-called spal-
lation, of the inner surface of the tubing where the roller contacts the 
tubing and where the fold at the edges of the tubing occurs.11 Studies 
of tubing wear over time have shown that polyvinylchloride fragments 
generated from RPs are numerous, frequently less than 20 m in diam-
eter, and begin to occur during the first hour of use.12 However, the 
majority of the hemolysis generated during a routine CPB procedure is 
not related to the occlusiveness of the arterial pump head but rather by 
the air-surface interface interaction occurring with the use of suction 
and “vent” lines components of the circuit.13 An underocclusive arte-
rial pump head will result in retrograde flow. This, in turn, will require 
increased rpm to ensure adequate forward flow, which increases hemo-
lysis.14 Overocclusive adjustment of the RP results in both hemolysis of 
RBCs and spallation (particulate fragmentation from the inner walls of 

BOX 29-1. ROLLER PUMPS

Composed of twin rollers.
Deliver flow using positive displacement of the fluid in the tubing.
Blood flow is calculated using tubing stroke volume and pump 

revolutions per minute.
An underocclusive roller pump may result in retrograde flow in the 

patient and in the cardiopulmonary bypass circuit.
An overocclusive roller pump may increase hemolysis and produce 

spallation of the perfusion tubing.
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Figure 29-2 Schematic diagram of cardiopulmonary bypass circuit including four roller pumps (one vent pump, two suction pumps, and a cardiople-
gia deliver pump). A centrifugal blood pump for systemic blood propulsion is shown on the lower right. (From Hensley FA, Martin DE, Gravlee GP: 
A Practical Approach to Cardiac Anesthesia, 4th ed. Philadelphia, Lippincott Williams & Wilkins, 2008, Figure 18.1.)
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tubing) that continues with PD pumps.15 Kurusz11 identified the ero-
sive and fatiguing action of the RP as a major source for generating 
tubing particles in CPB circuits.

The setting of occlusion in the pump head is extremely important 
and varies among the pumps used on the heart-lung machine con-
sole. The arterial pump head occlusion should be set by a water-drop 
method that incorporates a “30-and-1” rule for setting occlusion. In 
this method, the occlusion of the arterial pump is set by displacing 
a column of water (perfusate) 30 cm above the highest water level 
in the venous or cardiotomy reservoir (whichever is highest) and 
allowing the perfusate to drop 1 cm/min. The same drop rate can 
be obtained by setting the fluid height difference at 30 inches and 
the drop rate at 1 inch/min. Of note, if cardioplegic solution is to 
be delivered through a separate RP, and/or a left ventricular drain-
age line (left ventricular vent) placed in a roller head, occlusion for 
these pumps should be set at 100% (full occlusion) with no drop in 
fluid movement. This ensures that during the time when cardiople-
gic solution is not delivered, or the left ventricular vent is turned 
off, the risk for negative pressure in the ascending aorta or coronary 
sinus, created by a slowly falling column of fluid, does not  create 
a siphon that causes cavitation or the entrainment of air into the 
infusion lines. Such aspirated air could be infused directly into the 
patient by restarting the pump. The heart is vented during CPB to 
facilitate the removal of ventricular blood that accumulates from 
noncoronary mediastinal collateral vessels, arteriovenous sinusoids, 
and thebesian veins, all of which drain directly into the left atrium 
(LA) or left ventricle. Other anatomic locations of venting the heart 
include the pulmonary artery and the ascending aorta, with the 
latter usually drained through an antegrade cardioplegia cannula. 
The remaining pumps usually are denoted as “suckers” and aspirate 
shed blood from the operative field. Although debated, it generally 
is thought that a slightly nonocclusive pump sucker leads to reduc-
tions in the amounts of RBC trauma and hemolysis. Additional uses 
for the peripheral PD pumps include ultrafiltration (UF) or dialy-
sis, for topical myocardial cooling devices, or for removing air from 
 collapsible venous reservoirs.

Centrifugal Pumps
The second type of extracorporeal pump is a resistance-dependent 
pump termed a centrifugal (CP), or constrained vortex pump.16–18 The 
CP conducts fluid movement by the addition of kinetic energy to a 
fluid through the forced centrifugal rotation of an impeller or cone in 
a constrained housing (Box 29-2). The greatest force, highest energy, 
is found at a point most distal to the center axis of rotation (Figures. 
29-4 to 29-6). CPs operate as pressure-sensitive pumps, with blood 
flow directly related to downstream resistance. Blood flow is, therefore, 
related to both the rpm of the cones or impellers and the total resis-
tance. This represents an important safety feature in coupling blood 
flow with resistance. During unexpected increases in resistance, the 
total energy transfer from the CP to blood will not generate forces 
 sufficient to cause arterial line separation. However, when downstream 
occlusion occurs, either through increases in afterload or through the 
placement of line clamps, the fluid in the pump head will be heated 
because of hydrodynamic processes in the magnetic coupling. This 
increase in temperature could result in increased blood trauma and 
coagulation defects.18

The acceptance of these devices in routine CPB has increased tre-
mendously since first being introduced into clinical practice in 
1969,19 and it is the pump of choice during emergency bypass proce-
dures. The CP also has been used as a ventricular assist device (VAD) 

Figure 29-3 HL20 Heart Lung Machine Console. (Courtesy of Maquet 
 Cardiovascular, Wayne, NJ.)

Figure 29-4 Rotaflow Centrifugal Pump disposable with low-friction 
one-point bearing (sapphire ball and PE calotte). (Courtesy of Maquet 
Cardiovascular, Wayne, NJ.)

BOX 29-2. CENTRIFUGAL PUMPS

Operate on the constrained vortex principle.
Blood flow is inversely related to downstream resistance.
Flow rate is determined using an ultrasonic flow meter.
Increase in centrifugal pump revolutions per minute may result  

in heat generation and hemolysis.
If the centrifugal pump is stopped, the line must be clamped  

to prevent retrograde flow.
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because of its inherent safety features and pressure sensitivity, as well as 
 relatively low cost. Although these pumps have been used extensively 
off-label for VADs, none of the CPs has received U.S. Food and Drug 
Administration clearance for use for systemic circulatory support for 
more than 6 hours. CP pumps have been used extensively off-label as 
VADs or in extracorporeal membrane oxygenation (ECMO)  circuits. 
The afterload and preload sensitivity of these pumps make them 
particularly amenable for use for ECMO in the treatment of revers-
ible respiratory dysfunction and postcardiotomy dysfunction.20 The 
Levitronix CentriMag Blood Pumping System (Levitronix, Waltham, 
MA) recently developed a pump with a novel magnetically levitated 
bearingless motor technology designed to minimize friction and heat 
generation in the blood path (Figure 29-7), which reduces stasis and 
minimizes blood trauma. The Centrimag is approved for use for up 
to 6 hours of support and is undergoing further investigation for pro-
longed use for patients with heart failure (HF). The Centrimag also 
recently received approval by the FDA for use as a right ventricular 
support device, for use up to 14 days to treat patients with right-heart 
failure—the first approval of this class of pump for use beyond 6 hours. 
In a recent in vitro study, Guan et al21 compared mechanical perfor-
mance characteristics of the Centrimag pump with a conventional CP, 
the Rotaflow Centrifugal Pump (Maquet, Wayne, NJ) and reported 

 better mechanical  performance characteristics with the rotaflow pump 
in terms of higher shutoff flow rate, maximal flow, and propensity 
for retrograde flow.21 These findings deserve further study given the 
magnitude of cost for the Centrimag pump system disposable compo-
nents (Centrimag costs 20 to 30 times more than other CP disposable 
components).

When gross air is introduced into the CP, as in emptying of the venous 
reservoir, the pump head will deprime, stopping forward flow, which 
reduces the risk for gas embolization. However, when small quantities 
of air are aspirated into the pump head, these bubbles will coalesce 
and be passed into the outlet stream of fluid movement, and poten-
tially into the patient. Although the CP has been described as exerting 
less trauma to the cellular elements of blood,22 variability in individual 
pump hemolytic potential has been reported.23,24 Tamari et al25 have 
reported that the degree of hemolysis in CP is related to the hemody-
namic conditions under which the pump is operated, with lower flows 
and higher pressure resulting in more hemolysis than similarly oper-
ated RPs. There have been reports of thrombus formation when these 
pumps are used with low anticoagulation or for prolonged periods.26 
Later designs possess fins and channels that prevent these areas of sta-
sis. Improved designs have addressed issues of stasis, heat generation, 
and bearing wear. One contemporary design has minimal contact area 
for the cone and the outer housing and incorporates a series of magnets 
to suspend the moving rotor within the pump housing.27 Additional 
advantages of CP over PD RPs include reduced mechanical trauma 
to extracorporeal tubing and the generation of high-volume output 
with moderate pressure development. A potential complication associ-
ated with nonocclusive-type pumps involves retrograde flow through 
the aortic cannula when the pressure in the central aorta exceeds 
that generated by the pump.28 This may occur during times of power 
 disruption or pump failure when there is an increased risk for drawing  
air into the arterial line via purse-string sutures placed to secure the 
arterial cannula (see Safety Mechanisms for Extracorporeal Flow 
 section later in this chapter). Other uses of CPs include supported CPB 
in high-risk angioplasty patients, left-heart bypass (LHB) during repair 

Figure 29-5 Revolution Centrifugal Pump Disposable. (Courtesy of 
The Sorin Group Arvada, CO.)

Laminar flow improves
blood and air handling capabilities

Roller pumps (left) push the blood along
creating turbulence that can damage it and
create debris by spalling particles from
the tubing. Impeller pump blades (center)
push through the blood causing damaging
turbulence. The Medtronic Bio-Pump Plus
centrifugal pump (right) promotes laminar
flow, improving blood handling capabilities
and decreasing blood trauma.

Figure 29-6 Medtronic Bio-Pump Plus Centrifugal Pump. The man-
ufacturer states that the Bio-Pump laminar flow design is superior to 
roller pump and impeller pump designs with inherently more turbulent 
flow characteristics. (Courtesy of Medtronic Cardiovascular, Eden Prarie, 
MN.)

Figure 29-7 CentriMag Blood Pump. Thoratec CentriMag magneti-
cally levitated bearingless blood pump. (Reprinted with permission from 
Thoratec Corporation.)
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of descending thoracic aortic aneurysms or dissections, and veno-
venous bypass during hepatic transplantation. Use of CPs to assist 
venous return for minimally invasive cardiac surgery is described as 
kinetic-assisted venous return.29,30

Currently, six manufacturers produce CPs for extracorporeal use: 
Biomedicus (Biomedicus-Medtronics, Minneapolis, MN), Delphin 
(3M Health Care, Ann Arbor, MI), Revolution Pump (The Sorin Group, 
Arvanda, CO), Capiox-SP (Terumo Medical Corporation, Somerset, NJ), 
Rotoflow Maquet (Wayne, NJ), and the Centrimag Pump. The opera-
tional characteristics are similar among the various systems in which 
the internal smooth cones or vaned impellers are connected to a central 
magnet (isolated from contact with blood by encasement in a polycar-
bonate housing), which couples with the console, where electromag-
netic forces are produced. The centrifugal console usually is placed in 
the arterial pump head position on the heart-lung machine, replac-
ing the main drive. All of the consoles currently available include their 
own battery backup systems in the event of power failure and a man-
ually operated motor in case of drive motor or console failure. The 
Revolution pump is equipped with an electronic tubing clamp that 
may be programmed to deploy automatically if low, zero, or retrograde 
flow is sensed; if the level sensor in the venous reservoir senses a low 
level; if a high arterial line pressure is sensed; or if the air detector on 
the arterial line senses air in the circuit (Figure 29-8). This is an espe-
cially important feature when using these machines to transfer patients 
on ventricular assistance or during the conduct of emergency bypass. 
Each manufacturer markets disposable software that must be pur-
chased in conjunction with the pump.

A number of investigators have conducted in vitro studies com-
paring CPs and RPs in terms of blood handling during short-term 
and long-term use. Oku et al,31 Jakob et al,32 Englehardt et al,33 and 
Hoerr et al34 reported less hemolysis with the CP when tested in vitro. 
Kress et al35 showed no difference between the two pump types in a 
 rabbit ECMO model. Tamari et al36 examined hemolysis under vari-
ous flow and pressure conditions in an in vitro model using porcine 
blood and concluded that the hemolysis index was related to the dura-
tion of blood exposure to shear, the ratio of pump pressure differ-
ence between the inflow and outflow, and the flow rate of the pump. 
From this work they provided guidelines related to pump selection 
based on the pressure/flow ratio likely to occur in a given application. 
Rawn et al37 compared an underocclusive RP with a CP and found a 
significantly higher index of hemolysis in the CP (3.38 to 14.65 vs. 
29.58 g/100 L pumped). In a randomized trial, Salo et al38 examined 
inflammatory response mediators in 16 CABG patients with CPB 
times of less than 2 hours. These mediators included interleukin-1 
beta (IL-1 ), IL-2, IL-6, phospholipase A

2
, endotoxin, fibronectin,  

and serum C Group II phospholipase A
2
. These researchers found no 

differences in the levels of these inflammatory markers immediately 

post-CPB and at 24 hours after surgery. Other randomized clinical 
trials have been  conducted to compare emboli generation, neurocog-
nitive outcome, blood trauma, and patient charges. Wheeldon et al39 
conducted a randomized, controlled trial in 16 patients, in which the 
only difference in equipment and technique was the type of pump 
used, and found  significantly fewer microemboli, less complement 
activation, and better preservation of platelet count. Parault and 
Conrad40 reported a similar significant improvement in platelet pres-
ervation in a retrospective review of 785 cases and further reported 
that the differences were more profound in patients older than 70 
years with CPB times of longer than 2 hours. Klein et al41 conducted a 
randomized, prospective clinical study in 1000 adult cardiac patients 
comparing RPs with the Biomedicus CP (Medtronic, Eden Prairie, 
MN), using risk stratification methodology, and reported clinical 
benefits to the CP including blood loss, renal function, and neuro-
logic outcomes, but no significant difference in mortality. Ashraf et 
al42 examined S100 beta levels relative to pump type in a randomized, 
controlled trial that included 32 patients who had CABG and found 
no significant difference in S100 beta levels between the groups at 2 
and 24 hours after bypass. Dickinson et al43 did a retrospective review 
of 102 patients examining length of stay, total patient charges, reim-
bursement, mortality, and major complications but could not identify 
a single difference. A more recent randomized control trial by Scott 
et al44 subjected 103 patients to a battery of 6 standardized tests and 
found a trend toward fewer abnormal tests in the CP group; however, 
it failed to reach statistical significance. DeBois et al45 conducted a trial 
in 200 elective CABG surgery patients who were randomized to either 
an RP or CP and found similar patient characteristics including plate-
let counts, hematocrit, transfusion rate, and mortality; however, they 
observed differences favoring the CP with regard to weight gain, length 
of stay, and net hospital financial balance. Alamanni et al46 evaluated 
the prevalence of major neurologic complications in 3,438 consecu-
tive patients and found the occurrence of injury to be associated with 
age and a history of a previous neurologic event. The authors further 
reported that use of the CP provided a risk reduction for the consid-
ered events ranging from 23% to 84%. Babin-Ebell47 et al conducted a 
randomized trial of CABG patients and found a significant reduction 
in tissue factor in the group supported with a CP; however, this did not 
translate into a measurable reduction in thrombin formation or other 
apparent clinical benefit. Baufreton et al48 examined cytokine produc-
tion (tumor necrosis factor- , IL-6, IL-8) and circulating adhesion 
 molecules (soluble endothelial-leukocyte adhesion molecule-1 and 
intercellular adhesion molecule-1) in a randomized, controlled trial 
of 29 CABG patients. They reported greater SC5b-9 and elastase levels 
in the CP group, suggesting more favorable performance from the RP 
with regard to complement and neutrophil activation.

Although nearly all of the randomized trials show significant benefit 
to systems designed with CPs, it is difficult to separate the improved 
performance conferred from other characteristics, such as lower prime 
volume, surface coating, more limited surface area, and reduced air-
 to-blood contact. Current research would suggest that CPs produce less 
blood damage; however, this improvement may be masked by blood 
trauma and inflammation related to contact activation of the blood 
related to cardiotomy suction, the introduction of gaseous and partic-
ulate emboli, and related factors. According to the recently published 
Guidelines on Perioperative Blood Transfusion and Blood Conservation in 
Cardiac Surgery, jointly endorsed by the Society of Thoracic Surgeons 
and the Society of Cardiovascular Anesthesiologists, “It is not unrea-
sonable to select a CP rather than a RP but more so for safety rea-
sons rather than blood conservation” (American Heart Association/
American College of Cardiology Class IIb level of evidence B).49 In 
2000, approximately 50% of the cardiac centers in the United States 
routinely used CPs.50

Electromagnetic transducers and Doppler ultrasonic flowmeters 
are the two methods of measuring CP flow, as compared with the digi-
tal display of the PD pumps, which is the product of a flow constant and 
rpm. Electromagnetic flowmeters operate under Faraday's  principle, 
that an electric current can be produced in a wire moved through 

Figure 29-8 E-Clamp electronic line clamp works in conjunction with 
the Revolution centrifugal pump. The clamp is automatically deployed to 
clamp the line when retrograde flow is detected or if the air detector or 
level detector is triggered. (Courtesy of The Sorin Group, Arvada, CO.)
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a magnetic field. Voltage is generated when an  electrical  conductor 
moves through a magnetic field if the movement is perpendicular to 
the magnetic lines between the poles of the magnet. Because blood is 
an electrical conductor, voltage is generated when it passes through a 
magnetic field and the voltage is directly proportional to the velocity 
of blood movement. The Doppler technology uses digital signal pro-
cessing to transform the Doppler analog signal received from the flow-
meter into digital format. Fast Fourier transformation then matches 
the incoming signal to recognizable patterns, which are displayed as 
flow rates.

Safety Mechanisms for Extracorporeal Flow
Some of the most recent advances in pump design have been a result 
of a heightened awareness of increasing safety associated with complex 
operating systems. The PD pumps are pressure independent, which 
means they will continue to pump regardless of downstream resistance. 
In a CPB circuit, the summation of resistances against which a pump 
must function includes the total tubing length, the oxygenator, the heat 
exchanger, the arterial line filter, the cannula, and the patient's systemic 
vascular resistance (SVR). Additional factors that influence SVR include 
the viscosity of the perfusate, related to the total formed element con-
centration, which primarily is dependent on the formed elements of 
blood and the temperature of the solution. According to Poiseuille's law, 
the greatest resistance to flow is created at the arterial cannula, where the 
change in the caliber of the tubing lumen declines the most. Perfusionists 
routinely monitor the summation of all resistances and record this 
value as the arterial line, or system, pressure. This always will be greater 
than the pressure measured at the distal end of the circuit  terminating 
at the cannula tip because the pressure drop across each component in 
the series circuit will be subtracted from the summation of resistance 
(resistors) in the entire circuit. Bypass circuitry and components have 
been designed to incorporate minimal pressure drops;  therefore, in rou-
tine adult perfusion, the resistance becomes a function of the patient's 
SVR and the pump flow rate. Establishing a normal value for arterial 
line resistance is difficult, although normal limits range between 100 
and 350 mm Hg. Any acute change in resistance, such as unexpected 
clamping or kinking of the arterial line, results in an abrupt increase in 
arterial line pressure, which can lead to catastrophic line separation or 
circuit fracture anywhere on the high-pressure side of the circuit. A life-
threatening event could occur on the initiation of CPB if the tip of the 
arterial cannula lodges against the wall of the aorta, undermining the 
intima of the vessel. Under these conditions, aortic dissection can occur 
as the vessel intima separates from the media, directing blood flow into 
a newly created false lumen. This dissection can extend throughout the 
entire length of the aorta. For this reason, perfusionists routinely check 
the line pressure after cannulation before the onset of CPB to ensure the 
presence of a pulsatile waveform, indicating proper cannula placement 
in the central lumen of the aorta. Either the absence of pulsatility or 
an extremely high line pressure (> 400 mm Hg when CPB is  initiated) 
should immediately be investigated (see Chapter 28).

All heart-lung machines include a microprocessor-controlled safety 
interface with their pump consoles. These systems monitor and con-
trol pump function and serve as the primary mechanical safety control 
 system for regulating extracorporeal flow. Pressure limits are set by the 
perfusionist and are determined by patient characteristics and the type 
of intervention performed. These units consist of early-warning alarms 
that alert the user to abrupt changes in pressure and will automatically 
turn off a pump when preset limits are exceeded. These safety devices 
have been used in both the main arterial pump and the cardioplegia 
pump; the latter become more important with the utilization of retro-
grade cardioplegia administration into the coronary sinus.51,52 Currently, 
the incorporation of a safety monitor for negative pressure sensing, 
located on the inflow side of the arterial pump head and during pulsatile 
perfusion when intermittent occlusion is created, still is lacking.

Electrical failure in the operating room can be especially catastrophic 
in the conduct of ECC when the native heart and lungs are unable to 

function. When such an event occurs during CPB, it is imperative that 
instantaneous actions be instituted to minimize the risk for whole-
body hypoperfusion. The perfusionist should be mindful of the power 
limitations of the electrical outlet used in the cardiac operating room 
and also be aware of the location of the circuit breaker panel for the 
room and the specific number of the breaker in the panel for the out-
let used for the heart-lung machine and other support equipment. 
Methods to ensure the safe conduct of CPB involve the incorpora-
tion of an emergency power source in the extracorporeal circuit that 
provides a  secondary power source in the event of electrical interrup-
tion. Electrical failure during CPB was reported by 42.3% of respon-
dents in a survey on perfusion accidents.53 Although hospitals are 
equipped with emergency generators for such events, their availability 
may be limited to certain electrical circuits within the operating suite. 
Furthermore, these emergency power systems require a brief interrup-
tion in power before a generator or backup source of power is initiated. 
Most  heart-lung machines are equipped with uninterrupted backup 
power, sometimes referred to as the “Uninterrupted Power Source” 
(UPS), whereby there is a seamless transfer from the wall power source 
to an internal battery within the pump should the wall power fail. 
Thus, with this system, there is no loss of flow from the pumps that 
could result in retrograde flow and entrainment of air or disruption 
of settings and timers. Cases of primary power failure with concur-
rent emergency backup failure also have been reported.54 As a tertiary 
fallback measure, emergency hand cranks for CPB pumps are standard 
features in extracorporeal circuitry, which enable pump operation in 
the event of total power failure and when emergency systems fail to 
operate. However, care should be taken to ensure that the direction of 
blood flow is ascertained because hand cranking in the reverse direc-
tion of fluid flow could result in serious patient injury related to exsan-
guination and the entrainment of air around purse-string sutures at 
cannulation sites. The Retroguard valve (Quest Medical Incorporated, 
Allen, TX), a mechanical circuit component to prevent retrograde flow 
in the arterial outflow of the circuit, is available to prevent retrograde 
flow in the arterial line and possible entrainment of air into the circuit 
and into the patient's arterial circulation. It is composed of a simple 
duck-bill valve that adds minimal resistance to forward flow in the cir-
cuit and will close when downstream pressure is greater (Figure 29-9).

Although the chance of infusing massive air boluses to patients has 
been reduced dramatically since the early days of CPB,53 this remains 
a serious potential event during surgery (Box 29-3). Cannulation of 
the heart with aortic and venting catheters has been identified as the 
primary cause for air embolization during ECC.55 Methods of air-
bubble detection have improved tremendously, and the sensitivity for 
detecting small amounts of air has increased in modern heart-lung 
machines.56 Ultrasonic and capacitance air-detection systems, used for 
both level sensing and air detection in arterial and cardioplegia circuit 
lines, represent dramatic improvements over less sensitive (photoelec-
tric) methods.57 However, lacking in clinical practice are effective, reli-
able level-sensing devices that alert the perfusionist to rapid changes 
in venous reservoir levels, especially during utilization of collapsible 
venous reservoir systems. Both air-bubble detection and level- sensing 
devices should be safety techniques used as standards of care in all 
extracorporeal circuits.

EXTRACORPOREAL CIRCUITRY
Blood Gas Exchange Devices

The ECC of blood incorporating total heart-lung bypass could not be 
accomplished were it not for the development of devices that could 
replace the function of the lungs in pulmonary gas exchange. The tech-
nology of pumps to replace the mechanical action of the heart was 
developed well before their incorporation in ECC. Therefore, the 
 limiting factor hindering the progression of CPB was the development 
of an artificial lung, or blood gas exchange device (BGED), commonly 
referred to as a membrane oxygenator (Box 29-4). The term membrane 
denotes the separation of blood and gas phases by a  semipermeable 
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 barrier, whereas oxygenator refers to the change in oxygen partial 
pressure that occurs by the arterialization of venous blood. However, 
“oxygenator” is a misrepresentation of the functional ability of these 
systems to perform ventilatory control of carbon dioxide. Numerous 
engineering challenges hindered the development of BGEDs, but two 

of the most pressing were the design of high-capacity units for gas 
exchange with low rates of bioreactivity. The latter requirement, also 
termed  biocompatibility, was imperative to reduce both RBC trauma 
and activation of the formed elements of blood.

In the 1940s, the first dialyzer membranes were made of cellulose 
acetate, and although intended for use in dialysis, they also had gas 
exchange characteristics.1 In the 1950s, several membrane materials 
(including polyethylene and ethyl cellulose) were used in a flat sheet 
or plate configuration. At the same time, rotating disk oxygenators 
were introduced whereby gas exchange was accomplished by spreading 
venous blood in a thin film over a rotating disk, which was exposed to 
an oxygen-rich environment. In the 1960s, the first disposable mem-
brane oxygenators were introduced and were made primarily of sili-
cone rubber in either a plate or spiral wound design. Silicone offered 
the distinct advantage of separating both the blood and gas phases, 
facilitating gas exchange through a semipermeable barrier by diffusion. 
Teflon was introduced in the 1970s as a membrane material, together 
with microporous polypropylene, which first appeared in Travenol 
membrane devices. Today, the majority of commercially available oxy-
genators are made of polypropylene in either a pleated or folded con-
figuration, or as capillary hollow fibers (Figure 29-10). In the United 
States, manufacturers develop oxygenators that meet federal regulatory 
guidelines for performance and biocompatibility. Those devices meet-
ing these requirements are “cleared,” approved for use for up to 6 hours 
of CPB, and represent the majority of oxygenators. Currently, there is 
only one oxygenator that utilizes silicone membranes that is approved 
for long-term support such as that occurring for ECMO. However, the 
“off-label” use of more durable, lower prime, hollow-fiber technology 
membrane oxygenators and newer polymethylpentane fiber oxygen-
ators is widely reported in the literature.

Historically, oxygenators were divided into two broad classes based 
on the method of gas exchange: bubble and membrane systems. Bubble-
type devices have been shown to denature plasma proteins, increase 
RBC fragility,58 activate platelets,59 and generate substantial gaseous 
microemboli (GME).60–62 For these reasons, they are no longer used 
in most countries and are infrequently encountered in all but a few 

Figure 29-10 Diagram of blood flow path through the Medtronic 
Affinity Oxygenator. Heat exchange water path shown in blue. Gas 
flow path shown in green. Blood flow path shown in red. (Courtesy of 
Medtronic Cardiovascular, Eden Prarie, MN.)

BOX 29-3. SAFETY MASSIVE AIR EMBOLISM

Cannulation of the heart with aortic and venting catheters is a 
primary source of massive air embolism (MAE).

Air detection and level-sensing safety devices should be used in 
the cardiopulmonary bypass circuit.

One-way vent valves, positive pressure release valves, and filter 
purge line valves may prevent MAE related to reversed vent 
tubing or a pressurized venous reservoir.

BOX 29-4. MEMBRANE OXYGENATORS

Hollow-fiber membrane oxygenators are commonly used for 
cardiopulmonary bypass.

An oxygen gas mixture flows through microporous polypropylene 
hollow fibers.

Blood flow is directed over the microporous hollow fibers.
Recently nonporous polymethyl pentene (PMP) hollow fibers have 

been developed.
PMP fibers provided a more durable surface for prolonged 

oxygenation such as extracorporeal membrane oxygenation.
PMP fibers do not permit the passage of volatile anesthetics such 

as isoflurane.

Figure 29-9 Quest Medical RetroGard Valve. Blood enters from the 
3/8-inch inlet, passes through a duck-billed valve, and exits through a 
3/8-inch outlet. This valve prevents retrograde flow. This valve may also 
be placed on an inlet port of the venous reservoir to prevent pressur-
ization of the hard shell venous reservoir. (Courtesy of Quest Medical, 
Allen, TX.)
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remaining places throughout the world. Bubbler systems use a direct 
gas-blood interface, with gas exchange occurring by the dispersion of 
gas, either 100% oxygen or a mixture of oxygen and carbon dioxide 
(carbogen), through a column of desaturated blood. Bubble devices 
are made of two separate compartments: an oxygenating column and a 
defoaming chamber. The dispersion of gas in a bubbler occurs through 
a sparger plate, where a thin film of blood comes in direct contact 
with gas. This direct blood-gas interface results in the production of 
foam, where gas exchange occurs. Coalescence of the foam is achieved 
in the defoaming chamber both through the presence of surface ten-
sion–reducing substances and by filtration. Gas exchange is affected 
by several factors, including the quantity of gas and the size of bubbles 
produced in the gas sparger.63 Small bubbles are extremely efficient at 
oxygen exchange but poor at carbon dioxide exchange, whereas large 
bubbles are poor in oxygen but good in carbon dioxide exchange.

Membrane oxygenators are made of three distinct compartments: 
gas, blood, and water (see Figure 29-10). The latter phase is also termed 
the heat exchange compartment and is used for temperature control. 
Gas and blood are partitioned into separate compartments with either 
a limited or absent gas-blood interface. Microporous membrane oxy-
genators initially have a blood-gas interface that becomes diminished 
only after the inner blood contact surface has been exposed to plasma; 
and a protein layer is deposited, acting as a diffusible barrier to gas 
exchange. The most common material in use today in membrane oxy-
genators is microporous polypropylene, which has excellent capacity 
for gas exchange and good biocompatibility. Membrane devices made 
of silicone materials transfer gas directly by diffusion across the semi-
permeable membrane and effectively never have a blood–gas inter-
face.64 Despite the improvements made to extracorporeal devices 
over the past several decades, once blood is exposed to synthetic sur-
faces, hematologic changes result. Initially, complement is activated 
mainly through alternative pathways, resulting in the liberation of 
toxic mediators such as C3a and C5a.65,66 Both platelets and leukocytes 
that elicit a complex series of inflammatory and hemostatic reactions 
that ultimately increase the risk for postoperative complications are 
activated.63

Gas transfer in membrane oxygenators is a function of several  factors 
that include surface area, the partial pressures of venous oxygen and 
carbon dioxide, blood flow, ventilation flow (called sweep rate), and gas 
flow composition. Membrane devices independently control arterial 
oxygen and carbon dioxide tensions (Pao

2
 and Paco

2
). Pao

2
 is a function 

of the Fio
2
, whereas Paco

2
 is determined by the sweep rate of the venti-

lating gas. This independent control of ventilating gas results in arterial 
blood gas values more closely resembling normal physiologic blood gas 
status. However, it is common for perfusionists to maintain Pao

2
 levels 

in the 150- to 250-mm Hg range during CPB because of the limited 
reserve capacity of membrane oxygenators.

A multitude of factors must be considered in the design of a 
 membrane BGED, including total surface area, blood film thickness, 
diffusion residence time, gas diffusion rate, blood flow rate, blood flow 
geometrics, and gas flow characteristics. The most influential factors 
that affect blood trauma in an oxygenator are related to how blood 
traverses the device and are termed shear stress and stasis.67 Design 
characteristics that minimize these effects by optimizing flow pattern 
geometry through extracorporeal devices have been generated through 
mathematical models termed computational fluid dynamics.68 Two of 
the most important considerations in designing a membrane device are 
determining the type of membrane material and the handling of water 
vapor produced in the gas phase of the device. This water vapor would 
be synonymous with pulmonary exudate and, when excessive, mimics 
pulmonary edema associated with permeability changes of the alveo-
lar capillary membrane. Another important membrane feature is how 
blood flows through the membrane. As fluid moves through a conduit, 
laminae are established, with the highest velocity of flow achieved in 
the center of the tube. At the same time, the outermost layers, nearest 
the walls of the conduit, effectively have no velocity because of the drag 
coefficient of the inside surface. This occurs in both the gas phase and 
the blood phase of membrane oxygenators. The laminar effect can be 

disrupted by several techniques that produce a “secondary flow,” facil-
itating increased gas exchange.69 In hollow-fiber membrane oxygen-
ators, incorporating blood flow outside of the fibers, mixing is achieved 
by winding of the fibers, creating a crossing pattern, increasing blood 
exposure to the membrane surface. Laminar flow is reduced in hollow-
fiber oxygenators with blood flow through the fibers by the expansion 
and contraction of the capillaries via the movement of blood through 
them, gently disrupting the boundary layers.

Estimating the total surface area of material necessary for gas 
exchange is a function of the predicted oxygen demands of the patient 
and is used as a primary determinant for selecting membrane size. As 
the surface area of an oxygenator increases, the volume of solution 
necessary to prime the system increases. Microporous polypropyl-
ene hollow-fiber membrane devices come in two classifications: those 
with blood flow through the fiber and those with blood flow around 
the fiber. Systems that use the latter design require a lower membrane 
 surface area for gas exchange and hence result in lower prime volumes. 
Microporous polypropylene membranes have the distinct advantage 
of a greater gas transfer rate per surface area of membrane than that of 
silicone membranes.

The oxygenator represents the largest source of nonendothelialized 
surface area in the extracorporeal circuit, ranging in size between 0.5 and 
2.5 M2. As a consequence, it is imperative that the device is meticulously 
primed to remove all residual air before establishing CPB. Oxygenators 
have been shown to possess different abilities to remove gaseous emboli 
that vary according to the physical CPB conditions including tempera-
ture and pressure decline.70–73 In an effort to reduce surface exposure 
and prime volume, several membrane oxygenators are now manufac-
tured that either possess integrated arterial line filters (FX Oxygenator 
Line; Terumo Cardiovascular, Ann Arbor, MI; Figure 29-11) or systems 
in which the arterial line filter is sequenced in the oxygenator (Synthesis; 
Sorin Biomedical, Arvada, CO). Some studies suggest that these devices 
may result in a reduction in gaseous micromboli.74,75

Numerous studies have identified the occurrence of GME dur-
ing cardiac surgery with CPB.76 Weitkemper et al77 have shown that 
 currently used microporous membrane oxygenators have widely 
 variable  characteristics related to how they handle gas. Furthermore, 
the design characteristics in some cases cause partial removal of GME, 

Figure 29-11 Hard-shell venous reservoir with integral cardiotomy 
and membrane oxygenator (Terumo RX15). (Courtesy of Terumo 
Cardiovascular, Ann Arbor, MI)
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as well as a change in size and numbers of microbubbles. Dickinson 
et al78  conducted an in vitro analysis that showed significant air-han-
dling  differences between the oxygenators from four different manu-
facturers. They demonstrated how a sonar-based system, the embolus 
Detection and Classification System (EDAC; Lunar Technology, 
Blacksburg, VA), could be used to evaluate perfusion systems with 
regard to their ability to handle gas entrained in the circuit.

A new nonporous membrane surface composed of poly-(4-methyl-
1-pentene) (PMP) fibers has shown improved diffusion compared 
with the conventional polypropylene (PPL) hollow fibers. PPL affords 
improved durability and biocompatibility when used for long-term 
support79,80 and for routine CPB.81 Although oxygen and carbon diox-
ide gas exchange are comparable between polypropylene hollow fibers 
and the PMP nonporous fibers, it is important to note that the transfer 
of volatile anesthetic agents is not the same. Wiesenack et al82 demon-
strated that the PMP fibers allow only minimal transfer of isoflurane 
compared with the currently used PPL microporous hollow-fiber 
 oxygenators. During long-term support, it is not uncommon for PMP 
oxygenators to develop breaches in the surface that lead to plasma leaks 
after 40 to 90 hours of use, whereas the PPL fibers tend to be more 
robust and are not prone to plasma leaks, and continue to transfer 
 oxygen and carbon dioxide for many days.

Venous and Cardiotomy Reservoirs
There are two general categories for venous reservoirs: open and closed 
systems (Box 29-5). Open systems have a hard polycarbonate venous 
reservoir and usually incorporate a cardiotomy reservoir and defoam-
ing compartment (see Figure 29-11). Closed systems are collapsible 
polyvinylchloride bags that have a minimal surface area and often a 
thin single-layer screen filter, and they require a separate external car-
diotomy reservoir for cardiotomy suction (Figure 29-12). Filters and 
defoaming compartments in the venous reservoir and air-trapping 
ports located at the highest level of the blood flow path within the 
oxygenator are areas designed to allow passive removal of air. Studies 
that have examined the air-handling capabilities of oxygenators have 
shown that all of the currently available oxygenators do not sufficiently 
remove GME when challenged with air in the inflow.77,78 The use of an 
open system offers several distinct advantages. Unlike collapsible reser-
voirs, it is not necessary to actively aspirate air, which may be entrained 
in the venous line during CPB. The large buoyant air migrates to the 
top of the reservoir and escapes through strategically placed vents on 
the reservoir cover. An additional benefit of the use of “open” hard-
shell reservoir systems incorporates the capability of vacuum-assisted 
venous drainage, although alternative methods have been imple-

mented augmenting venous drainage to closed “bag” systems using 
CPs or creative vacuum applications applied to the venous line to 
enhance natural gravity drainage. Furthermore, a number of studies 
have reported a greater incidence of GME caused by air entrained in 
the venous line and furthermore that vacuum-assisted venous drain-
age further increases GME counts.81,83–87 Wilcox has raised concern that 
vacuum-assisted venous drainage has been used clinically without any 
significant redesign of the components of the CPB circuit to improve 
the gas handling performance in negative pressure conditions.86 The 
prime volume may be reduced slightly because the integration of the 
venous reservoir with the cardiotomy eliminates connecting circuitry 
and may permit a smaller bore venous line with use of vacuum-assisted 
venous drainage. With open systems, the circulating blood is exposed 
to a larger and more complex surface that contains defoaming sponges 
and antifoam agents.

Air can traverse the oxygenator into the arterial outflow of the CPB 
circuit and into the patient's arterial circulation, including the cerebral 
circulation, producing contact activation of the vascular endothelium 
or obstruction at the microcapillary level. Thousands of GMEs can be 
introduced into the patient's arterial circulation with these circuits if 
air becomes continuously entrained into the venous inflow, a condi-
tion that could not be tolerated with a collapsible reservoir. Recently, 
several randomized clinical trials have found superior clinical out-
comes with a system equipped with a closed reservoir and a centrifugal 
arterial pump.88,89 Schonberger et al90 prospectively studied differences 
in inflammatory and coagulation activation of blood in CABG patients 
treated with open and closed reservoir systems. Levels of complement 
3a, thromboxane B

2
, fibrin degradation products, and elastase were 

 significantly greater in open reservoir patients. Furthermore, the larg-
est (P < 0.001) amount of shed blood loss, greatest (P < 0.05) need 
for colloid-crystalloid infusion, and largest (not significant) need for 
donor blood (0.8 ± 0.4 vs. 0.2 ± 0.2 units of packed cells) were observed 
in the patient supported with open reservoir systems.

Aldea et al91 conducted a randomized, controlled trial to evaluate 
the effects of cardiotomy suction in CABG patients. Use of cardiotomy 
suction resulted in significant increases in thrombin, neutrophil, and 
platelet activation, as well as the release of neuron-specific enolase, 
after CPB. The authors suggested that limiting increases in these mark-
ers would be best accomplished by eliminating cardiotomy suction and 
routinely using heparin-bonded circuits whenever possible.

Miniaturized Cardiopulmonary Bypass
The principal drawbacks to the conventional CPB circuit include activa-
tion of the systemic inflammatory response, aberration in coagulation 
function, CPB-related gaseous embolism, and excessive hemodilution 
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Figure 29-12 Example of a closed system. Oxygenator with a 
 collapsable polyvinyl chloride venous reservoir. (Courtesy of Medtronic 
Cardiovascular, Minneapolis, MN.)

BOX 29-5. VENOUS RESERVOIRS

Open Systems
Open systems have polycarbonate hard-shell reservoirs and are 

usually equipped with an integral cardiotomy reservoir.
With open systems, venous return may be improved by applying 

regulated suction to the reservoir (vacuum-assisted venous 
drainage).

With open systems, buoyant air bubbles escape to the atmosphere 
at the top of the reservoir.

Closed Systems
Closed systems consist of have collapsable polyvinylchloride bags.
Closed systems require a separate cardiotomy reservoir.
Buoyant air from the venous line accumulates in the bag and must 

be actively aspirated.
Closed systems have a reduced contact surface of the blood with 

air or plastic.
A separate centrifugal pump may be used to increase venous 

return (kinetic-assisted venous drainage).
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requiring blood transfusions. A principal design approach to over-
come some of these problems has been the introduction of “minia-
turized CPB circuits” that reduce the blood–foreign surface contact, 
blood-air interface, and hemodilution (Figures 29-13 to 29-15). The 
currently available “mini” systems consist of either an adaptation of 
standard CPB components or the introduction of new devices by man-
ufacturers that have a striking resemblance to existing devices.92–126 The 
manufacturers' “mini” systems all use a single CP to provide kinetic 
venous  drainage and arterial blood propulsion. All have eliminated 
or isolated the venous reservoir to reduce blood foreign surface con-
tact, and all eliminated the introduction of activated blood from a car-
diotomy  suction system. Field shed blood is recaptured and washed by 
an  autotransfuser before reintroduction to the “mini” systems. Many of 
the systems have incorporated multisite bubble detection and innova-
tive air removal systems to automatically remove and isolate micro and 
macro air entrained in the CPB circuit.

These systems lack several of the characteristics of the old standard 
CPB systems that made CPB simple. For example, the entrainment of 
air into the old systems was of little operational consequence because 
air could escape to the top of open reservoir systems or be aspirated by 
a vacuum or an RP from closed reservoir systems. Furthermore, shed 
blood at the surgical field could be readily collected and reintroduced 
into the circulation with conventional systems using the cardiotomy 
suction system without the use of an autotransfuser. In other words, 
variable venous return or excessive suction return can be easily accom-
modated with regular CPB systems, with minimal or no addition to the 
basic circuit as opposed to the “mini” systems currently on the market.

Figure 29-13 Medtronic resting heart closed “mini-bypass”  system. 
Includes a centrifugal pump (that provides both kinetic-assisted drain-
age and propulsion of blood to the patient), venous air detection and 
evacuation system, a membrane oxygenator, and arterial line filter. 
(Courtesy of Medtronic Cardiopulmonary, Minneapolis, MN.)

COBE

Figure 29-14 Sorin Group Synthesis mini-bypass system. The oxygenator has an integral air detection and evacuation system and a single inte-
gral revolution centrifugal pump (providing both kinetic-assisted venous drainage and arterial blood propulsion). An integrated arterial line filter 
 surrounds the oxygenator fiber bundle. A separate cardiotomy reservoir is incorporated into the circuit. The system may be converted to an open 
system by repositioning clamps and redirecting blood flow to the reservoir. (Courtesy of The Sorin Group, Arvada, CO.)
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With most of the “mini” systems, minor changes in the circuit or 
complete major reconfiguration of the “mini” systems may be necessary 
if excessive bleeding occurs at the surgical field (addition of a venous 
reservoir, addition of a cardiotomy reservoir, and transfer of a massive 
amount of blood from the autotransfuser collection reservoir back to 
the mini system). “Mini” systems do not facilitate emptying of the car-
diac chambers, as well as conventional systems. With conventional CPB 
systems, the cardiac chambers can be passively emptied into a capaci-
tance reservoir where, in the usual configuration, the capacity of the 
venous system, in the presence of a mini system, is quite fixed. In mini 
systems, the capacitance reservoir is the patient's venous bed. To empty 
the heart, blood must be actively diverted to a separate reservoir or 
to the patient's capacitance reservoir with manipulation of the venous 
capacitance. For example, if volume is required to maintain safe flows, 
the venous bed must be increased using vasoactive drugs or  elevation 
of the inferior limbs. If too much volume obscures the surgical field, a 
venous vasodilation drug may be used to decrease the venous volume 
traveling through the heart, while attempting to increase the systemic 
flows. Safe use of these systems requires good communication among 
the surgeon, anesthesiologist, and the perfusion team, together with 
careful monitoring. These major differences have caused a reluctance 
to change to these new systems by some centers.

A recent meta-analysis of randomized, controlled trials conducted by 
Zangrillo127 et al sought to determine whether the use of miniaturized 
CPB translates into decreased morbidity including blood transfusion, 
neurologic events, and blood loss in patients having cardiac surgery. 
Sixteen trials met inclusion criteria, 1619 patients (803 to miniatur-
ized CPB and 816 undergoing standard cardiac surgery). Miniaturized 
CPB proved to be beneficial in terms of decreased transfusion rate and 

decreased cardiac and neurologic injury. These finding are summarized 
in Figure 29-16. Current use of such systems is limited. Further studies 
are necessary to substantiate the benefit of such systems and will likely 
increase the adoption of this new technology.

Heat Exchangers
Patients who are exposed to ECC will become hypothermic in the 
absence of an external source of heat to regulate body temperature. 
Most CPB systems use some form of heat exchanger in the circuit to 
warm and/or cool the patient's blood. The majority of oxygenators 
contain integral heat exchangers that blood passes through before 
undergoing gas exchange (see Figure 29-10). Heat exchangers may be 
absent from circuits used for ventricular assist or certain types of LHB. 
However, in either of these scenarios, external warming blankets and 
ambient room temperature are controlled to restrict declines in patient 
temperature. Heat exchangers can be made from a variety of materi-
als, although the most often used are aluminum (anodized or silicone-
coated anodized), stainless steel, and polypropylene. Stainless steel is 
the most durable and chemically inert of all commercially used heat 
exchangers.

Some of the basic performance features that all heat exchangers for 
extracorporeal blood should possess include a high degree of chem-
ical inertness, high resistance to corrosion, smooth surfaces, and a 
low-energy surface where RBC and plasmatic residues do not adhere. 
The ideal heat exchanger must possess the following characteristics: 
low resistance to blood flow, freedom from defects in material that 
could facilitate the mixture of blood and water, low priming volume, 
and disposability. The effectiveness of a heat exchanger is dependent 
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Figure 29-15 Maquet Minimal ExtraCorporeal Circulation (MECC). The system includes venous air bubble detection and venous bubble 
trap, a single integral pump (providing both kinetic-assisted venous drainage and arterial blood propulsion), and quadrox oxygenator. (Courtesy 
of Maquet Cardiovascular, Wayne, NJ.)
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on  several factors including total surface area, thickness of the con-
ductor walls, thermal conductivity, and the residence time of blood 
through the device. As fluid flow through a heat exchanger is increased, 
the  performance characteristics decline, primarily as a function of 
decreased residence time in the device.

Heat exchanger basic design consists of two separate phases, with 
water passing on one side and blood, or perfusate, on the other. The 
direction of blood flow is routinely countercurrent to the flow of 
water, optimizing heat transfer. The temperature of the water enter-
ing the heat exchanger is controlled by either an external cooler/heater 
device or a wall source, with a temperature range from 4° C to 42° C. 

The majority of heat transfer occurs by the process of conduction, in 
which thermal energy is passed from water to blood.

Heat exchangers can be placed in the circuit in a variety of locations, 
although the most common location is on the proximal side of the oxy-
genator, often termed an integral heat exchanger. During ECMO a sepa-
rate heat exchanger is placed distal to the oxygenator for better control 
of the patient's temperature at normothermia. An alternative to either 
location uses simultaneous heat and gas exchange. It is hypothesized 
that with proximal, or venous-side, heat exchange, there is less chance 
of “outgassing of solution” caused by rapid rewarming of blood after 
hypothermic CPB, which could generate GME. Of similar concern is 

Figure 29-16 A–C, Forest plot for the risk for neurologic events comparing miniaturized cardiopulmonary bypass versus control from nine 
 randomized, controlled trials. CI, confidence interval; df degrees of freedom; OR, odds ratio pooled estimates of neurologic events. (From Zangrillo 
A, Garozzo AF, Biondi-Zoccai G, et al: Miniaturized cardiopulmonary bypass improves short-term outcome in cardiac surgery: A meta-analysis of 
 randomized controlled studies. J Thorac Cardiovasc Surg 139:1162–1169, 2010.)
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the effect of rapid cooling and warming of an organ or tissue, during 
which temperature fluctuations would create an environment in which 
the solubility of gas in blood would abruptly decline, increasing the 
partial pressure so that GME could be generated. Increased risk would 
be directly proportional to the oxygen tension of blood, which would 
enhance the rate solubility shifts.

Other potential risks of heat exchangers are associated with the type 
of material used for construction. Because stainless steel is relatively 
expensive, aluminum has been used most often as the material for heat 
exchangers. Aluminum, however, has a high toxicity in humans; when 
blood levels exceed 100 mg/L, careful patient monitoring is impera-
tive and levels greater than 200 mg/L are toxic.128 Aluminum oxide 
concretions were found recently in organs of neonatal patients having 
undergone ECMO; these concretions most likely formed from alumi-
num leached from the anodized aluminum heat exchangers used in 
the circuit.129

Heat exchanger performance standards were established in the 
American Association of Medical Instruments draft report in 1982.130 
Performance testing is conducted by the simultaneous measurement of 
three temperatures: blood inlet temperature, blood outlet temperature, 
and water inlet temperature. Heat exchanger performance is reflected 
through a coefficient for heat transfer calculated by the following equa-
tion (where a coefficient of 1 is equal to 100% efficiency):

where HEC = heat exchanger coefficient; TBI = temperature of blood 
inlet; TBO = temperature of blood outlet; and TWI = temperature of 
water inlet. The heat exchange coefficient can be calculated for various 
devices over steady-state conditions, which would provide comparative 
analysis data on heat exchanger efficiency.

Arterial Line Filters
Arterial line filters significantly reduce the load of gaseous and par-
ticulate emboli and should be used in CPB circuits131,132 (Figure 29-17). 
Some studies suggest that 20- m screen filtration is superior to 40- m 
filtration in the reduction of cerebral embolic counts.132 A  dose-response 

relation between GME and subtle neurologic injury has been reported, 
and some studies have demonstrated a protective effect of arterial line 
filtration on neurologic outcomes133–135 Whitaker et al's136 clinical trial 
showed that the use of a leukocyte-depleting arterial line filter reduced 
cerebral embolic count and demonstrated a trend (not statistically 
significant) toward improved postoperative psychometric test scores. 
The GME separation performance of 10 different arterial line filters in 
 clinical use was recently evaluated.137 All were found to be moderately 
effective, and rated pore size did not predict performance. A  systematic 
review of the data related to arterial line filtration reported that the 
level of evidence supporting this practice was high (Class I level of evi-
dence A).138 Filter design has been of two principal types: micropo-
rous screen filters and depth filters composed of dense fiber material 
packed in a polycarbonate housing patented by Swank. Screen filters 
are the predominant type in current use. Screen filters trap particu-
late and gaseous emboli that are of larger diameter than their effective 
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Figure 29-17 Arterial line blood filters for use during extracorporeal 
circulation.
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pore size. The filter material is accordion pleated to  provide a larger 
surface area within a lower prime housing. Two contemporary filter 
designs  consist of a larger flat screen surface that is located concentri-
cally around the oxygenator fiber bundle. The Terumo F series filter 
incorporates the screen material concentrically surrounding the fiber 
bundle. This design reduces CPB circuit prime volume because the 
filter media is incorporated into the oxygenator housing, eliminating 
the prime volume of the separate arterial filter housing.139 Preston et 
al140 found that the F05 series oxygenator released more emboli than a 
similar model oxygenator used in combination with a separate 32- m 
arterial filter, although the difference was not statistically significant. 
Sorin Group has incorporated a concentric filter design that surrounds 
the fiber bundle. The screen forms an envelope around the fiber bun-
dle. This design does not effectively reduce prime; however, the larger 
housing provides an effective bubble trap (Box 29-6).

Cannulae and Tubing
The major devices of CPB are those that replace the systems from which 
the heart-lung machine has derived its name. However, as with most 
technologic advances, it is the combination of all component parts 
that function in toto to ensure success. Besides the pump and oxygen-
ator, a seamless array of tubing is required to connect the patient to the 
heart-lung machine. Monitoring lines are necessary not only to ensure 
patient hemodynamic management but also to assess the proper func-
tion of the pump. Manufacturers of tubing and circuit packs can attest 
to the large number of variations in combinations and configurations 
of circuit assemblies requested by different institutions, as well as by 
 individual clinicians within the same institution. The following discus-
sion of an “ideal” tubing circuit has been generated from the experi-
ences of the authors and may differ somewhat among cardiac centers 
(Figure 29-18).

The majority of cardiac procedures using CPB are performed with 
venous cannulation through the right atrium (RA) and arterial return 
into the ascending aorta. A multitude of cannulae are available for all 
types of cardiac surgery, which may reflect the developmental philoso-
phy that if a vessel could conceivably be perfused or drained, then a 
cannula could be made to facilitate entry. The key principles of can-
nulae design include minimizing turbulence, reducing cannulae exit 

velocity, and avoiding areas of stagnant flow so that blood trauma and 
thrombus formation are minimal (Figure 29-19). In the past, cannu-
lae were  constructed of stainless steel or tapered polyvinylchloride. 
Subsequently, thin-walled stainless steel was used to increase effective 
orifice diameter and reduce cannulae pressure drop across the cannu-
lae. Currently, most cannulae are fabricated from polyvinylchloride 
with composite polycarbonate thin wall tips. The ends of the cannulae 
are formed to permit easy vascular entry while maintaining maximum 
lumen (caliber) size. According to Poiseuille mechanics, the greatest 
resistance, measured as pressure drop in a circuit, is going to be found at 
the smallest opening for fluid flow and has an inverse exponential rela-
tion to the fourth power of the radius of the lumen. Therefore, to reduce 
pressure drops across the circuit, cannulae are selected to facilitate the 
greatest flow with the least injury to the vessel because of mechanical 
abrasion. Several arterial cannulae designs have incorporated multiple 
openings and dispersion tips to reduce velocity at the tip of the can-
nulae and reduce the likelihood of disruption of  atheromatous debris 
from the intimal surface of the aorta.141,142 Most cannulae have a wire 
reinforcement body to prevent kinking when the cannula is curved 
to accommodate placement in the surgical field and to maintain can-
nula rigidity. Although cannulation of the ascending aorta is preferred 
for most procedures, femoral  arterial cannulation often is selected for 
reoperations or minimally invasive surgical procedures (Figure 29-20). 
The axillary or subclavian artery often is selected for arterial return 
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Figure 29-18 Schematic of an “ideal” tubing circuit used during extra-
corporeal circulation.

BOX 29-6. ARTERIAL LINE FILTERS

Have been shown to reduce the rate of neurocognitive dysfunction.
Reduce the load of gaseous and particulate microemboli to the 

patient.
Typical pore size ranges between 20 and 40 m.

A B

Figure 29-19 Various commercially available cannulae for extracorporeal circulation. A, Arterial cannulae. B, Venous cannulae.
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for patients with severe atherosclerosis of the ascending aorta. This site 
offers the advantage of providing antegrade flow to the arch vessels, 
protection of the arm and hand, and avoidance of inadvertent can-
nulation of the false lumen in cases in which type A aortic dissection 
has occurred. The axillary artery is accessed through a subclavicular 
incision.143 Although the vessel may be cannulated directly with a long 
thin-walled 7- or 8-mm cannula, the preferred technique is to sew a 
10- or 12-mm Dacron graft to the right axillary artery and insert a  
20- to 24-Fr cannula into the graft. This technique provides uninter-
rupted flow to the right arm and hand. Transapical aortic cannulation 
through a 1-cm incision on the anterior wall of the left ventricle also 
has been described for patients with type A dissection. A 7.0-mm aortic 
cannula may be placed into the left ventricle and advanced across the 
aortic valve (Box 29-7).

Venous cannulae come in two broad classifications: single or dual 
stage. Single-stage cannulae are used during most open heart situa-
tions, in which either bicaval cannulation or femoral cannulation will 
be performed, whereas dual-stage cannulae are used for most closed 
heart procedures, in which a single cannula is placed into the RA.

Although both silicone (Silastic) and polyurethane tubing have been 
used in extracorporeal circuits, plasticized polyvinylchloride is exclu-
sively used in CPB circuits. Plasticizers impart flexibility into tubing 

and comprise as much as 40% of the polymer. The most commonly 
used plasticizer for medical-grade tubing is di(2-ethylhexyl) phtha-
late (DEHP). There is growing concern about the migration ( leaching) 
of DEHP from tubing into the blood because DEHP has been shown 
to cause inflammation and is potentially a carcinogen and a toxic 
agent.144,145 Numerous studies since the 1970s have shown that DEHP 
and its metabolites are present in blood products146–149 and tissues,150,151 
as well as intravenous solutions152 and pharmaceuticals.153 Recently, 
the release properties of various plasticized polyvinylchloride  tubing 
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Figure 29-20 Diagram of cannulation used for minimally invasive surgery. EAC, endoaortic occlusion balloon; ECSC, endocoronary sinus 
 catheter; EPV, endopulmonary vent. (From Toomasian JM, Williams DL, Colvin SB, et al: Perfusion during coronary and mitral valve surgery utilizing 
minimally invasive port-access technology. J Extra Corpor Technol 29:66–72, 1997.)

BOX 29-7. ARTERIAL CANNULAE

The arterial cannulae tip is the point of highest blood flow velocity 
in the cardiopulmonary bypass circuit.

Some arterial cannulae have flow-dispersing tips to reduce exit 
velocity and reduce the risk for atheroma dislodgement from the 
wall of the aorta.

Cannula placement should be assessed by a test infusion from the 
pump and observation of a pulsatile pressure excursion.
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exposed to electrolyte solutions for up to 28 days were evaluated. 
Tubing formulations with one dioctyl adipate (DOA) stored in 0.9% 
sodium chloride solution had significantly less leaching than either 
DEHP plasticizer or tri(2-ethylhexyl) trimellitate (TOTM).

Blood flows out of the RA cannula and into the venous reservoir 
when CPB is initiated. The venous line connects the cannula to the 
venous reservoir. Mixed venous oxygen saturation is measured by opti-
cal or chemical fluorescence by flow through cells placed in the venous 
line. A stopcock is placed in the venous line to facilitate the delivery of 
medications and for venous sampling. Blood then enters the venous 
reservoir, which serves as a volume chamber for mixing and acts as a 
safety feature, providing additional response time to the perfusionist. 
Venous reservoirs come in two broad categories: hard shell (see Figure 
29-11) and soft shell (see Figure 29-12), which refers to the rigidity of 
the device and its ability to collapse on itself. Hard-shell reservoirs are 
open to the atmosphere (open systems) through a ventilation port on 
top of the reservoir and are superior in handling gross quantities of 
air that may return through the venous or cardiotomy line. Soft-shell 
reservoirs are called closed systems and will collapse on themselves with 
the inadvertent emptying of the reservoir. The venous reservoir also 
has an inlet line that drains blood from a cardiotomy reservoir.

A cardiotomy reservoir is simply a second chamber used for  collecting 
and filtering blood aspirated from the surgical field via suction lines. 
Vented blood from the left ventricle, pulmonary artery, or aortic root 
also is returned to the venous reservoir through the cardiotomy device. 
These are hard-shell devices made of polycarbonate housing material 
with polyurethane and polyester filters and defoamers to reduce the 
risk for gas embolism into the venous reservoir. Some venous reser-
voirs also serve as integral cardiotomy reservoirs, obviating the need 
for a separate unit.

From the venous reservoir, blood is pumped into the heat exchanger 
of a membrane oxygenator by the actions of the arterial pump. The 
heat exchanger is connected to an external water source that maintains 
the perfusate temperature according to the temperature of the water 
pumped from the cooler/heater. Blood passes directly to the oxygen-
ator, where gas exchange occurs in accordance with the operation of 
a gas blender that controls the Fio

2
 by mixing oxygen with medical-

grade air, and a flowmeter that regulates the ventilation rate. The gas 
blender is attached to the inlet gas port of the oxygenator via a section 
of 1/4-inch tubing and a bacteriostatic (0.2- m) filter. Many circuits 
have a vaporizer for the delivery of volatile anesthetic gases placed in 
line between the gas blender and the oxygenator.

The oxygenator has two ports on the outflow side by which arterial-
ized blood is accessed: a recirculation port and an arterial outlet port. 
The recirculation port is used both to provide a safety line for reliev-
ing overpressurization and to facilitate easy replacement in the event 
of device failure. It also is used as an exit port of arterialized blood for 
sanguineous cardioplegia or in the separate perfusion of a second arte-
rial cannula. The arterial outlet port is where the arterial blood leaves 
the oxygenator and flows to the arterial line filter. The arterial line  filter 
is a screen device constructed of synthetic material, with a specific pore 
size effectively blocking particles greater in size than the rating of the 
filter (20 and 40 m). Microembolic particles originate from many 
sources in the extracorporeal circuit, including the BGED, tubing, and 
heat exchanger, and include various substances including polycarbon-
ate, filter material fibers, silicone, and polyvinylchloride particles.154,155 
Arterial line pressure also is measured between the arterial port and the 
arterial line filter. An arterial monitoring device can be placed “in line” 
to reflect arterial oxygen saturations and as a trending device for pH, 
Pao

2
, and Paco

2
. Just distal to the arterial line filter is a bubble detector 

that is an essential feature for the conduct of safe perfusion. This device 
is controlled by a microprocessor and is used to detect microgaseous 
and macrogaseous emboli. This is the last safety feature in the line 
before blood returns to the patient through the arterial cannula. When 
the ascending aorta is the site for arterial perfusion, an aortic cannula 
is placed through a purse-string suture with positioning of the cannula 
tip so that flow is directed cephalad toward the brachiocephalic vessels. 
The location of the aortic cannula and the direction of  arterial blood 

flow emphasize the importance of assuring safe, continuous flow of 
 filtered perfusate devoid of embolic particles.

CARDIOPLEGIA DELIVERY SYSTEMS
In the previous section, the main tubing circuit for CPB was described 
and the devices for bypassing the pulmonary and systemic circulation 
identified. Methods of decoupling electromechanical function of the 
heart have been developed to achieve a safe surgical field during  cardiac 
surgery. During aortic cross clamping, the heart is rendered globally 
ischemic by the cessation of coronary blood flow. Some myocardial 
perfusion undoubtedly occurs through the involvement of noncoro-
nary collateral circulation from mediastinal sources and the bronchial 
circulation. There are numerous methods of achieving mechanical 
arrest, and the combination of these techniques is referred to as myo-
cardial preservation. Myocardial preservation encompasses both the 
pharmacologic manipulation of the solutions (cardioplegia) used to 
protect the heart and methods of mechanical delivery. This section is 
devoted to methods of mechanical myocardial protection.

Melrose and colleagues156 were the first to describe chemical arrest 
of the heart with potassium citrate solution. The arresting solution was 
delivered with a syringe directly into the aortic root after the applica-
tion of the aortic cross clamp.156 Similarly, others described delivery 
of various formulations of arresting solutions contained in collapsible 
intravenous bags using a sterile intravenous tubing set that was passed 
off the surgical field and attached to an inflatable infusion pump bag. 
This system was replaced by the use of recirculating circuits where the 
cardioplegia solution was recirculated in a system that consisted of a 
polycarbonate-filtered reservoir, and cooling of tubing that was placed 
in a bucket of ice (Figure 29-21). These recirculating systems provided 
 filtration of the solution and improved control of delivery pressure and 
temperature. A single-pass system for delivery of blood cardioplegia 
in a predetermined ratio, which subsequently became the most widely 
used cardioplegia delivery system, was described in 1978 by Buckberg 
and colleagues157,158 (Figure 29-22). The ratio of blood to cardioplegia 
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Figure 29-21 Coil-type cardioplegia delivery system. This can be 
used for sanguineous or asanguineous cardioplegia solution.
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could be adjusted by changing the internal diameter of the tubing in 
the custom delivery set. The blood and crystalloid components are 
delivered to a miniaturized heat exchanger bubble trap before deliv-
ery at the surgical field. With this system, the temperature of the car-
dioplegia may be regulated from 4° C to 37° C with the use of a cooler/
heater device. More recently, Menasché and colleagues159 described a 
microplegia system in which arresting additives are added directly to 
tepid blood from the CPB circuit with a standard infusion pump to 
arrest the heart. This greatly decreased the volume of crystalloid solu-
tions delivered in a typical CPB procedure and avoided the detrimen-
tal consequences of volume overload and subsequent hemodilution. 
The authors also cited a few particular advantages of minicardioplegia, 
including improved oxygenation and improved control of blood vol-
ume, not to mention reduced cost.

Adjunct means of cooling and protecting the myocardium during 
aortic cross clamping include the use of topical application of cold solu-
tions to prevent early transmural myocardial rewarming. A common 
method for cooling the myocardium is achieved by the surgeon creating 
a “pericardial cradle” in the chest by suspending the pericardium with 
stay sutures to the chest retractor. Cold (4° C) topical saline solution is 
then applied to the pericardium, bathing the heart in cold solution while 
a sucker line is placed in the well to evacuate the saline solution. Topical 
saline has been shown to cool the epicardium and diminish transmural 
gradients,160,161 but it also has resulted in phrenic nerve paresis and myo-
cardial damage.162,163 An alternate technique involves a topical cooling 
device, which consists of a coolant flow pad in which cold (4° C) saline 
flows, separated from the body by a metal skeleton and polyurethane 
insulator, which protects the posterior mediastinum and phrenic nerve 
from hypothermic injury.164 The benefits of a topical cooling device over 
topical cold saline include a reduction in total hemodilution, procure-
ment of a drier operative field, reduced blood loss in waste suction, and 
more uniform distribution of cooling.164–166 However, these devices are 
costly, require a separate RP for delivery, and may not be applicable for 
all procedures in which the heart will be lifted and elevated away from 
the posterior pericardium.

Disposable Cardioplegia Circuits
All cardioplegia delivery systems consist of two distinct components 
classified as either disposable or nondisposable devices.167 Effective myo-
cardial protection is ensured only through the precise interface of both 
disposable and nondisposable components of the cardioplegia delivery 
system, which function to ensure safe, precise, and accurate administra-
tion of cardioplegic solutions. The disposable items that make up a stan-
dard cardioplegic circuit consist of three basic parts: a heat exchanger, a 
bubble trap with an incorporated filter, and various delivery cannulae. 
The disposable devices are utilized on a single-use basis and, because of 
their consumptive nature, represent the most significant cost associated 
with mechanical myocardial protection.

Early methods of cardioplegia delivery consisted of infusions of 
pharmacologic agents directly into the aortic root, or left ventricle, via 
handheld syringes. Unfortunately, such methods caused a  heterogenous 
distribution of solution and led to the need for more precise delivery 
techniques. Many clinicians turned to a pressurized bag method in 
which a bag of crystalloid solution was placed in a pressure bag and 
cardioplegia infused at a semicontrolled rate dependent on the degree 
of pressure and the bore of the cardioplegic needle.168,169 Although the 
results were better than those previously obtained, there was a pro-
found lack of safety features that included pressure monitoring and 
control systems, as well as air-handling capacity, and a lack of tempera-
ture control. Vertrees and colleagues170 described a simple circuit that 
utilized a coronary perfusion reservoir, a coil submerged in iced water, 
and an RP. This system was a significant improvement over previous 
techniques insomuch as it included a means to trap air and to measure 
pressure within the circuit.

There are two major disposable circuit configurations for cardiople-
gia delivery: a recirculating system with a coil (polyvinylchloride or 
stainless steel heat exchanger) for asanguineous delivery, and a san-
guineous cardioplegia system for nonrecirculating delivery. In asan-
guineous systems, crystalloid cardioplegic solution is kept constantly 
recirculating throughout the cardioplegia circuit and is delivered to 
the patient by the movement of a clamp, directing flow away from the 
recirculation line and into the infusion line. These systems generally 
are the most economic in that they incorporate a coil of polyvinyl-
chloride tubing as the heat-exchanging element, obviating the need 
for both a metal transfer unit and a separate heater/cooler device to 
regulate the temperature of the cardioplegic solution. Instead, the coil 
sits in a Styrofoam container filled with ice. The heat-exchange effi-
ciency of coil systems has been shown to be superior to that of metal 
units in single-pass trials. These systems also can be used for sanguine-
ous cardioplegia with minor adaptations to the circuit. However, with 
the increased use of warm sanguineous cardioplegia and the adminis-
tration of warm reperfusate at the end of aortic cross-clamping, these 
units are not ideally suitable because of their inability to accurately 
control delivery temperatures.

The second classification of disposable cardioplegia systems is 
termed a sanguineous system, which involves the shunting of arterial-
ized blood from the oxygenator into the cardioplegia circuit, where it 
is mixed with a crystalloid base solution, usually of high potassium 
concentration, before it is delivered into the coronary circulation. The 
most frequently used port for obtaining saturated blood from the oxy-
genator is the recirculation port, although some institutions directly 
shunt blood from the arterial line filter. The majority of sanguineous 
cardioplegia systems are nonrecirculating and only make a single pass 
through a heat exchanger before passing to the heart. For this reason, 
these systems must have a high efficiency rating for caloric exchange 
between the cardioplegic solution and the cooling, or warming, source. 
These devices can deliver varying ratios of blood-to-crystalloid base, 
ranging from a 1:1 to a 1:20 ratio of crystalloid to blood. Most are 
equipped with temperature monitoring ports and pressure-measuring 
sites to monitor delivery pressures. An important consideration of san-
guineous cardioplegia delivery systems is that the main arterial pump 
can never be turned lower than the flow rate of the cardioplegic solu-
tion pump (i.e., delivering a higher volume of cardioplegic solution to 
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Figure 29-22 Nonrecirculating cardioplegia delivery system for use 
in blood to crystalloid mixed solutions of various ratios (1:1, 4:1, or 8:1 
 crystalloid to blood).
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the circuit than is flowing to the patient). If this were to occur, excessive 
negative pressures would be created in the recirculation line from the 
oxygenator, increasing the risk for cavitation (outgassing of solution).

Cardioplegic Delivery Catheters
Antegrade Aortic Root Cardioplegia
The delivery of cardioplegia is made possible through special cannulae 
that are placed within the ascending aorta or directly into the coronary 
ostia. These have been specifically designed to minimize pressure drop 
across the tip of the cannula, which has a relatively small bore (12 to 18 
gauge). When cardioplegia is administered into the aorta, it is termed 
antegrade cardioplegia. The most common flow rates achieved in adult 
cardiac surgery are between 200 and 300 mL/min, with correspond-
ing aortic root pressures usually between 60 and 100 mm Hg. In addi-
tion, the cardioplegic needle can be used as a “vent” by which residual 
air in the aortic root is removed by connecting the needle either to an 
RP or siphon drain. The final point of attachment is the cardiotomy 
reservoir.

The distribution of cardioplegia to the myocardium with antegrade 
cardioplegia techniques is hindered in patients with atherosclerotic 
lesions, where distal perfusion is lost because of vascular obstruction. 
Furthermore, impaired delivery of cardioplegia may occur because of 
the retrograde escape of cardioplegia across the aortic valve. This com-
monly occurs if the patient has aortic insufficiency. However, it may 
occur in patients with a competent aortic valve that becomes distorted 
by the placement of the aortic cross clamp.171 Some antegrade car-
dioplegia cannulae have an integrated pressure monitoring lumen that 
allows measurement and display of the antegrade cardioplegia infusion 
pressure. It also is common to measure the cardioplegia delivery system 
pressure from a site distal to the cardioplegia delivery pump. A high 
system pressure alerts the team to an obstruction or malplacement of 
the cardioplegia delivery cannula. A low system pressure would occur 
from aortic insufficiency or from some breach of the delivery system. 
Conditions such as aneurysmal deformation of the ascending aorta and 
aortic valvular lesions both compromise the delivery of cardioplegia 
when administered via the antegrade direction. This concern has led 
to the search for alternative administration techniques for  cardioplegic 
delivery.

Retrograde Coronary Sinus Cardioplegia
Retrograde delivery of blood to the heart via the coronary sinus and 
venous circulation was first proposed by C. Walton Lillehei. In 1982, 
Menasche and colleagues172 revisited the application of retrograde cor-
onary sinus cardioplegia (RCSC), and with this technique they found 
superior maintenance of left ventricular function when compared with 
direct coronary artery perfusion in patients with coronary artery dis-
ease. Initially, this technique was proposed as a means of delivering car-
dioplegia as a replacement for direct coronary artery cannulation in 
procedures involving the aortic valve or root. However, the utility of 
RCSC quickly expanded as a means of delivering nutritive flow to the 
distal myocardium in patients with severe coronary artery disease.173,174 
The delivery of RCSC, provided catheter position in the sinus and seal 
of the sinus by the balloon are optimal, results in a more uniform dis-
tribution of cardioplegia than antegrade and causes minimal distur-
bance of the operative field during administration.

Coronary sinus cardioplegia cannulae come in numerous configura-
tions varying in catheter size, balloon configuration, stylet character-
istics, and inflation mode (Figure 29-23). Various cannula designs are 
available incorporating geometric design to promote better fit into the 
sinus. The terminal end of the cannula is fitted with a balloon, which 
serves the function of seating the cannula in the coronary sinus so that 
cardioplegia is delivered into the coronary venous system, minimizing 
the amount of cardioplegia leakage into the right atrium. Some have tex-
tured balloon surfaces to minimize dislodgement of the catheter from 
the coronary sinus but result in leakage of the cardioplegia solution into 
the right atrium. Some designs have balloons that automatically inflate 

when flow is initiated through the catheter. Others require manual 
filling of the balloon with a syringe. In an animal model, Menasche and 
colleagues175 have shown that autoinflated retrograde catheters leak as 
much as 22% of cardioplegic flow, whereas manually inflated catheters 
had a leakage rate less than 1%. Several authors have described the effi-
cacy of combining both antegrade and retrograde cardioplegic delivery 
methods in a single integrated system.176,177 These authors believe that 
the delivery of both antegrade and retrograde cardioplegia concomi-
tantly supplies better perfusion to all regions of the myocardium despite 
the degree of coronary occlusive disease. Drainage is ensured through 
both thebesian and arteriosinusoidal  vessels. Ihnken et al178 found in a 
large series of high-risk patients (New York Heart Association Class III 
and IV) that simultaneous delivery of warm cardioplegia directly into 
the bypass grafts and the coronary sinus was both safe and efficacious in 
assuring myocardial protection. A major disadvantage of this multisite 
simultaneous delivery method is that most of the flow will be directed 
down the path of least resistance and not necessarily uniformly to all 
segments of the heart muscle.

Despite the excellent results achieved with RCSC, complications 
resulting from cannulation and excessive pressurization of the coro-
nary sinus occasionally are reported. These include rupture of the 
coronary sinus, poor perfusion of the right ventricle and posterior 
 septum, and nonhomogenous flow patterns.179,180 In addition, con-
troversy exists concerning the optimal delivery flow rate of RCSC. In 
one study of 62 patients, retrograde flow rates less than 100 mL/min 
resulted in reduced coronary venous effluent pH, with the authors rec-
ommending that maintenance of a minimum flow rate of 200 mL/min 
be considered whenever RCSC is used.181 The optimal delivery pres-
sure also is controversial. Most centers use a guideline of 20 to 40 mm 
Hg pressure measured in the delivery catheter at a point distal to the 
 balloon. It has been suggested by one researcher that pressures as high 
as 50 mm Hg are safe.182

Nondisposable Cardioplegia Pumping 
Mechanisms
The currently used nondisposable devices consist of two major com-
ponents: the mechanical pump and the temperature control unit. 
The PD twin RP is the most commonly used mechanical pump for 
cardioplegia. The temperature control module also is termed a heater/
cooler and serves the function of the caloric transfer of heat by convec-
tive means between the circulating water of the heater/cooler and the 
cardioplegic perfusate.

Historically, commercial delivery systems for blood cardioplegia 
used a fixed-ratio delivery system of blood-to-crystalloid compo-
nents. Cardioplegia solution mixing was achieved via a two-line RP 
system that combined arterialized blood and a crystalloid base solu-
tion on the distal side of the occlusive pump in a dual-lumen outlet. 
The ratio of blood to crystalloid was determined by the lumen size of 
the tubing within the raceway of the pump. Although these systems are 

Figure 29-23 Antegrade and retrograde cardioplegia cannulae.
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considered as industry standards, they offered little flexibility in alter-
ing the ratio of blood or crystalloid components, and the only means 
of changing ionic or substrate concentration was to make up several 
base crystalloid bags that contained varying concentrations of solute. 
Several devices that address these shortcomings recently have been 
marketed: the Jostra HL20 Hl30 systems, the Sorin Group S-3 and S-5 
Console (Sorin Biomedical, Irvine, CA), Terumo System 1 (Terumo 
Cardiovascular, Tustin, CA), and the Myocardial Protection System 
(MPS; Quest Medical, Allen, TX).

The Sorin Group S-3 and S-5 heart-lung machines have an inte-
grated cardioplegia delivery system that consists of twin RPs, monitor-
ing and control systems, and an internal heater/cooler for temperature 
regulation. Two 3-inch RPs are used, containing hybrid direct-drive 
systems with optical encoders, which permit accurate solution delivery 
at low-flow delivery rates. The two-roller-pump system was designed to 
allow the user to select variable ratios of blood-to-crystalloid  solutions. 
Available ratios include 1:1 through 16:1, all blood, and all crystalloid. 
The system may be stop-linked to a pressure monitor, bubble detector, 
or to the arterial pump. The system has temperature monitors, auto-
matic dose and ischemic time interval timers, and displays of infused 
blood, crystalloid, and cardioplegic solution volumes.

The Quest MPS consists of a microprocessor-controlled electro-
mechanical instrument and disposable delivery set that is integral to 
the device (Figure 29-24). There is a main pumping mechanism and a 
pumping subsystem that operates by a set of four pistons, each driven 
by a stepper motor, that align with several pouches in the disposable 
cartridge to mechanically displace the pouch contents. The subsys-
tem pouches contain an arresting agent and one additional additive 
if required. The main pumping mechanism consists of two motor-
driven piston pumps and valved pouches that alternately fill and pump 
extracorporealized blood and crystalloid solutions, providing  constant 
cardioplegia flow. A number of sensors become activated when the 
 cartridge is placed into the console, and the system software completes 
a series of self-checks before operation. The cardioplegic  solution 
passes through a stainless-steel heat exchanger, which controls the 

caloric transfer of heat in congruence with the integral heater/cooler. 
There are four temperature sensors to provide temperature-controlled 
 cardioplegia delivery, and the inlet water and cardioplegia tempera-
tures are continuously displayed.

The MPS provides the selection of variable blood-to-crystalloid 
ratios that range from 1:1 to 20:1, as well as the capability to deliver 
all blood or all crystalloid solutions. However, the MPS allows variable 
ratio control, which is accomplished without changing the arresting 
agent concentration. This independent control of cardioplegic additive 
and total blood delivery is an attractive feature when optimizing oxy-
gen-carrying capacity and enhancing aerobiosis, while assuring chemi-
cal arrest. Likewise, the MPS allows the user to change the arresting 
agent concentration without altering the ratio of blood to crystalloid 
solution. The MPS has an auto-flow mode that will vary infusion flow 
to maintain a set delivery pressure. The MPS is capable of pulsatile car-
dioplegia delivery, although few studies have demonstrated the  efficacy 
of this delivery feature.

PRIMING SOLUTIONS AND 
CONTROVERSIES
Before ECC can be attempted, the patient must be connected to the CPB 
machine, necessitating the creation of a fluid-filled circuit to ensure 
continuity with the patient. Not only is it important that the circuit be 
“primed,” but it also must be completely devoid of any gaseous bubbles 
or particulate matter that potentially could embolize. For this reason, 
perfusionists often perform painstaking maneuvers to rid the circuit of 
bubbles before bypass. Historically, early priming solutions were formu-
lated to closely match the patient's own rheologic characteristics, which 
necessitated the use of fresh whole blood.183 Priming the early oxygen-
ating circuits required vast quantities of blood and balanced electro-
lyte solutions, and cardiac operations often were scheduled around the 
availability of blood donors. Eight to 10 units of heparinized blood 
was required to prime the average CPB  circuit,184 and the risk for con-
tracting viral hepatitis was substantial. The  addition of blood to prim-
ing solutions also induced the capillary leak syndrome,185 which may 
implicate histamine as a contributing factor in leading to postpump 
pulmonary dysfunction. As a result of the excellent work on hemodi-
lution by Messmer and colleagues186,187 and others,188 it is now the rare 
adult patient who receives any blood in the circuit before the initiation 
of CPB. Instead, balanced electrolyte solutions are the first choice in 
priming bypass circuits. In pediatric circuits, however, where the  circuit 
volume often exceeds the patient's circulating blood volume, allogeneic 
blood products often are added to the prime to reduce the risk for ane-
mia and hypoproteinemia (see Chapters 28, 30, and 31).

When nonhemic primes are used during CPB, there is a concomitant 
reduction in SVR at the onset of ECC as a result of the reduced viscos-
ity of the blood.189 Although the oxygen-carrying capacity of the pump 
perfusate is reduced by hemodilution, overall oxygen delivery may not 
be significantly affected because the reduced viscosity enhances per-
fusion. Safe levels of hemodilution are dependent on multiple factors 
that include the patient's metabolic rate, cardiovascular function and 
reserve, degree of atherosclerotic disease and resultant tissue perfusion, 
and core temperature. Although an absolute value for the degree of 
hemodilution tolerated will vary among individual patients, the stud-
ies of Kessler and Messmer support a minimal hematocrit value of 20% 
to ensure oxygen delivery and tissue extraction.190,191 Much progress 
has been made in understanding absolute tolerances of hemodilution 
through treating patients of certain religious groups who refuse the 
transfusion of allogeneic blood products.192

For years controversy has raged over the inclusion of colloids in 
pump primes, with specific emphasis placed on the value of albumin 
as a routine prime constituent.193,194 The nonphysiologic effects of CPB, 
with both nonpulsatile and pulsatile perfusion, are known to alter 
various hemodynamic and physiologic forces affecting the extravas-
cularization of plasma water, especially in the lungs, which leads to 
respiratory dysfunction.195 Total body water is increased after CPB, 

Figure 29-24 Quest Myocardial Protection System (MPS). Cardioplegia 
is pumped by a system actuated by a stepper motor. Arrest solution and 
additive solutions are contained in 50-mL pouches and may be precisely 
added to the delivery solution. The disposable heat exchanger compo-
nent is attached to the top of the console. The MPS has  system and deliv-
ery pressure sensors, as well as an air detection and elimination  system. 
 Blood-to-crystalloid ratio, temperature, and additive drug  concentrations 
may be adjusted in real time during delivery. (Courtesy of Quest Medical, 
Allen, TX.)
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leading to tissue edema and altered organ function.196 Total body fluid 
shifts may take several days after CPB to correct because of the degree 
of hypotonicity created during bypass.197 Although the pathophysiol-
ogy related to tissue edema is appreciated, the influence of factors such 
as total bypass time and pressure gradients during CPB remains to be 
elucidated. Priming of the CPB circuit with crystalloid solutions alone 
reduces colloid oncotic pressure, and this reduction is directly related 
to the total volume of prime solution and the overall level of hemodi-
lution. Hypo-oncotic primes promote tissue edema through interstitial 
expansion with plasma water.193 A significant decline in plasma albu-
min occurs after CPB in patients who have been exposed to crystal-
loid-only primes.198 Albumin199 and various high-molecular-weight 
colloid solutions are added by some groups to the prime to offset these 
changes, although the benefits associated with each practice remain 
controversial.

Both high- and low-molecular-weight hydroxyethyl starch (HES), 
synthetic colloids that are derived from amylopectin, have been used as 
volume-expanding adjuncts to crystalloid primes.200,201 HES is an effec-
tive colloid oncotic increasing agent that has colloidal properties similar 
to that of 5% albumin and is relatively inexpensive.202 In postoperative 
pulmonary function studies of extravascular lung water accumulation 
and alveolar-arterial differences in oxygen tension, there was no signifi-
cant difference seen when either 6% HES or 25% albumin was used in 
the pump prime.203 Platelet counts tend to be lower when hetastarch 
(the high-molecular-weight form of HES) is used in CPB primes, but 
this reduction has questionable clinical significance.92 When HES is 
infused in cardiac patients in the immediate post-CPB period, sig-
nificant derangements in hemostasis have been reported, despite not 
being present when the solution was given to patients on entry to the 
intensive care unit.204 The authors hypothesized that the infusion of 
HES in the immediate post-CPB period, when fibrinolytic stimulation 
is at a maximum and platelet count is at a nadir, could be responsi-
ble. The low-molecular-weight HES compound pentastarch may offer 
future promise as a more potent volume expander than hetastarch by 
causing fewer alterations in hemostasis.99 One study failed to show a 
positive correlation between extravascular lung water and plasma col-
loid oncotic pressure/pulmonary capillary wedge pressure gradient 
after CPB when bubble oxygenators were used.205 The use of hyper-
tonic saline solutions (7.2% NaCl) in combination with  hetastarch was 
recently shown to result in better patient hemodynamics with lower 
fluid requirements during CPB.206 There also was evidence that this 
combination technique may result in better  postoperative pulmonary 
function compared with hetastarch alone.

The addition of glucose to prime solutions remains an area of 
 controversy because of the relation between high glucose concen-
trations on CPB and neurologic dysfunction.207,208 Metz and Keats209 
reported that when glucose was included in prime solutions of 107 
patients undergoing CPB, there was a lower fluid balance as evidenced 
by significant reductions in crystalloid administration and there was 
no increased neurologic dysfunction. Although there is a paucity of 
prospective studies on the neurologic outcome of cardiac patients after 
perioperative glucose administration, there is evidence that glucose 
administration is associated with greater morbidity after cerebral isch-
emia.210,211 The hypothesis for this pathophysiologic phenomenon is 
related to a shift in glycolysis from aerobic to anaerobic pathways dur-
ing ischemia, which results in a metabolic end-product accumulation 
of lactate and decline in intracellular pH.212 Until further work is done 
in which tightly controlled preoperative and postoperative neurologic 
examinations are performed, it may be advantageous to manage glu-
cose conservatively, restricting glucose-containing solutions in cardiac 
patients.213

Marelli and colleagues studied perioperative fluid balance in 100 
adult patients divided into two groups who either did or did not receive 
albumin (50 g) in the bypass prime.214 They were unable to show any 
improvement in more than 40 clinical parameters affecting patient 
outcome when albumin was included in the prime. It is known that, 
within the first few seconds of CPB, a proteinaceous film is deposited on 
the surface of all extracorporeal circuit surfaces.215 Priming the pump 

 circuitry with albumin is thought to decrease the initial adsorption of 
protein components, which would increase biocompatibility. Bonser 
et al216 examined complement activation in 36 patients who received 
priming solutions of either crystalloid, crystalloid plus albumin, or 
crystalloid plus the plasma expander polygeline. They measured prod-
ucts of both the alternate and common complement pathways and 
found a significantly greater level of activation in both the crystalloid 
and crystalloid plus albumin groups when compared with the polyge-
line patients. A similar study examined both plasma and dextran 70 in 
priming  solutions and their effects on complement activation.217 When 
plasma was added to the prime, a significant increase in the plasma 
concentration of C3 activation products (C3c and C3dg) was observed, 
which was not present in the dextran 70 group. A study of the effects 
of postbypass hypoalbuminemia demonstrated that this reduction was 
well tolerated except in patients with poor left ventricular function.97

Further important considerations in choosing a priming solution 
for CPB circuits include alterations induced by changes in electrolyte 
activity. Balanced electrolyte solutions are the first-choice base solu-
tions of most prime solution “cocktails” used by perfusionists. Lactated 
Ringer's solution, Normosol-A, and Plasmalyte are used frequently 
because of their electrolyte compositions and isotonicity. One poten-
tial concern with the latter solutions focuses on the absence of calcium 
and potential for hypocalcemia. Calcium concentration varies depend-
ing on the type of prime constituents, as well as the presence of citrate 
in allogeneic blood products. Hysing et al218 reported substantial differ-
ences in the calcium concentrations among five different prime solu-
tions throughout the bypass period. They reported an initial decline in 
ionized calcium with the initiation of CPB followed by a normaliza-
tion over the first 30 minutes of ECC and emphasized the importance 
of frequent monitoring of this cation. In pediatric ECC and in certain 
adult patients who have preoperative deficiencies in either hemoglobin 
or coagulation proteins, it may be necessary to prime the heart-lung 
machine with allogeneic blood products. When calcium-containing 
prime solutions, such as lactated Ringer's, are used, additional anti-
coagulation is necessary to prevent circuit thrombus from forming 
before the initiation of CPB. The most frequently used ratio of hepa-
rinization for CPB is 2500 IU heparin for each liter of prime solution, 
which would ensure adequate anticoagulation for both sanguineous 
and asanguineous prime solutions.

COMPUTERS IN PERFUSION
Microprocessors are ubiquitous, and their incorporation into the CPB 
circuit is profound and encompassing.219 The acceptance of computers 
in clinical practice has been a gradual process among perfusionists,220 
which may reflect an overall tendency to resist the unknown coupled 
with reluctance to confront the anticipated complexity of advanc-
ing technologies. Microprocessors can be manipulated easily by user 
requirements to mimic logic and related functions. They are able to 
function without interruption through all processes involved in cardiac 
surgery, with minimal downtime ensured with proper utilization and 
maintenance. Microprocessors have proved to effectively decrease 
communication delays by processing vast quantities of information 
quickly, satisfying the demand of immediate output to facilitate deci-
sion processes. Their utility in organizing and analyzing large datasets 
aids in producing trending information, as well as identifying aberrant 
situations.

The practice of ECC is represented by a multitude of physiologic and 
mechanical events, which are closely interrelated and constantly chang-
ing. The continuous generation of information during these events 
provides a perfect situation for data capture and processing,  optimizing 
the conduct of perfusion.221–223 Most heart-lung machine manufactur-
ers market data processing systems that, through a microprocessor, 
 interface with various operating room equipment including bedside 
monitors and anesthesia machines. Peripheral components of the ECC, 
such as online blood gas analyzers, coagulation monitoring devices, 
heater/cooler units, and autotransfusion devices are all microprocessor 
 controlled and easily can be integrated into a single operating system. 
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This organized feedback acts as an information source that centralizes 
data handling. The information obtained during ECC is formidable and 
is best manipulated by a database management system. The database 
management system controls how the computer stores and retrieves 
data and is nothing more than a tool enabling multiple complex calcu-
lations to be performed quickly.

Some of the data types obtained and analyzed during ECC include 
patient anthropomorphic information and perfusion and/or oxygen 
requirements calculated from body surface area and anticipated meta-
bolic demands. The determinations of prime constituents and medi-
cation dosing are routinely performed via simple computer programs, 
together with predicting postdilutional hematocrits.224 The conduct 
of CPB is reflected by terminals that display information on pump 
dynamics, perfusion flow, SVR, ventilatory needs, and cardiac index. 
In-line arterial blood gas monitors can process changes in both gas 
exchange and pH as often as every second. Arterial and venous sam-
ples can be measured continuously, and arterial-venous oxygen differ-
ences, oxygen delivery and consumption, and oxygen extraction ratios 
calculated. Input and output ratios can be determined quickly by load-
ing values for volume input (crystalloid, colloid, blood products) and 
volume output (urine, aspirated waste, ultrafiltration [UF], and auto-
transfusion). Graphic interpretation of data is facilitated by trending 
summaries over the CPB period, which could incorporate “flags” as 
markers of events that deviated from standard treatment. This infor-
mation could then be tabulated as norms and indices that could alter 
patient management strategies and be used in quality management 
assessment. A case summary then can be generated that could be used 
for review and interpretation, or as an official record of the case.225

Some of the additional benefits of computers in perfusion include 
their utilization as educational and training aids,226 for assessment of 
the patient's physiologic status227 and optimization of metabolite deliv-
ery.228 Perhaps no area is more critical in the application of micropro-
cessors in perfusion than that of safety. No matter how integrated a 
circuit becomes, or how technologically enhanced are the CPB com-
ponents that evolve, without the conduct of safe, uneventful bypass, 
the advances are meaningless. Advances in bubble detection devices 
that incorporate ultrasonic systems have greatly reduced the risk for 
gross air embolism. One shortcoming in safety devices remains the 
absence of reliable level-detection systems that monitor venous reser-
voir  volumes. Arterial pressure monitoring with feedback loops that 
will interrupt pump operation in the event of high pressure, or gas 
emboli detection, has greatly enhanced the quality of CPB.

The future of computers in ECC is probably as much a function of 
education as technologic advance. The most advanced systems, with 
the highest price tags, are of absolutely no value without the funda-
mental knowledge of how to operate them. Nevertheless, some of the 
future goals of microprocessor-enhanced perfusion include inexpen-
sive, menu-driven software programs that would reduce the time spent 
learning terminology and functions. A reduction in system complex-
ity with succinct troubleshooting guides may decrease technical sup-
port required for system maintenance. Finally, computers will serve as 
valuable training tools to assess skills and competencies before actual 
clinical situations.229–231 Indeed, several perfusion education programs 
incorporate clinical computer simulation as a means of assessing 
 student proficiency in didactic areas before operating the pump in the 
operating room.

PERIOPERATIVE METHODS OF RED 
BLOOD CELL CONSERVATION
Homologous blood is a precious resource, the transfusion of which 
confers both benefits and risks. The practice of transfusion began 
in the 1930s with the Nobel Prize–winning work of Landsteiner.232 
Transfusion medicine expanded through experience gained in battle-
field medicine and the development of cardiac surgery, vascular surgery, 
and oncology. Of the 29 million transfusions administered each year, it 
is estimated that one third to half are not administered in  accordance 

with evidence-based indications.233 Cardiac surgery programs are one 
of the leading consumers of blood and blood products. More than 80% 
of the blood used in cardiac surgery is transfused in 15% to 20% of the 
patients undergoing surgery.234 In the late 1970s and early 1980s, there 
was concern about transfusion-related hepatitis B and C, HIV, and 
bacterial infections. With modern blood bank processes and screen-
ing, these risks have become extremely low; however, other associated 
risks including transfusion-related lung injury, leukocyte-related target 
organ injury, transfusion errors, and bacterial infections are compara-
tively common. Furthermore, there is a growing confirmation of the 
relation between transfusion and reduced short-term survival, long-
term survival, and HF in cardiac surgery patients.235–241 Transfusion of 
stored blood and blood products is related to a host of adverse effects 
including release of bioactive compounds that cause inflammation, 
reduced oxygen availability to tissues, and other immunomodulatory 
effects, all of which contribute to increased morbidity and mortality242 
(see Chapters 30 and 31).

Transfusion practice varies widely, and this variation is based largely 
on individual physician practice.243 The administration of allogeneic 
blood products during cardiac surgery continues to be a major concern 
for both patients and clinicians. The changing population of patients 
undergoing cardiac surgery has presented new transfusion-related 
challenges that are being addressed through both pharmacologic and 
mechanical means. A combination of increasing age of patients under-
going cardiac surgery and a greater percentage of patients undergo-
ing resternotomy procedures has increased the challenge of bloodless 
cardiac surgery. Although the safety of receiving allogeneic blood has 
increased dramatically, risks remain and need to be understood when 
considering patient transfusion. These risks include both hemolytic 
and nonhemolytic reactions, disease transmission, graft-versus-host 
disease, recipient alloimmunization, and hypervolemia.244 Results 
generated when meticulous attention and adherence to conventional 
blood conservation techniques have been followed are promising.245,246 
However, the diversity in surgical practices, anesthesia management, 
and postoperative care all represent a multifactorial  process rendering 
reproducibility difficult from center to center.

Isovolumic hemodilution combined with hypotensive anesthesia is 
an effective strategy for limiting allogeneic transfusions. Intraoperative 
phlebotomy before ECC is performed easily with volume replacement 
consisting of either colloid or crystalloid solutions ranging, respec-
tively, from 1 to 3 mL for every milliliter of phlebotomized blood. 
Relative contraindications to performing intraoperative donation 
may be left main stenosis, unstable angina, critical aortic stenosis, 
hemodynamic instability, and a history of cerebrovascular disease.132 
The increased risks associated with allogeneic blood are well-known. 
Although the dangers of receiving contaminated blood vary among 
geographic regions, it is accepted that the incidence of post-transfusion 
hepatitis C has decreased markedly,247 whereas the risk for HIV trans-
mission has been reported to be as high as 1 in 100,000 transfusions. 
The emphasis on reducing the risks associated with blood exposure has 
long been evident within hospitals. Standing blood utilization commit-
tees are charged with the responsibility of reviewing transfusion prac-
tices within hospitals. Some states have enacted laws that protect the 
rights of patients undergoing elective surgical procedures in regard to 
blood transfusions. Legislative actions in California have established 
specific mandates for physician involvement in ensuring that patients 
at risk for transfusion are informed of the availability of alternate tech-
niques for reducing the risk for allogeneic blood exposure. Clearly, the 
impetus directing specific blood replacement practices associated with 
cardiovascular surgery will come under intense scrutiny from both 
internal and external sources of review.

The term autotransfusion has been used generically to represent the 
process of reinfusing blood collected from a patient at some time before 
infusion. Autotransfusion can be broken down into three distinct cat-
egories delineated by both the time of collection and the methods used 
to collect the blood. Preoperative donation, intraoperative salvage, and 
postoperative collection are techniques used in varying degrees at most 
cardiac centers. Each category is further subdivided according to the 
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techniques used; however, the underlying goal that firmly links all pro-
cesses together is the reduction in exposure of patients to allogeneic 
blood.

Preoperative Donation
Predonation before surgery would seem to be a plausible means of 
obtaining blood and avoiding homologous transfusion, particularly in 
this era of heightened awareness of the dangers associated with receiv-
ing allogeneic blood products. The use of autologous blood not only 
is nonimmunogenic but reduces the hospital's dependence on blood 
banks. However, this technique has had limited success in treating 
the cardiac surgery patient.248 From a blood bank perspective, predo-
nation of blood is a logistic nightmare. Furthermore, there are many 
contraindications to autologous blood collection in cardiac patients, 
including aortic stenosis, left main coronary artery disease, idiopathic 
hypertrophic subaortic stenosis, unstable angina, cardiac failure, recent 
myocardial infarction, ventricular arrhythmia, symptoms on the day 
of donation, and the emergency need for surgery. Only 10% of trans-
fusion recipients may be eligible for self-donation249; therefore, the 
majority of surgical candidates require alternative measures to reduce 
exposure to the general blood supply.

Plasmapheresis
Plasmapheresis is the separation of whole blood into plasma (which 
may be platelet poor or platelet rich), platelets, and RBCs. The first 
clinical utilization of plasmapheresis in thoracic surgery was reported 
by Ferrari and colleagues250 in 1987. The benefits of plasmapheresis in 
the cardiac surgical patient are derived from the production of autol-
ogous blood products that, because of their separation into isolated 
components, can be administered to treat specific deficiencies related 
to the patient's hemostatic needs. One of the most critical advantages 
involves the treatment of patients who would otherwise not be candi-
dates for predonation of blood. The logistic difficulties are easily over-
come when this method is used in the operating room with the patient 
under the direct care of the anesthesiologist.

As with any new treatment, potential disadvantages do exist and are 
related to exsanguination phenomena. Plasmapheresis reduces circu-
lating albumin and total protein levels before surgery, which, when 
combined with noncolloidal fluid replacement, may lead to extravas-
cularization of plasma water. In addition, there may exist select patients 
who cannot tolerate the anemia associated with use of this technique 
before CPB. The expenses associated with plasmapheresis are  minimal 
because most cardiac centers have purchased cell-washing autotrans-
fusion devices for alternate reasons, and these machines easily can 
 perform intraoperative plasmapheresis.

The technique of plasmapheresis uses similar technology to that of 
cell-washing autotransfusion devices. Both systems use centrifuges, 
peristaltic pumps, and collection reservoirs. The process for plasma-
pheresis is unique in several ways, including its processing of whole 
blood collected using protocols for isovolumic hemodilution, before 
heparinization. During plasmapheresis the clinician has the ability to 
alter the collection process to obtain either platelet-poor or platelet-
rich plasma (PRP). The platelet-poor plasma is collected at greater 
 centrifuge speeds (5200 to 5600 rpm), resulting in tighter packing of 
the RBC layer, restricting the separation of platelets into a buffy coat 
layer. At slower centrifuge speeds (2400 to 3600 rpm), the platelet frac-
tion is sequestered in the buffy coat layer that is then collected, together 
with a small volume of RBCs, as PRP.

In the operating room, removal of whole blood should begin as 
soon as central venous access is established. The most common site 
is the internal jugular vein, although external jugular, saphenous, and 
antecubital veins all have been used. The anticoagulant used is sodium 
 citrate, which should be delivered at a rate of 1 mL/12 mL whole blood. 
The blood is drawn into a collection bag and then transferred to a pro-
cessing bowl in the autotransfusion device via a peristaltic pump. The 
calculated plasma volume to be removed has generally been set as 20% 

of the patient's circulating plasma volume,251 which ranges from 10 to 
12 mL/kg.252 Approximately 200 mL whole blood can be processed in 
12 to 14 minutes.251,252 The number of cycles necessary to complete the 
calculated draw volume is dependent on the patient's RBC mass and 
plasma volume. Volume replacement should be carried out both before 
and during the sequestration process. Replacement  therapy  varies 
among institutions, but the solutions most often reported include 
high-molecular-weight HES (6% HES),252 crystalloid solutions, and 
5% albumin.253 After the plasma has been removed, the RBCs can 
either be reinfused to the patient via the return mode of the machine 
or saved and returned after CPB. The product yield is dependent on 
the patient's predraw platelet level and plasma volume but generally is 
between 1.0 and 2.5 × 1011 platelets/600 mL product.251–253

Storage of collected products should follow established practices of 
the blood bank at the individual institution. Platelet clumping has been 
reduced by placing the removed plasma in a rocker or agitation device. 
The temperature at which to store the sequestered plasma is contro-
versial, although room temperature has been used. In some operat-
ing rooms where the ambient temperature is kept quite low, wrapping 
the reinfusion bag in a warm blanket has been advocated. The product 
should be returned to the patient after reversal of heparin by protamine, 
as ascertained by monitoring activated coagulation times.

The results of plasmapheresis in thoracic surgery have been encour-
aging, although questions have been raised concerning efficacy.254,255 
When the use of autotransfusion alone has been compared with plas-
mapheresis, the patients treated with PRP have had lower positive 
fluid balances than patients who had cell washing used as a method 
of hemoconcentration.252 Several clinical trials have shown a decreased 
usage of allogeneic blood products, including plasma and platelets, 
during the hospitalization of patients treated with PRP.252,256–258 After 
the reinfusion of autologous PRP, patients have had greater operative 
platelet counts,139 decreased postoperative bleeding,250,259 and greater 
fibrinogen and antithrombin III (AT III) concentrations.260 Giordano 
et al reported that the concomitant use of autotransfusion and PRP 
reduced transfusions from 13.67 to 6.32 allogeneic blood exposures per 
patient.253

Stammers et al261 have described additional benefits of plasmaphere-
sis in the immediate postinfusion period and can be related to an overall 
reduction in fibrinolytic tendency. It also has been shown that, through 
reductions in blood transfusion, PRP administration to patients in a 
hyperfibrinolytic state ameliorates the effect of fibrinolytic substances. 
Although specific factors in the plasma product have not been identi-
fied, the rapid reduction in fibrinolysis suggests the presence of endog-
enous antifibrinolytic substances.

The effects of platelet-affecting drugs on both platelet-poor plasma 
and PRP are germane because a substantial number of cardiac patients 
are exposed to these medications before surgery. Giordano and 
 colleagues256 studied patients who received warfarin (Coumadin), hep-
arin, or nonsteroidal anti-inflammatory agents up to the day before 
surgery. When these patients were treated with PRP, there was no effect 
on postoperative bleeding after reinfusion of PRP. The contraindica-
tions to plasmapheresis are based mainly on the patient's inability to 
withstand low hemoglobin concentrations before the initiation of CPB. 
Patients with hemoglobin concentrations of less than 10 g/dL generally 
have their RBCs returned in between cycles.

Autologous Priming Techniques
The process of displacing crystalloid prime solution with the patient's 
own blood to reduce hemodilution during the onset of CPB, known 
as autologous priming (AP), has become a widely adopted method 
of reducing the burden of hemodilution that occurs at the initiation 
of CPB. The process involves slowly removing the clear prime from 
the pump with the patient's own blood through both the arterial and 
venous limbs of the perfusion circuit, once the patient has been given 
heparin and the activated coagulation time is adequately  prolonged. It is 
necessary to position the patient in Trendelenburg position to improve 
right atrial filling pressure and maintain arterial blood pressure during 
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this process. It often is necessary to also infuse phenylephrine to main-
tain an acceptable arterial blood pressure during this process.

Rosengart et al's262 prospective trial led the way for other investi-
gators. Their study, conducted on 60 first-time CABG patients, estab-
lished that AP limits hemodilution and reduces the number of patients 
needing RBC transfusions. Since their report, other randomized and 
observational trials have reported similar benefits.263–267 However, 
Murphy et al268 concluded that AP does not offer a clinical benefit as a 
blood conservation technique. Their trial was limited by design (ret-
rospective cohort, single surgeon), and the limited reporting of AP 
techniques and volume management strategies prevents replication. 
More recently, Trowbridge et al269 designed a prospective study aimed 
at identifying optimal characteristics of the AP process and found 
that when used effectively, defined as removal of at least 1300 mL or 
when less than 10% of AP volume was returned to the patient, greater 
hematocrit values were obtained and fewer patients received transfu-
sions. Furthermore, they reported that the amount of removed prime 
returned to the patient was related to the patient's urinary output and 
the amount of blood loss during the procedure.269

Perioperative Salvage and 
Autotransfusion
Cardiotomy Suction
Shed blood from the surgical field and blood vented from the LA, left 
ventricle, pulmonary artery, or the aorta is collected and reinfused 
into the CPB circuit through the cardiotomy suction system. This sys-
tem is composed of tubing usually 1/4-inch internal diameter directed 
through an RP into a filtered reservoir. Cardiotomy suction blood con-
tains fat, bone, lipids, and other debris from the surgical field. This 
blood is also exposed to air, shear forces, and artificial surfaces that 
cause exacerbation of the systemic inflammatory response and result 
in microcirculatory dysfunction. These substances may traverse the 
CPB circuit, enter into the arterial line, and ultimately obstruct the 
microcapillary circulation of the patient. Brown et al270 identified 
thousands of embolic lesions in the brains of patients who died within  
3 weeks of cardiac surgery and reported an association between 
embolic lesions and duration of CPB. For each 1-hour increase in the 
duration of CPB, the embolic load increased by 90.5%. Cardiotomy 
suction blood has been identified as a major source of lipid emboli 
in several studies.271–273 For this reason, some have advocated eliminat-
ing the use of cardiotomy suction, which is returned directly to the 
ECC. Several clinical studies have examined the effects of eliminating 
cardiotomy suction. In a randomized trial enrolling CABG patients, 
use of cardiotomy suction resulted in significant increases in throm-
bin generation, neutrophil and platelet activation, as well as the release 
of neuron- specific enolase.274 Nuttall et al,275 in a study of patients in 
whom an open venous reservoir was used, compared the return of 
 cardiotomy suction directly to the ECC, versus sequestration and pro-
cessing of cardiotomy blood to a cell saver. A battery of blood tests were 
performed to evaluate platelet function, and no significant difference 
in any of the tests or in blood transfusion requirements was observed.

Cell Salvaging through Centrifugation 
and Washing Techniques
One of the simplest forms of autotransfusion is the use of a cell-
 salvaging system that uses aspiration and anticoagulation to collect 
shed blood and return it to the patient. The simplest products to per-
form this function include collection sets consisting of double-lumen 
tubes through which an anticoagulant (usually heparin or citrate-
phosphate-dextrose) is mixed with shed operative blood, aspirated by 
negative pressure through a vacuum source, collected in a reservoir, 
and directly reinfused to the patient through a filter. Inherent prob-
lems with this technique include questionable quality of reinfused 
blood because of contamination with particulate matter aspirated 
from the field that includes bone fragments, fat particles, and suture 

 materials. In addition, the anticoagulant remains present in the rein-
fusate. However, this technique is a relatively easy and quick means of 
returning lost blood in the event of unexpected acute blood loss.

Another form of autotransfusion uses specific machines that salvage 
and process shed blood and include a cell washing step. The term cell 
saving has come to denote the process of autotransfusion that involves 
centrifugation of collected operative blood and processing with a wash 
solution, 0.9% NaCl, and reinfusing the product back to the patient. 
The basic operating principles found in autotransfusion include aspi-
ration, anticoagulation, centrifugation, washing, and reinfusion. The 
ensuing discussion focuses specifically on the processes of cell washing 
and separation by centrifugation as autotransfusion methods.

The major components of any automated or manual device used for 
cell processing in autotransfusion are listed in Table 29-1. The process 
begins with the aspiration of blood from the surgical site together with 
an anticoagulant via a double-lumen line. The blood, together with 
other operative contaminants including bone chips and adipose tissue, 
is then collected in a cardiotomy reservoir, functioning as the first fil-
tration, with depth and screen filters ranging in size from 40 to 120 m. 
A peristaltic pump then transfers the contents from the cardiotomy 
reservoir into a centrifuge bowl that has been specifically designed to 
separate blood according to specific particulate density. Centrifugation 
necessary for this separation process generally is between 4800 and 
5600 rpm (Figure 29-25). The volume of the bowl is an important char-
acteristic of these devices because the volume of the bowl has a role in 
the minimum amount of shed blood required to obtain an acceptable 

Figure 29-25 Autotransfusion cell processing device using a peri-
staltic pump and centrifuge for processing of shed blood. (Courtesy of 
Haemonetics Corporation, Braintree, MA.)

Basic Components of a Typical Autotransfusion 
Device

Centrifuge
Centrifugal bowl
Aspiration set
Anticoagulant Cardiotomy reservoir
Wash fluid
Waste bag
Reinfusion bag

TABLE  
29-1
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hematocrit in the returned product. Some of the systems come with 
125-mL bowls for use with small patients or when smaller amounts 
of shed blood are anticipated. The heavier RBCs are packed farthest 
from the axis of rotation, whereas the lighter plasma and crystalloid 
fractions remain closest to the center of the bowl. A wash mode is ini-
tiated when the centrifuge bowl has reached its optimal packed RBC 
level, with sterile physiologic saline pumped through the RBC layer, 
removing plasma-free hemoglobin, clotting factors, anticoagulant, and 
 nonautogenous particles.

After the wash cycle, the washed product is pumped out of the cen-
trifuge bowl into a collection reservoir and then transferred to a reinfu-
sion bag for administration to the patient. The quality of the finished 
product is affected by several operating parameters, including the 
 absolute aspiration pressure, the fill speed of the bowl, the wash rate, 
and the quantity of wash volume used. The percent hematocrit of the 
processed blood also is dependent on filling rate and wash rate, and 
when these are kept within the manufacturer's recommendations, the 
final product should have a hematocrit between 45% and 60%.

One new cell-saver design, the Continuous Autotransfusion System 
(CATS; Terumo Cardiovascular, Tustin, CA), does not have a Latham 
bowl and functions in a continuous manner such that the packed RBC 
product is harvested during centrifugation (Figures 29-26 and 29-27). 
This approach has several advantages: a lower minimum amount of 
shed blood is required before packed RBCs may be harvested, a greater 
RBC concentration of resultant product is obtained, and, most impor-
tantly, the separated lipid layer remains suspended during the process. 
With the traditional Latham bowl systems in which the centrifugation 
is stopped between cycles, lipids may remix with the final RBC product 
and be returned to the patient. Several recent studies have shown that 
the use of a continuous processing system is superior to the Latham 
bowl-type systems in terms of lipid removal and neurocognitive out-
comes.276,277 Kincaid et al278 studied effects of blood processing tech-
nique on production of lipid emboli in the brain (Small Capillary 
Arterial Dilations) in a canine model. Two recent randomized trials 
were designed to determine whether use of a cell saver reduced neu-
rocognitive dysfunction after CPB. In Rubens et al's study,279 266 
patients undergoing CABG surgery were randomized to two groups: 
an unprocessed cardiotomy suction blood group (control) and that 
processed by centrifugal cell washing (treatment group). Greater blood 

product administration and blood loss were observed in the treatment 
group. No differences in microemboli generation, neurocognitive dys-
function, or other adverse events were demonstrated between groups. 
In another study by Djaiani et al,276 patients randomized to cell pro-
cessing with a continuous autotransfusion system had reduced trans-
fusion requirements and improved neurocognitive function. The latter 
study used a continuous cell processing system that has been shown 
to reduce blood lipid content. The former study used a Latham bowl 
intermittent system, which previously has been shown to be ineffective 
at lipid removal. Further studies are necessary to define the impact of 
 cardiotomy suction on clinical outcomes.

All of the currently manufactured machines contain microproces-
sors and operate in either manual or automated modes. In the manual 
mode, the operator has control over the processing cycle and must be 
present during each stage of the process. The machines that contain 
automatic mode capabilities also provide the user with the option of 
completing several cycles of blood processing without operator ded-
ication. Some models also permit online programming at the user 
site, which enables the perfusionist to modify the processing program 
according to the level of aspirated blood contamination, producing an 
optimal quality product.

The safety features available on autotransfusion machines vary 
according to the manufacturer. Some of the more prominent features 
include air-sensing capabilities, level detectors, air and foam detectors, 
hand-cranking capabilities, two-bag reinfusion systems, and waste bag 
overfill automatic shutoff. The reinfusion bag from an autotransfu-
sion device should never be directly connected to a patient through 
an infusion line. The peristaltic pump of the autotransfusion device is 
 connected to the cardiotomy reservoir, which is often emptied during 
the filling process. The potential, therefore, is that air could be pumped 
into the reinfusion bag, which could then be passed on to the patient, 
especially in the situation in which the reinfusion bag is placed under 
pressure. A second transfer collection bag should be filled from the 
reinfusion bag and separated from the autotransfusion machine, to 
reduce the risks for air embolization.

Autotransfusion as a routine practice in cardiac surgery has 
received mixed acceptance. Cost-effectiveness always has been a con-
cern, with the prevailing belief that the utilization of autotransfusion 
should be considered only when anticipated blood loss would result in 
a reinfusion of 1 to 2 units of processed RBCs.280 However, the active 
interest in minimizing patient exposure, combined with the use of 

Figure 29-26 Continuous Autotransfusion System (CATS). (Courtesy 
of Terumo Cardiovascular Systems, Ann Arbor, MI.)

Figure 29-27 Continuous Autotransfusion System Cell processing 
cassette. (Courtesy of Terumo Cardiovascular Systems, Ann Arbor, MI.)
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smaller- volume centrifuge bowls, have prompted increased use of auto-
transfusion during cardiac surgery. Young et al281 reported a reduction 
in allogeneic RBC transfusion from 4.2 to 1.5 units/patient when auto-
transfusion was used in cardiac patients. The quality of RBCs processed via 
autotransfusion during cardiac surgery also has been compared with 
fresh autologous blood, with RBCs collected from the operative field 
having an in vivo survival comparable with that of phlebotomized blood.282 
Schwieger et al's283 study examined autotransfusion-collected blood for 
risk for infection and found that patients who had blood salvaged and 
processed by cell-washing equipment had no higher rate of infection 
than patients who had no autotransfusion but received banked blood.

In addition to aspirating shed blood from cardiac patients, the 
autotransfusion device can be used to concentrate the pump per-
fusate at the termination of CPB. Although this process is known to 
reduce the protein concentration of the perfusate when compared 
with reinfusion of the unprocessed pump contents, this method 
significantly reduced allogeneic banked blood exposure.284 Many 
centers will infuse the blood contained in the CPB circuit at the ter-
mination of bypass. The blood in the CPB circuit is displaced with 
a balanced electrolyte solution so that the pump remains primed 
should it be necessary to return to bypass. Sometimes vasodilators 
are administered to the patient to increase capacitance and allow 
this blood to be reinfused. It is common practice in neonate and 
pediatric cardiac surgery to use a technique referred to as “modi-
fied ultrafiltration” (MUF). With this technique, UF is conducted to 
remove plasma water, while at the same time the blood remaining 
in the CPB circuit is slowly infused into the patient. Similarly, this 
technique may be performed using a device called a hemobag, where 
the contents of the CPB circuit are infused into a collection bag and 
the contents of the bag are then ultrafiltered and returned to the 
patient.285,286 The product returned to the patient has a lower water 
content and greater concentration of RBCs, platelets, white blood 
cells, and plasma proteins.

Dilutional coagulopathy is a potential problem with overuse of 
autotransfusion. When large quantities of blood are processed, the 
washout of clotting factors may induce bleeding purely from a dilu-
tional effect. However, the use of waste or wall suction would result 
in a similar reduction in clotting factors, as well as the loss of RBCs. 
Autotransfusion also is used to treat patients with rare blood types or 
who are sensitized to donor blood and respond poorly to transfusion. 
In addition, certain religious beliefs will not allow the acceptance of 
allogeneic blood but will consider the use of autotransfusion on an 
individual basis.

The contraindications to the use of autotransfusion are relative and 
are evaluated on a per-case basis. Therefore, the relative contraindi-
cations include contaminated wound sites and/or septic procedures, 
malignancy, aspiration during caesarean sections, and concurrent use 
when microfibular collagen agents are present. The risks assumed with 
using cell salvaging and reinfusion techniques in these patients must 
be weighed against the inherent benefits of autologous versus alloge-
neic transfusion. Hemoglobinemia resulting from RBC destruction 
caused by exposure of blood to disposable autotransfusion circuitry 
and trauma caused by aspiration and mechanical treatment has been 
reported.287 The reinfusion of packed RBCs may also lead to pulmonary 
insufficiency if inadequate filtering of the product results in microag-
gregate embolization in the pulmonary vasculature. The risk for air 
embolism also is increased whenever extracorporeal devices are used; 
therefore, proper precautions with operator vigilance are paramount 
in assuring patient safety.

Postoperative Shed Mediastinal 
Blood Collection
The collection and reinfusion of postoperative mediastinal blood after 
cardiac surgery have been described as postoperative autotransfusion 
(PAT)288,289 and have been used in cardiac surgery since 1978.290 This 
process consists of connecting either a dedicated collection device 
or a cardiotomy reservoir from the extracorporeal circuit directly to 

 mediastinal chest tubes and a negative pressure source. Blood flows 
from the mediastinal tubes into the collection reservoir, where it 
undergoes gross filtration (40 to 120 m). The collected product then 
is reinfused back to the patient via an infusion pump and through an 
additional 20- m filter. The volume collected after the operation var-
ies from center to center and according to procedure but may range 
from 400 to 1200 mL over the first 24 hours. Shed mediastinal blood 
is defibrinogenated; therefore, levels of fibrin(ogen) split products are 
increased after reinfusion.291

Morris and Tan292 commented on the use of PAT in 155 consecu-
tive cardiac patients. These authors found a substantial and significant 
reduction of approximately 30% in the use of allogeneic blood prod-
ucts in patients undergoing cardiac surgery with PAT. Other authors have 
found that when the postoperative blood loss was less than 500 mL, 
PAT conferred no benefit in reducing banked blood requirements.293,294 
In a prospective, randomized study of cardiac patients undergoing 
CABG surgery, Bouboulis et al295 found no benefit to the use of PAT, 
and patients receiving autotransfusion had greater incidences of febrile 
reactions. These authors and others have advocated the concurrent use 
of a cell-washing device to process the PAT product before reinfusion.296 
A portable cell-washing device, the CardioPAT, is now available for 
processing shed blood from thoracic and pleural drainage. This device 
functions similarly to the centrifugal cell-washing systems. The major 
differences are a smaller footprint and a slower rate of processing than 
the traditional cell-saver systems. The processing of this blood removes 
activated white blood cells and fibrinolytic mediators, which may be 
associated with hemolytic reactions found when unwashed blood 
is reinfused. Schmidt et al297 have shown that the reinfusion of PAT 
blood in CABG patients caused an increase in levels of cardiac enzymes 
including creatine kinase-MB activity. These increases may result in a 
compromised assessment of myocardial injury in patients undergoing 
cardiac surgery with PAT.

Ultrafiltration
UF is a process in which plasma water is filtered from whole blood via 
a semipermeable membrane (see Figure. 29-34). Although primarily a 
method of removing plasma water, it is also an effective means of blood 
conservation in that it indirectly increases the volume of RBCs, plate-
lets, and coagulation factors. The technology used in UF was initially 
developed as a treatment for dialysis patients who became  volume over-
loaded.298 UF is used synonymously with hemofiltration and diafiltra-
tion and uses similar devices and principles to those seen in continuous 
arteriovenous hemofiltration and slow continuous UF. Continuous 
arteriovenous hemodiafiltration uses a dialysate that flows countercur-
rent to the direction of blood flow around the fibers, removing plasma 
solutes and electrolytes by diffusion. When UF is used exclusively to 
remove excessive fluid from CPB circuits, it has been referred to as 
hemoconcentration.

Cardiac patients are particularly susceptible to volume overloading 
via crystalloid administration for hemodynamic maintenance and 
prime solution of the heart-lung machine. Priming of the extracor-
poreal circuit with nonhemic solutions results in hemodilution that 
ranges from 33% to 200% of the patient's volume. After cardiac sur-
gery, the amount of extravascular fluid load may increase by greater 
than one third of the adult patient's prebypass blood volume,299 
whereas in pediatric perfusion, the total volume of  hemodilution 
may far exceed the patient's preoperative blood volume.300 It is well-
known that the body responds to hemodilution by increasing car-
diac index as a result of reduced SVR.301 In sick or compromised 
hearts, however, there is less myocardial reserve, which may result in 
inadequate oxygen delivery and hypoperfusion because of decreased 
output. UF not only reduces the risk for  volume overload in these 
patients, but it can be used to correct electrolyte and  acid-base 
imbalances.

UF is a hemoconcentration technique by which plasma water and 
certain low-molecular-weight plasma solutes are separated from 
 circulating whole blood by free convective transport. A semipermeable 
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hollow-fiber membrane operates on the principle of a  hydrostatic pres-
sure differential generated across the membrane to separate an ultrafil-
trate from blood (Figure 29-28).302 The composition of the ultrafiltrate 
is similar to that of glomerular filtrate.303 Uremic toxins also are selec-
tively removed from the circulating perfusate,304 which may decrease 
the incidence of acute tubular necrosis as a result of CPB. Sieving coef-
ficients that are based on the molecular weight of plasma solutes and 
the porosity of the UF device have been established by the various 
manufacturers. These are determined by dividing the concentration of 
the solute in the filtrate by the concentration in the plasma. Generally, 
solutes greater than 50,000 Daltons do not pass through the membrane 
pores (albumin has a molecular mass of 65,000 Daltons).

The advantages of UF in the cardiac patient are:
 1. Hemoconcentration without removing the protein segment of 

whole blood, thus maintaining plasma constituents including 
albumin and clotting factors

 2. The concentration of the albumin fraction increases colloid 
oncotic pressure and reduces edema by drawing fluid out of the 
extravascular area

 3. The reduction of pulmonary dysfunction after CPB by decreasing 
the amount of extravascular lung fluid305

 4. In patients with renal impairment, its concomitant use with 
dialysis before surgery may prepare the patient for anesthetic 
induction by optimizing the electrolyte and blood urea nitrogen 
levels306

UF differs from dialysis in that dialysis is the diffusion of solutes 
through a semipermeable membrane via a concentration gradient 
into a dialysate solution. UF uses the hydrostatic pressure gradient in 
removing plasma water without an osmotic gradient. The principle of 
operation involves a transmembrane pressure gradient (TMP), which 
is the force by which solutes are separated from the solution. The cal-
culation of TMP uses the arterial inlet pressure (P

a
), venous outlet 

 pressure (P
v
), ultrafiltrate pressure of outlet (P

n
), and oncotic pressure 

at the inlet (P
i
) and the outlet (P

o
):

The UF rate is the rate at which plasma volume is removed from the 
blood passing through the ultrafiltrator and is dependent on TMP and 
the surface area of the hemoconcentrator.307

Ultrafiltrators traditionally have been designed in either parallel-
plate or hollow-fiber configuration. The hollow-fiber types are used in 
hemoconcentration and are manufactured out of cellulose, polyacry-
lonitrile, or polysulfone materials. Blood passes along the inside of the 
hollow fiber, with the outside of the hollow fiber open to siphon drain-
age or negative pressure created by a vacuum suction. The TMP forces 
created by the movement of blood through the fibers and UF pres-
sure force plasma water and dissolved solutes through the pores in the 
synthetic material. The pore size of hollow-fiber ultrafiltrators varies 
among manufacturers but is generally between 30 and 40 angstroms. 
The wall thickness of the hollow fiber is around 40 m, and the diam-
eter of the fiber reaches 200 m. Other factors that influence UF rates 
include the rate of blood flow through the device, the RBC and protein 
concentrations, and the temperature of the perfusate passing through 
the device.

There are few contraindications to hemoconcentration with an 
ultrafiltrator. As with any nonendothelialized material, biocompat-
ibility becomes an important issue. Leukopenia and complement 
 activation have both been reported when blood is exposed to cellulosic 
membrane material.308,309 Excessive TMP may lead to increased RBC 
trauma and release of plasma-free hemoglobin. When concentrat-
ing the pump contents, care must be taken during reinfusion because 
of the retention of heparin in the hemoconcentrated product. The  
heterogenous molecular size of heparin varies the amount of heparin 
retained in the hemoconcentrate. Strict cost analysis during routine 
cardiac surgery is difficult to quantify because patients are known to 
tolerate positive fluid balances of up to 4 L without adverse pathologic 
effects.173 Therefore, the benefits of UF in these patients have yet to be 
established.

Modified Ultrafiltration
In 1991, Naik et al310 described a modification to the technique of UF 
that has since been extensively applied to pediatric patients under-
going cardiac surgery. Nearly 75% of all pediatric centers in North 
America routinely use MUF for neonate, infant, and pediatric cardiac 
surgery.311 Pediatric patients are thought to be more susceptible to the 
injurious effects of fluid overloading and may benefit from this tech-
nique because of the greater reoperation rate and use of profound and 
deep hypothermia seen in pediatric cardiac surgery. The technique is 
applied after CPB and allows the UF of both the circuit contents and 
the patient. The timing of MUF is critical and permits a rapid increase 
in patient hematocrit by the removal of plasma water.312 The results 
associated with MUF have been very encouraging and have included 
reductions in postoperative morbidity,313 reduced blood loss and blood 
utilization,310,314 reduced inflammatory mediators,315,316 and improve-
ments in myocardial function317 and cerebral oxygenation.314

MUF generally is performed shortly after termination of CPB and 
is completed with a typical ultrafiltrator. In pediatric operations, these 
devices are routinely set up and primed together with the entire ECC. 
The ultrafiltrator is placed in-line at a point distal to the membrane 
oxygenator with the inlet of the device connected to the arterial line 
and the outlet connected to the venous return line (Figure 29-29). An 
RP controls the flow rate through the MUF circuit and is located in a 
parallel circuit between the arterial and venous cannulae. Such a con-
figuration allows conventional UF to take place during the CPB pro-
cedure. On separation from CPB, the patient becomes the source for 
blood for MUF by clamping both the arterial and venous lines proxi-
mal to the MUF circuit, draining from the arterial cannula, and rein-
fusing directly into the venous cannula. The remaining pump contents 
also are concentrated during MUF and serve as a volume replacement 
for the removed plasma water. Blood flows during MUF vary with 
patient size and hemodynamic stability.

During MUF, there is an increase in mean arterial pressure (MAP) 
that may be related to changes in SVR associated with increasing a v n i oTMP P /2 P P P /2 P

Figure 29-28 Ultrafiltration device. (Courtesy of Minntech Corp., 
Minneapolis.)
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blood viscosity and via the removal of vasoactive substances.314,318 
The obvious benefit of MUF is the removal of plasma water and the 
concentration of cellular and acellular elements of blood. However, a 
number of investigators have shown that UF reduces the production 
of other potential harmful substances including cytokines and endog-
enous pyrogens.316,319 This reduction in number is independent of the 
effects of hemoconcentration and is instead related to a reduction in 
the whole-body inflammatory response associated with CPB.316 The 
benefits of MUF are accentuated when aggressive UF is utilized dur-
ing the rewarming period of CPB. This is more than likely a result of 
the removal of the activated complement fragment C3a, which is easily 
sieved in the ultrafiltrate.316 Patients treated with MUF have been shown 
to have a significantly faster rate of pulmonary function recovery than 
nonultrafiltrated patients, which may be because of a  leukocyte stabil-
ity and a reduced degranulation of polymorphonuclear neutrophils in 
the pulmonary capillaries.316,319

COATED CIRCUITS
Bypass-induced coagulopathy represents one of the most prevalent 
pathophysiologic events associated with the exposure of blood to 
 foreign surfaces.320 Identifying patients at risk for development of post-
operative coagulopathies has long challenged clinicians involved with 
cardiac surgery. Abnormal postoperative bleeding usually is classified 
as resulting from a preexisting coagulopathy, acquired hemostatic defi-
ciencies, or inadequate surgical hemostasis (although a single patient 
can suffer from all of the above maladies). The activation of various 
humoral and cellular systems is associated with the exposure of blood 
to negatively charged foreign surfaces, with arguably the primary 
causative factor related to platelet dysfunction.321–324 It has long been 
thought that, during ECC, thrombin formation is initiated through 
contact activation with factor XII (Hageman factor), with subsequent 
activation of the intrinsic pathway of coagulation.325 However, recent 
research has shown that activation of tissue factor pathway and the 
extrinsic limb play an important role in the stimulation of thrombin 
during CPB.326 The bypass circuit is composed of various synthetic 
materials, including polypropylene, polyvinylchloride, stainless steel 
and/or anodized aluminum, Dacron, and various plasticizers, all of 
which evoke contact activation of platelets, granulocytes, and proteins 

associated with the intrinsic pathway. The pathologic events associated 
with ECC-induced complement activation are poorly understood,327 
although potent mediators such as C3a, C4a, and C5a are thought to 
play a major role in postbypass whole-body inflammation328,329 (see 
Chapter 31).

Surface coatings play a role in the interface between the blood and 
the circuit components. Attenuation of the inflammatory and coag-
ulation pathways should translate into decreased postoperative mor-
bidity directly related to platelet dysfunction, bleeding complications, 
and end-organ damage. The desire to avoid anticoagulation of patients 
undergoing extensive thoracic aortic surgery led to the first reported 
use of a shunt with a graphite-benzalkonium-heparin coating by Gott 
et al.330 Heparin-coating of the CPB circuit was originally intended to 
supplant systemic anticoagulation with heparin. Subsequently, this 
concept of eliminating systemic heparin was dismissed, and a strategy 
combining the use of low-dose systemic heparin with a heparin-coated 
CPB circuit was introduced.331–335 In vitro and in vivo studies of these 
surfaces demonstrated reductions in coagulation and systemic inflam-
matory processes. Numerous studies have been conducted to evalu-
ate the effectiveness of heparin-treated surfaces compared with circuits 
without heparin coatings.336–361 Most studies have shown evidence of 
reduced platelet activation,340–343 reductions in inflammation charac-
terized by complement activation,344–351 and improvements in clinical 
outcomes including bleeding and transfusions,352–354 pulmonary func-
tion,355,356 and cognitive function.357–359 One randomized trial in patients 
undergoing redo CABG surgery showed no differences in biomark-
ers of inflammation or differences in blood loss and transfusion.360 
A larger randomized trial from the same center, which included redo 
valve patients, suggested that heparin-coated circuits imparted benefits 
including a trend of fewer reoperations for bleeding (0% vs. 4.0%; P = 
0.058) in CABG patients, significantly fewer major bleeding episodes 
(1.2% vs. 5.4%; P = 0.035), and significantly lower blood transfusion 
requirements in the intensive care unit (P = 0.013).361 The authors fur-
ther commented that the material-independent blood activation (e.g., 
blood-air interface and cardiotomy suction) may have blunted the total 
effect of the heparin-coated surface (HCS).

Unfortunately, most of the studies were small and substantially 
 different in anticoagulation management with heparin, the use of a par-
tially or completely coated circuits, the method by which  cardiotomy 
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blood was managed, different heparin coatings, and variations in 
measuring different end points across studies. The heterogeneity of 
the randomized trials related to heparin coatings precludes the use of 
meta-analysis as a method of summarizing the effectiveness of these 
circuits.49,336 Stammers et al336 used weighted means in an effort to sum-
marize the effects of 27 randomized controlled trials of heparin-coated 
circuits that included 1515 patients. The authors concluded that hep-
arin-coated circuits have shown statistically better results than similar 
noncoated circuits by decreasing hospital costs attributable to shorter 
intensive care unit length of stay and bleeding-related complications; 
and further, that immunologic factors were maintained better with 
the use of the Carmeda-coated circuits, whereas hematologic factors, 
excluding platelet count, favored the Duraflo II heparin coating. Two 
new heparin coatings have been developed: Hyaluronan-coated heparin 
coating (GBSTM Coating; Gish Biomedical, Rancho Santa Margarita, 
CA) and Bioline (Maquet); however, comparative studies of these 
 surfaces are promising but limited.362

Numerous surface modifications rendering the CPB surfaces more 
thromboresistant and biologically inert including X-Coating PMEA 
(poly-(2-methoxyethyl acrylate); Terumo Cardiovascular), SMARxT 
(Sorin Biomedical), P.H.I.S. I.O. phosphorylcholine inert surface 
(Sorin Group), Softline heparin-free synthetic polymer (Maquet), and 
Safeline synthetic-immobilized albumin (Maquet) are  commercially 
available. Preliminary findings indicate that these surfaces provide 
some improvements, including reduction of platelet activation, leu-
kocyte activation, bradykinin release, and, to some extent, reduction 
in the release of cytokines compared with noncoated surfaces.363–367 
Gu et al368 compared circuits with the SMA coating with noncoated 
 circuits and reported improved platelet preservation and function, but 
no difference in complement activation. Ereth et al369 compared hema-
tocrit, leukocyte count, platelet count, terminal complement complex, 
complement activation, myeloperoxidase, -thromboglobulin, pro-
thrombin fragment 1.2, plasmin-antiplasmin, heparin concentration, 
activated coagulation time, fibrinogen, blood loss, and blood-product 
usage in 36 cardiac surgery patients randomized to a trillium-coated 
circuit or an uncoated circuit. No significant differences were observed 
between the trillium-coated and uncoated group. Ferraris et al49 con-
cluded that “heparin-coated bypass circuits (oxygenator alone or the 
entire circuit) are not unreasonable for blood conservation (Class IIb, 
Level of evidence B).” Similarly, Shann et al370 have stated, “Reduction 
of circuit surface and the use of biocompatible surface-modified 
 circuits might be useful; effective in reducing the systemic inflamma-
tory response (Class IIA, Level of Evidence B).”

Heparin-coating, or bonding, of extracorporeal circuit surfaces 
(HCSs) increases the hemocompatibility of nonendothelialized sub-
stances.322,371,372 The specific benefits of HCS center on a reduction in 
the activation of humoral protein systems involved in hemostasis and 
complement systems, together with a benign deposition of platelets 
and protein on the extracorporeal surface.373 Bound heparin inhibits 
the binding of factors Xa, IIa, and XII, inhibiting thrombus formation 
by restricting the initiation of coagulation.374,375 Several authors have 
shown a reduction in granulocyte activation by reduced liberation 
of primary granule proteins (myeloperoxidase, lactoferrin) during in 
vitro whole-blood circulation in HCS circuits.322,376 The amelioration 
of blood-surface interactions through the use of HCS may reflect simi-
lar responses seen in vivo at the endothelial lining of the vasculature.372 
Palatianos et al377 examined the effect of HCS on platelet preservation 
in a pig model of ECC, finding no reduction in platelet consumption 
or platelet count when HCS were used during CPB periods of 3 hours. 
However, their model did not include functional studies of the resid-
ual platelets, nor did they report results of hemostatic differences after 
ECC. In a similar animal model using calves during CPB with HCS, 
Tong et al378 were able to show superior platelet preservation and func-
tion compared with noncoated bypass circuits. Fibrinopeptide levels 
were reduced in the HCS group, and there was no evidence of throm-
bus formation in any of the coated circuits.

Once blood comes in contact with HCS, AT III attaches to the bound 
heparin in an accelerated fashion. Thrombin then combines with AT III, 

forming an inactivated complex that leaves the HCS, enabling the pro-
cess to be repeated.379 HCSs have been evaluated in various clinical set-
tings that have included ECMO,379 hepatic transplantation,380 aortic 
aneurysm repair,381 pulmonary artery catheters,382 and during routine 
cardiac surgery. The efficacy of heparinless bypass may be especially 
evident when used to treat patients suffering from hypothermic expo-
sure or in trauma patients suffering from head or severe soft-tissue 
injuries.

The use of HCS may result in the reevaluation of heparin therapy 
necessary for systemic anticoagulation during certain ECC proce-
dures.383–385 Reducing heparin levels has the desired effect of limiting 
the potential for postoperative coagulopathy that is due to heparin-
related platelet defects and heparin reappearance after protamine 
administration (heparin-rebound effect). This may be especially 
attractive in patients at increased risk for adverse sequelae of heparin 
exposure (i.e., heparin-induced thrombocytopenia, neurosurgical pro-
cedures, protamine intolerances). In some studies, the reduced level of 
heparinization resulted in lower postoperative blood loss.383,385 Aldea et 
al386 have shown in patients undergoing CABG surgery that when HCSs 
were used in conjunction with lower heparinization protocols, there 
was a marked improvement in hemostasis, as well as reduced blood loss 
and transfusion rates. These benefits were accentuated in patients who 
were at a greater risk because of the urgent need for care.

Because heparin is the primary means of anticoagulation during 
CPB, any method that suggests reducing circulating levels must be 
critically evaluated.387 Kuitunen et al388 prospectively evaluated HCS 
in patients undergoing CPB who received either a reduced heparini-
zation protocol (100 IU/kg) or a full heparinization dose (300 IU/kg). 
These authors found that thrombin was formed during CPB, and 
that there was an increased risk for microembolic, intravascular, and 
 circuit clotting with low heparin levels. This was also confirmed in 
an in vitro model in which whole blood exposed to an extracorporeal 
heparin-coated circuit with low heparin concentrations demonstrated 
 evidence of contact activation after 120 minutes of simulated bypass.389 
In a retrospective analysis of patients undergoing first-time valve sur-
gery, Shapira et al390 compared patients with HCS who had received 
low (100 IU/kg) heparinization with patients with normal (300 IU/kg) 
heparinization and non-HCS circuits. The heparin-coated group had 
significantly better clinical outcomes and lower allogeneic blood trans-
fusions than the conventional group but also had an increased risk 
for early valve thrombosis. For this reason, the authors recommended 
using full-dose heparinization protocols in patients undergoing valve 
surgery with HCS.

One of the major difficulties in developing HCS was the bonding 
technique used to attach heparin to the various components used dur-
ing bypass. An early technique for heparin bonding was described by 
Gott391 and involved the substance tridodecylmethylammonium chlo-
ride (TDMAC). This method of ionic bonding is currently used in the 
production of shunts for aneurysm surgery and hepatic transplanta-
tion (Gott shunts; Sherwood Medical, St. Louis, MO).380

The difficulty in bonding heparin to extracorporeal circuits is com-
pounded by both the diversity of synthetic compounds used during 
bypass and the geometric variations of cardiovascular devices that may 
produce areas of stagnation and flow stasis. In addition, the benefits 
associated with HCS are dependent on heparin being minimally eluted 
from the surface after contact with blood. The quantity of surface-
bound heparin necessary to inhibit clot formation generally is greater 
than 1.0 mg/cm2 of circuit surface area but is dependent on the distri-
bution of heparin on the surface. It is well-known that heparin is not a 
single unique compound, but rather is a heterogenous class of muco-
polysaccharides, which also may influence binding characteristics.

Quaternary ammonium salts have been used to bond heparin ioni-
cally to synthetic surfaces, because heparin forms a highly nondisso-
ciable complex with quaternary ammonium salt. One manufacturer 
of HCS (Bentley Duraflow II; Baxter Health Care Corporation, Irvine, 
CA) uses a water-insoluble complex between heparin (porcine intestinal 
mucosa) and alkylbenzyldimethylammonium chloride. When ionically 
bound heparin surfaces are exposed to blood, there is an initial early 
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5% elution of bound heparin when blood first contacts the surface, 
but the remaining concentration stays stable for many hours. Synthetic 
materials that have been used successfully in covalent bonding include 
silicone and natural rubber, polypropylene, and polyethylene.

Heparin contains a hydroxyl group, carboxylic acid, and an amino 
group, which are all suited for covalent attachment to artificial surfaces. 
Covalent bonding of heparin has also been termed end-point attach-
ment of heparin, in which an intermediate layer of substrate is first 
deposited onto the surface to which heparin is affixed by binding to a 
primary amine.379 Partially degraded heparin is covalently end-point 
attached to extracorporeal circuits by a process developed by engi-
neers from the Carmeda Corporation (Carmeda Bio-Active Surface; 
Carmeda, Stockholm, Sweden; Figure 29-30).379,381

The effectiveness of HCSs is dependent on blood flow dynamics 
within the circuit, with thrombus inhibition related to the ratio of cir-
cuit surface area to blood volume.392,393 HCSs are effective only when 
exposed to blood; therefore, blood must be kept in constant circula-
tion. Systemic heparinization still would be necessary to decrease clot 
formation in stagnant or low-flow capillary beds within the body, such 
as occurs in the pulmonary circulation. Therefore, it is not likely that 
HCS will totally supplant the use of systemic heparinization. However, 
the use of heparin bonding to these circuits may necessitate the reevalu-
ation of the total concentration of heparin necessary for systemic hepa-
rinization and may result in the identification of a more controlled 
protocol for the administration of heparin.394

PERFUSION PRACTICES
Minimally Invasive Cardiac Surgery

The changing economics of health care have forced the reevalua-
tion of how techniques and technologies are utilized in the delivery 
of care. Despite the proven benefits of the heart-lung machine as a 
resource that enabled cardiac surgery to evolve, the morbidity asso-
ciated with its use continues to plague clinicians. In a recent survey 
of cardiac surgeons, the question of which procedure would be pref-
erable to eliminate, median sternotomy or CPB, more than 80% 
responded with the latter.395 The development of endoscopic instru-
ments and high- resolution video equipment has shaped the conduct 
of minimally invasive surgery and changed the conventional wisdom 
by which surgical practice is directed. The most promising results in 
applying these techniques in cardiac surgery have been seen in patients 
requiring CABG surgery. When the procedure is performed through a 
left anterior minithoracotomy, it is designated as minimally invasive 

direct coronary artery bypass grafting. The major benefit to patients 
who undergo this procedure has been described as being cosmetic, at 
least when comparing single-vessel disease patients with those under-
going conventional therapy.396 Although one of the primary goals of 
minimal invasion is the avoidance of the heart-lung machine, there are 
situations in which ECC is used to support the patient. This is true in 
patients with decreased ventricular function or in whom it is necessary 
to manipulate the heart for posterior access. The degree of involvement 
will vary from institution to institution, but in general these processes 
involve specialized cannulae that are most often placed transfemorally, 
with venous drainage accomplished with a CP (KVAD).29,30

When cardiac surgery is performed in patients without the use of 
a conventional midline sternotomy, it is referred to as keyhole sur-
gery. When this technique is combined with CPB, it is referred to as 
port-access cardiac surgery and has been used for both CABG and 
valve surgery.397,398 The success of this operative technique is depen-
dent on a number of factors including surgical expertise and the 
 correct utilization of specialty instruments and cannulae (Heartport 
EndoCPB; Heartport, Redwood City, CA) (Figures 29-20 and 29-31). 
The  primary cannula is termed an endoaortic clamp that has been spe-
cifically designed to occlude the aorta, deliver cardioplegia, and vent 
the ascending aorta. In this way, myocardial protection can be achieved 
while enabling the surgeon to work in a quiescent, flaccid heart. The 
endoaortic clamp is positioned under fluoroscopic and echocardio-
graphic guidance. Improper positioning can result in inadequate myo-
cardial protection, left ventricular distention, or occlusion of the arch 
vessels.398 A pulmonary artery venting catheter is placed through the 
jugular vein and used to assist ventricular unloading. The final  cannula 
is a coronary sinus cardioplegia cannula that is used for retrograde 
 cardioplegia administration (see Chapter 28).

The venous return is augmented by the use of KVAD and a CP. 
Negative pressure is measured at the inlet port to the CP and is regu-
lated by controlling pump inertia.29 The KVAD pressure is maintained 
between −50 and −80 mm Hg, which ensures adequate flow rates. The 
outlet of the CP is connected directly to an integrated cardiotomy/
venous reservoir, which, in turn, is connected to an arterial pump and 
the oxygenator (see Figure 29-31). Patient management during port-
access cardiac surgery is performed using similar protocols to those 
of conventional bypass. Additional monitoring is necessary for the CP 
and various cannulae that are used to vent the heart and to administer 
cardioplegia. Once the endoaortic clamp is correctly positioned, the 
balloon is inflated with a mixture of contrast media and saline, and 
cardioplegia solution infused. During antegrade cardioplegia adminis-
tration, the aortic root pressure will increase to between 60 and 90 mm 
Hg, and a pressure gradient of 20 to 40 mm Hg will be seen with the 
MAP. After cardioplegia administration, the aortic root vent is started 
and a −80 mm Hg pressure relief valve ensures that excessive negative 
pressure does not occur.

Weaning from CPB is accomplished in a normal fashion with the 
KVAD siphon gradually reduced, which diverts blood from the heart-
lung machine into the patient. The aortic root and endopulmonary 
vents are removed, the femoral vessels repaired, and the thoracic inci-
sion sites are closed in a standard fashion. Although limited data have 
thus far been collected to assess this technology, it offers the surgeon 
a unique ability to perform minimally invasive surgery in a controlled 
environment with high-resolution stereoscopic visualization.

Monitoring during Cardiopulmonary 
Bypass
Technologic advancements in physiologic monitoring have made the 
process of CPB safe, comprehensive, and reliable. Monitoring devices 
measure both physiologic and mechanical functions of the patient–
device interface. From a historic perspective, perfusionists had few 
devices that functioned as monitors relaying information other than 
hemodynamic data. Technologic advancement has generated new 
classes of devices for monitoring that at one time either were cost-
 prohibitive or viewed by perfusionists as superfluous. However, two 
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Figure 29-30 Carmeda Bio-Active Surface. Covalent bonded hepa-
rin coating. (Courtesy of Carmeda, Stockholm, Sweden)
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developments occurred in the field that have greatly increased the safe 
conduct of CPB. First, the quantity and quality of information pro-
duced during a typical procedure increased and became more spe-
cific and sensitive in reflecting patient status. Second, the tremendous 
resurgence in research on the pathophysiologic events associated with 
CPB shifted the performance of perfusionists from relying primarily 
on instinctive reasoning to relying on deduction. This could only be 
accomplished through stricter methods of monitoring and analyzing 
both the patient's and machine's response to CPB. This section high-
lights the major variables monitored in the operation of the heart-lung 
machine.

After ensuring that an appropriate level of anticoagulation has 
been achieved, the perfusionist initiates CPB. Undoubtedly, the most 
important assessment of CPB after initiation of perfusion is the func-
tion of the oxygenator. This can be compared with establishing an 
airway in a patient before initiating basic life support. Without the 
proper delivery of oxygen to the venous blood and the removal of 
carbon dioxide, the arterial pump serves no purpose. Traditionally, 
isolated blood analysis was performed at a distant site from the oper-
ating room and provided the clinician with a historic marker of oxy-
genator and patient performance. Unfortunately, this event is only 
a “snapshot” of one point during CPB and will not reflect ongoing 
changes or trends in the operation. Routine sampling of blood gases 
normally occurs every 15 to 30 minutes on bypass, and in the event of 
oxygenator failure, periods of hypoxemia and/or hypercapnia could 
result during those intervals. For this reason, the use of inline blood 
gas monitoring is imperative and should not be considered as a “lux-
ury” because of its added cost.399 Indeed, in this litigious society, it is 
questionable not to use readily available technologies that may reduce 
unnecessary patient risk.

Optical fluorescence technology has made reliable in-line blood 
gas and electrolyte monitoring a reality, providing minute-to-minute 
 accurate surveillance of these parameters during CPB.400,401 In-line 

blood gas monitoring allows for real-time monitoring of the “ adequacy 
of perfusion,” and one device currently available for use in CPB is the 
CDI500 (Terumo Cardiovascular Systems, Ann Arbor, MI; Figures 
29-32 and  29-33). The CDI500 provides continuous real-time blood 
gas and electrolyte measurements for Po

2
, Pco

2
, pH, HCO

3
, and K . 

The enhanced safety conferred by the use of this technology has been 
 documented in the literature.402 A survey of anesthesiologists in the 
United Kingdom and Ireland in 1994 concerning monitoring device 
utilization revealed that 98% of the 42 hospitals surveyed intermit-
tently monitored blood-gas tensions during cardiac surgery, and 33% 
utilized continuous blood-gas monitoring.403 In the United States, it has 
been estimated that approximately 40% of institutions utilize continu-
ous blood-gas monitoring during CPB.399,404,405 Practice surveys indi-
cate that the use of in-line monitoring is increasingly  widespread.406–408 
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Figure 29-31 Circuit diagram for the endovascular port-access cardiopulmonary bypass system. (From Toomasian JM, Williams DL, Colvin SB, et al: 
Perfusion during coronary and mitral valve surgery utilizing minimally invasive port-access technology. J Extra Corpor Technol 29:66, 1997.)

Figure 29-32 CDI500 continuous blood gas and saturation moni-
tor. Measures arterial and venous pH, Pco2, Po2, potassium, hemo-
globin saturation, hematocrit, and hemoglobin. (Courtesy of Terumo 
Cardiovascular Systems, Ann Arbor, MI.)
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However, approximately two thirds of the cardiac surgical centers 
worldwide do not use this technology. Ottens et al409 suggested that this 
may be attributed to the lack of scientific evidence and cost associated 
with the use of this technology.

Arterial blood oxygen saturation always should be maintained at 
greater than 99%, with Po

2
 tensions between 150 and 250 mm Hg. 

Arterial Pco
2
 levels will vary depending on whether alpha-stat or 

 pH-stat blood-gas management is used (see Chapter 28). Currently, 
there are several devices for measuring oxygenator gas exchange 
 performance, including in-line continuous monitors. These monitors 
must meet basic criteria before they can be viewed as safe and accurate 
(Table 29-2). They must possess a rapid response time, be as accurate 
as standard blood-gas analysis methods, be unaffected by hemodilu-
tion and temperature, and be easy to use. Alpha-stat blood gas manage-
ment is achieved by maintaining electrochemical neutrality of blood 
as temperature declines, by keeping the pH alkalotic during hypother-
mic perfusion. During alpha-stat management, the rule of thumb for 
controlling carbon dioxide is to maintain Pco

2
 levels equal to the tem-

perature of arterial blood. For pH-stat management, the Pco
2
 is kept 

constant at 40 mm Hg, and the pH at 7.4 at all temperatures. Therefore, 
when blood gases are temperature-uncorrected, a respiratory acidosis 
is seen. The venous oxygen saturation (Svo

2
) will vary during the oper-

ative procedure depending on the metabolic state of the patient but is 
generally maintained at around 80%.

Clinical decisions for using in-line blood gas monitors ultimately 
must be determined by the ability of these devices to improve patient 
outcomes with a value that exceeds that of the total costs associated 
with use. Complications arising from the cardiac surgical procedure 
remain significant in terms of the expense associated with their man-
agement.410,411 The improvement in patient outcomes by the incorpora-
tion of a technology assumes that the intended problem is significant 
enough to warrant an intervention, a fact not always clear in the manu-
facturing and marketing of medical devices. For a practice to qualify as 
a standard of care, there must be some evidence that failure to incorpo-
rate the technique potentially could result in patient harm. Some of the 
reasons for monitoring during CPB are listed in Table 29-3.

Although overall mortality associated with CPB has declined over 
the past several decades, an increase in death (7.2% to 19.6%) resulting 
from neurologic injury has been shown.412 Gill and Murkin413 reported 

on post-CPB neuropsychologic dysfunction and have implicated cere-
bral microemboli generated from the bypass circuit as a major source 
of morbidity. These authors emphasized that microembolic phenom-
ena are generated secondarily to alterations in bypass temperature, 
oxygenator type, pH management, and the use of arterial line filtra-
tion, and that modifications of these parameters reduce the overall 
incidence of neurologic dysfunction.

Acid-base alterations during CPB have been studied intensely 
both in animal and in human models, and the results are equivocal. 
Neurologic dysfunction has been reported in patients maintained using 
the  pH-stat blood gas regimen, which more than likely resulted from 
the ensuing cerebral hyperemia consistent with the respiratory acidosis 
created during this condition.414 This was confirmed by a clinical study 
in which 70 CABG patients were randomized either to an alpha-stat 
or pH-stat protocol and evaluated via neuropsychologic assessment 
at a mean of 42 days after the procedure.415 The authors found that 
patients maintained by the pH-stat strategy had significantly impaired 
cerebral  autoregulation and neuropsychologic impairment, when com-
pared with their alpha-stat counterparts. Nevin et al416 have shown 
that hypocapnia during CPB also results in neurologic injury, whereas 
 others have been unable to confirm that either acid-base strategy for 
hypothermic perfusion resulted in significant differences.417 Fullerton  
et al418 have shown that respiratory acidemia in patients with pulmonary 
hypertension from mitral stenosis results in exacerbation of pulmonary 
 hypertension, and that a hypocarbic state may benefit these patients.

The effects of CPB-induced hyperoxia have been thought to exac-
erbate the pathophysiologic events associated with free oxygen radical 
formation and GME. In vivo animal studies have further confirmed that 
hyperoxia induces a reduction in functional capillary density caused by 
perturbations in leukocyte adherence to the vascular endothelium.419 
In a prospective, randomized study of 48 patients, half of whom had 
oxygen tensions maintained during CPB between 190 and 300 mm Hg, 
and half between 75 and 112 mm Hg, patient outcomes were signifi-
cantly affected by the hyperoxic condition.420 The patients in the hyper-
oxic group had decreased RBC rheology, increased bleeding diathesis 
that required greater transfusion rates, longer ventilator times, and a 
greater post-CPB complication rate when compared with the  normoxic 
group. Hyperoxemia also has been shown to alter microcirculatory 
response during both normothermic and hypothermic CPB but was 
most pronounced during normothermia with increased vascular resis-
tance and a decline in oxygen consumption.421 A recent randomized, 
controlled trial involving 67 cyanotic infants found that low-to-normal 
oxygen tension at the onset of CPB is associated with reduced myocar-
dial damage, reduced oxidative stress, and reduced cerebral and hepatic 
injury compared with hyperoxic CPB.422

The benefits of venous blood-gas monitoring have been well accepted 
in cardiovascular medicine, and the information gained from such 
assessment has been used to guide therapeutic interventions in numer-
ous clinical situations including critical and intensive care, internal 
medicine, and surgical services. Changes in both venous Pco

2
 and Po

2
 

levels have been shown to correlate well with changes in global  tissue 
perfusion.423 During CPB, the importance of mixed venous oxygen 
saturation monitoring cannot be overemphasized. This parameter has 
global utility and is the one parameter universally monitored during 
most extracorporeal procedures. The mixed venous oxygen saturation 

Figure 29-33 CDI500 sensor. Blood flows through the sensor so that 
continuous monitoring may be accomplished. (Courtesy of Terumo 
Cardiovascular Systems, Ann Arbor, MI)

Characteristics of an Ideal Point-of-Care Monitoring 
System for Cardiopulmonary Bypass

High degree of accuracy, precision, and reliability
Rapid response time
Minimally affected by hemodynamic conditions
Wide parameter measurement range
Easy calibration and alignment processes
Stable measurement ranges (low drift) over 6 hours
Self-contained instrumentation with minimal disposable use
High degree of biocompatibility
Cost-effective
Input and output data-handling capabilities

TABLE  
29-2

Reasons for Monitoring during Cardiopulmonary 
Bypass

Assessment of oxygenator and/or device performance
Calculation of patient conditions
 Oxygen delivery
 Oxygen extraction
 Oxygen consumption
 Carbon dioxide production
Analysis of therapeutic interventions
Quality assurance

TABLE  
29-3
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is used to calculate whole-body oxygen consumption when, according 
to the Fick equation, perfusion flow and the oxygen content of arterial 
blood are also known. As a cautionary note, the interpretation of the 
mixed venous oxygen saturation must be made with a sound knowl-
edge of any patient conditions that could overestimate or underesti-
mate oxygen delivery and uptake, such as in the presence of anatomic 
or physiologic shunts, or concentrations of abnormal hemoglobin 
types. It is beyond the scope of this chapter to review all the currently 
available in-line blood gas monitors. Readers are referred elsewhere for 
this information (Table 29-4).424

The simplest device for measuring oxygen saturation of blood is an 
optically coupled dual-wavelength (660 and 900 nm) oximeter that 
reflects oxygen saturation in flowing blood (Bentley Oxysat Meter; 
Baxter Health Care Corporation, Irvine, CA).425,426 The device consists 
of an optical transmission cell that can be placed in both the arterial 
and venous lines and uses light-emitting diodes and a photosensi-
tive transistor to measure saturations. Limitations of on-line satura-
tion monitoring are seen when blood flow is less than 100 mL/min, 
at which the accuracy greatly declines and the oximeter reads falsely 
high. Also, simultaneous display of arterial and venous values cannot 
be  performed with this device.

A second type of blood-gas monitor uses a microprocessor coupled 
via two fiberoptic cables with disposable flow-through cells and sen-
sors that have both arterial and venous monitoring capabilities (CDI; 
Cardiovascular Devices Inc., 3M Health Care, Irvine, CA; see Figures 
29-32 and 29-33).425,427 The sensors contain pads of fluorescent chemi-
cals, which emit light in response to gas and hydrogen ion changes, with 
intensity of the light correlated to concentration. The microprocessor 
then uses predetermined algorithms to calculate bicarbonate levels and 
base deficit on the arterial side and Svo

2
. Calibration of the microsen-

sor is achieved before each operation using tonometered gases. This 
process takes approximately 20 minutes but can be bypassed and a 
 single-point calibration performed in the event of an emergency.

An alternate technology is the use of on-line systems for blood-gas 
analysis (Gem Systems; Instrumentation Laboratories, Ann Arbor, 
MI).428,429 These machines differ from in-line monitors in a number 
of ways. First, they provide discrete sampling of blood from either an 
arterial or a venous line. Therefore, they can be used independently of 
the heart-lung machine and do not require blood flow through cells 
and sensors for operation. They also function by continuously correct-
ing for sensor drifts through automatic washings and calibrations. In 
addition to measuring Po

2
, Pco

2
, and pH, they also measure ionized 

calcium, potassium, sodium, and hematocrit.
As with the use of any device, standards must be set to ensure that 

performance is accurate and reproducible, incorporating sensitiv-
ity and specificity. In the operating room, these standards are usu-
ally set by blood-gas analyzer machines calibrated and maintained by 
medical technologists or pathologists according to national regula-
tions and guidelines. The accuracy of in-line monitors compared with 
standard blood-gas analyzers recently has come under question.429–431 
Nevertheless, they provide important information on blood gas and 
acid-base trends, which are subject to rapid change during CPB.

If inadequate oxygenator gas exchange is suspected, several immedi-
ate actions should be performed in troubleshooting the problem. The 
first step is to check that the gas line is properly connected to the gas 
inlet port of the oxygenator, and to ensure that there are no obstruc-
tions, kinks, or leaks in the line impeding the delivery of ventilating gas. 
An important preoperative check would be to ensure that the  disposable 

0.2-mm gas line filter is set in the proper direction, and that gas passes 
freely through the filter. Second, the air-oxygen mixer (blender) and 
flowmeter should be examined to ensure that they are functioning 
properly. A breach in the gas delivery system may be exacerbated by the 
use of excessive vacuum on the anesthetic gas scavenging system.432 The 
integrity of the gas delivery system may be tested by temporarily occlud-
ing the gas supply line near the oxygenator and observing the increase 
in the gas system pressure on a manometer or by observing a decline in 
the level of the gas flow meter's indicator ball. Use of a suction bulb to 
test the gas supply system is an alternative method.433 Algorithms for 
solving poor gas exchange have been described.434 The placement of an 
in-line oxygen monitor in the gas delivery line will reflect the Fio

2
 of the 

ventilating gas. If a blender malfunction or gas supply leak is suspected, 
the problem may be mitigated by attaching a separate supply of 100% 
oxygen (i.e., a regulated E cylinder of oxygen) directly to the oxygen-
ator gas inlet port. This maneuver will exclude any breach in the gas 
delivery system, including the oxygen and air sources, the gas blender 
and flowmeter, and anesthetic vaporizer. If inadequate gas exchange 
continues, additional checks should include the following: the oxygen 
consumptive rate of the patient (reflecting metabolic activity), whether 
the oxygenator was correctly sized to the patient, and oxygenator failure 
(or any combination of the three). An oxygenator may fail because of 
deposition of clotted blood or platelets on the membrane surface that 
interfere with gas exchange. This disruption of the gas exchange surface 
is characterized by increased pressure excursion across the oxygenator. 
Measurement of the transmembrane pressure (preoxygenator minus 
postoxygenator) may be used to confirm this type of malfunction. 
Separation from CPB and change out of the oxygenator are indicated 
should poor gas exchange and an increase transmembrane pressure 
occur. Groom et al435 described a technique for rapid change-out of an 
oxygenator during CPB that may be conducted in less than 90 seconds 
without necessarily discontinuing CPB. Early recognition of an oxygen-
ation problem is paramount because prolonged exposure to hypoxic 
conditions can cause patient injury. Practice drills aimed at detection 
and correction of an oxygenator failure should be periodically per-
formed to improve detection and correction of a device failure.

Arguably, the most important parameter measured during CPB is 
either Svo

2
 or venous Po

2
.436–438 In the absence of anatomic or synthetic 

shunts, the relation between oxygen delivery and uptake is reflected in 
Svo

2
. A further indicator of the adequacy of perfusion is the develop-

ment of acidosis caused by either a loss of blood buffers or an excess 
of carbon dioxide. Low Svo

2
 values are treated by either increasing the 

delivery of oxygen to the tissues or decreasing oxygen demand. This is 
accomplished by decreasing the metabolic rate (through hypothermia 
or anesthesia), increasing pump flow, or increasing the hemoglobin 
level of the pump perfusate. Each patient must be assessed individually 
for the condition causing the decline in SvO

2
, with specific treatment 

administered that best corrects the deficit.439

In addition to monitoring oxygenator function and maintaining 
blood gas homeostasis, the perfusionist is charged with controlling 
hemodynamic indices of adequate perfusion. What value of MAP 
provides optimal perfusion remains controversial. The majority of 
research on target MAP during CPB has centered on cerebral blood 
flow. However, distant organ and tissue function may be altered by 
setting standards based on single organ characteristics. Many factors 
influence cerebral blood flow, including autoregulation,440 pump flow 
rate, and acid-base balance.441,442 It generally is accepted that autoregu-
lation is maintained during CPB when MAP is kept between 30 and 
110 mm Hg440,442 (see Chapter 28). This is true in patients who are 
neither hypertensive nor suffering from cerebrovascular disease. In 
both these conditions, standards have yet to be established for MAP 
control that would ensure adequate perfusion, although most would 
agree that maintenance of greater perfusion pressures is justified. 
In the presence of atherosclerosis, the changes in viscosity induced 
through hemodilution will increase flow to the microcirculation by 
reducing SVR. Pulsatile CPB will result in increased capillary patency 
when compared with nonpulsatile perfusion, even at the same MAP; 
this is discussed in the next section.

Point-of-Care Monitoring Devices

Online monitors or analyzers
Inline monitors
Intra-arterial monitors
Exhaust gas monitoring (capnography)
Transcutaneous monitors (pulse oximetry)

TABLE  
29-4
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Pulsatile versus Nonpulsatile Flow
When designing early extracorporeal systems, engineers and clinicians 
attempted to mimic the body's normal hemodynamic state. The earliest 
pumps, therefore, were designed to deliver a pulse waveform and were 
complicated devices that required specific engineering skills to oper-
ate. In the late 1950s and early 1960s, several events led to the decline of 
pulsatile flow as a preferred method in the conduct of perfusion. These 
included the complexity of pumping systems and the realization that 
patients tolerated periods of nonpulsatile flow without significant mor-
bidity. The physiologic benefits of pulsatile flow are a direct function of 
the transmission of energy into the blood, from which it is transduced 
to tissue.443 It is now realized that earlier comparisons between the two 
methods of CPB were fraught with methodologic insufficiencies that 
may have artificially negated the beneficial effects of pulsatile perfu-
sion. The elegant studies of Taylor444 and others445–449 have resurrected 
interest in pulsatile perfusion and resulted in a heightened awareness 
of its potential benefits. Wright450 summarized the relationship of the 
human heart and pulsatile flow in transmitting power to the microcir-
culatory bed to facilitate fluid movement into the tissues.

The two major operational methods used to generate a pulse wave 
are roller heads and alternating occlusion systems. Pulsatility is pro-
duced in a roller head by the pump accelerating during the systolic 
phase and decelerating in diastole. Alternating occlusion systems, such 
as those used in VADs and artificial hearts, use intermittent occlusive-
phase generators to produce a pulse wave. The physiologic benefits of 
pulsatile perfusion are related to the geometry of the pulse waveform. 
These include the rate of rise of flow and/or pressure in the central 
aorta, as well as the total amplitude of the pulsation.444,445

Pulsatile perfusion has been classified by three general theories that 
attempt to establish quantitative methods of comparison.444 The theory 
of energy-equivalent pressure (EEP) states that the benefits of a pulse 
wave are related to the energy content within the pulsation.445 The pul-
satile arterial wave dissipates energy, used to produce the pulse wave, 
to the tissues:

where P = pressure (mm Hg), f = flow (mL/sec), dT = change in time. 
The increase in energy developed by a pulse waveform is made available 
to the tissue, which results in maintaining capillary patency, increasing 
tissue lymph flow, and stimulating cellular metabolism.467,448 The sec-
ond theory is that of capillary critical closing pressure, which states that 
peaks of pulsatile systolic pressure will ensure greater flow through the 
microcirculation by maintaining capillary caliber for greater periods, 
when compared with nonpulsatile flow. The critical closing pressure 
at precapillary arterioles, which obliterates tissue perfusion, occurs at 
higher levels with pulsatile perfusion. Finally, the theory of neuroendo-
crine reflex mechanism is based on the fact that baroreceptors respond 
to both static and pulsatile aspects of an arterial pressure wave. The 
baroreceptor mechanism of nonpulsatile perfusion causes a marked 
increase in discharge frequency of the carotid sinus baroreceptors, 
inducing reflex vasoconstriction in the systemic circulation.

The benefits of pulsatile perfusion during CPB include increased 
blood flow in the microcirculation,447 reduced fluid overloading and 
“third spacing,”448 and decreased release of baroreceptor reflex hor-
mones, which limit reflex vasoconstriction.448 Pulsatile perfusion has 
been shown to increase renal, cerebral,447 and pancreatic446 flow. In a 
prospective, double-blind study, Murkin et al451 recently identified non-
pulsatile perfusion as a significant risk factor for postoperative mor-
bidity. In a review of pulsatile perfusion, Hornick and Taylor452 have 
identified certain high-risk patients as being particularly susceptible to 
postoperative morbidity when nonpulsatile perfusion techniques are 
used. They identified patients as being at risk if they presented with any 
of the following conditions: occult coronary artery disease,  significant 
preexisting atherosclerosis, chronic arterial hypertension, and chronic 
organ insufficiency. The authors advocated pulsatile perfusion as a 
treatment of choice.

More than 150 basic science and clinical investigations that directly 
compared pulsatile and nonpulsatile perfusion have been published. 
Although there is an extensive body of literature, there remains uncer-
tainty about the effects of pulsatile perfusion on clinical outcomes.453 
Henze et al454 compared patients undergoing CABG surgery and found 
no difference in neurologic outcome in patients treated with either 
pulsatile or nonpulsatile CPB. In a similar study, Azariades et al455 
questioned the benefits of pulsatile flow on the stress-related release 
of cortisol and were unable to show any differences between patients 
treated with either pulsatile or nonpulsatile flow. Taggart et al456 stud-
ied pulsatile perfusion and its effects on limiting post-CPB endotox-
emia in a prospective randomized study of 60 patients. There were no 
differences in endotoxin levels, complement fragments, or granulo-
cyte elastase between nonpulsatile or pulsatile perfusion groups at any 
time. Ohri et al457 evaluated pulsatile and nonpulsatile perfusion on 
gastric mucosal perfusion and found that pulsatility showed clinical 
benefit only during normothermic periods and was lost when moder-
ate (28°C) hypothermia was used (see Chapter 28).

METHODS OF EXTRACORPOREAL 
CIRCULATION
The techniques involved in the practice of ECC have evolved largely from 
the conduct of CPB during CABG surgery, valvular surgery, congeni-
tal cardiac surgery, or a combination of the three. Applications involv-
ing alternate means of ECC transcend the conduct of routine CPB and 
have included various specialties such as neurosurgery, vascular surgery, 
and general thoracic surgery. The limitations of incorporating ECC 
in the treatment of disorders once thought not to be amenable to this 
 process now are being reevaluated because of advances in enhancing 
the biocompatibility of extracorporeal circuits and components.458,459 
This section focuses on the evaluation of new techniques, as well as the 
 reexamination and elucidation of previously accepted practices.

Left-Heart Bypass
Total CPB is attempted in most situations in which the heart will 
be rendered quiescent to facilitate surgical manipulation and repair, 
 usually involving the administration of cardioplegia. In certain situ-
ations, however, the need to arrest the heart is obviated when the 
surgical repair can be performed without interfering with normal 
circulatory flow patterns. An alternate situation also arises when the 
surgery is performed at some point distant from the heart, through 
incisions not suitable for normal cannulation sites for CPB. Left-heart 
bypass (LHB) and right-heart bypass are terms used to denote the pro-
cess whereby univentricular diversion of flow is performed by the cre-
ation of a parallel circuit to blood flow. Although this definition also 
serves as a description for a VAD, in the operating room, each term has 
a specific distinctive meaning, and they are not used interchangeably. 
LHB is a technique often used in repair of descending thoracic aortic 
aneurysms (see Chapter 21). Without the use of LHB, cross clamping 
of the descending aorta results in a tremendous increase in afterload 
and a decrease in CO, most likely the result of increased ventricular 
end-diastolic volumes and reduced ejection fractions.460 The major 
purpose of LHB is to ensure adequate perfusion to the distal body, 
which should reduce the potential for paraplegia caused by hypoten-
sion and tissue hypoxia.461,462 The ensuing discussion primarily focuses 
on LHB because of its  predominant use, although right-heart bypass 
is performed during certain procedures in pediatric cardiac surgery, 
such as reoperation for right ventricle-to-pulmonary artery conduit 
replacement.

The term left-heart bypass (LHB) is somewhat of a misnomer 
because it denotes the bypassing of all flow through an ECC around 
the left ventricle. This rarely occurs. Instead, the technique is a form 
of partial LHB that enables the perfusionist to vary the preload of the 
left ventricle, thereby controlling the volume of blood ejected into the 
aorta. This alteration in preload, therefore, directly affects the patient's 
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 hemodynamic status and is influenced by the rate at which volume is 
shifted from the left heart. It has been reported that during LHB with 
seemingly adequate reduction of preload, ventricular dysfunction, as 
evidenced by TEE, can occur.463 The most frequently used applications 
of LHB include repair of thoracic aneurysms or dissections involv-
ing the descending aorta, thoracoabdominal aneurysms,464 and coarc-
tation of the aorta. The bypass circuit used in LHB is an extremely 
different variation from that used during total CPB, and these differ-
ences must be understood by the anesthesiologist to facilitate patient 
management.

The most prominent difference in the conduct of partial LHB com-
pared with total CPB is the absence of an oxygenator from the circuit. 
Therefore, it is impossible to augment the ventilatory capacity of the 
patient during LHB. Figure 29-34 shows the typical LHB circuitry with 
the use of a CP as the main drive unit.461 The entire circuit usually 
 consists of two 6- to 8-foot sections of 3/8-inch polyvinylchloride tub-
ing, which have been attached to the inflow and outflow ports of the 
centrifugal head. Besides not having an oxygenator, the circuit contains 
neither a cardiotomy reservoir nor a venous reservoir, so that fluids 
cannot be added to the circuit. The cannulation sites vary, with the 
most frequent techniques involving drainage from the LA and return 
to the femoral artery. Purse-string sutures are placed in either the left 
atrial appendage or superior pulmonary veins for draining blood from 
the LA. Left atrial cannula size varies, but in most adult patients, the 
typical single cannula ranges from 32 Fr to 40 Fr. Alternate cannula 
locations for draining blood from the heart involve the ascending aorta 
or the left ventricular apex. Blood is returned to the patient via isola-
tion of the femoral artery by cutdown technique, with retrograde flow 
into the abdominal aorta. The typical cannula sizes used for femoral 
artery cannulation range from 16 Fr to 22 Fr. Alternate cannulation 
sites for the return of blood include the descending thoracic aorta.

Management of the patient during LHB can be accomplished only 
by a combined effort between the anesthesiologist and perfusion-
ist. The risk for perioperative bleeding is high because of the com-
bined use of prosthetic graft materials and large anastomotic sites.464 
For this reason, minimal anticoagulation is used, with a low dose of 
 systemic  heparin to increase the activated coagulation time to approx-
imately two times baseline. The use of heparin-bonded circuits in 
these patients may offer distinct benefits in reducing bleeding asso-
ciated with systemic heparinization.458 The regulation of volume is 
 primarily controlled by the rate of blood removal from the LA, which 

is a  function of pump flow. As the pump flow is increased, the rate of 
emptying of the LA concomitantly increases, reducing the flow into 
the ascending aorta, which reduced MAP. At the same time, the return 
of flow to the femoral artery is increased. Likewise, as the pump flow 
is decreased, the amount of blood ejected into the ascending aorta is 
increased, with a resultant increase in proximal aortic MAP. With the 
initiation of LHB, MAPs remain identical in the absence of significant 
restrictions in the descending aorta. When the upper body circulation 
is isolated from the lower body circulation by the placement of vascu-
lar clamps, the two circulations are separated and pulsatile flow is lost 
in the lower body. At the time of aortic clamping, the proximal aortic 
pressure increases precipitously as a result of the dramatic change in 
afterload. The next several minutes of LHB are usually the most dif-
ficult to control, with frequent shifts in pressure and flow most likely 
a function of baroreceptor response. Radial artery pulsatile pressure is 
maintained at around 120/80 mm Hg, whereas the femoral artery MAP 
is maintained between 50 and 70 mm Hg, with a flow rate of 50 mL/
kg. Filling pressures, measured with a pulmonary artery catheter or left 
atrial catheter, usually decline by approximately 50%. Once these flow 
parameters have stabilized, any alteration in hemodynamics should 
be adjusted either by pharmacologic control or by fluid replacement. 
Drugs used most often to treat the initial hypertension are nitroprus-
side, nitroglycerin, and inhalation agents. Other commonly used drugs 
are phenylephrine, epinephrine, dobutamine, and dopamine.

Methods of volume replacement during repair of thoracic  aortic 
aneurysms must be considered carefully before the start of the case 
because the potential for rapid blood loss is high. Rapid-infuser 
devices capable of large volume transfusions over short periods often 
are used because the LHB circuit has no capability for replacing vol-
ume. The success of LHB is directly dependent on the establishment 
of excellent communication among the surgeon, anesthesiologist, and 
perfusionist.

Cerebral Protection during  
Circulatory Arrest
As mentioned in the previous section, aneurysms of the descending 
thoracic and abdominal aorta represent a major challenge to the anes-
thesiologist, surgeon, and perfusionist in developing plans for patient 
management. Aneurysms involving the ascending and/or transverse 
aortic arch represent a distinctly different challenge for which the plan 
of ECC differs greatly. The current options for managing patients with 
these lesions include deep hypothermic circulatory arrest (DHCA),465–468 
retrograde cerebral perfusion (RCP),469–471 and selective cerebral perfu-
sion of one or more brachiocephalic vessels472–474 (see Chapters 21, 24, 
and 28). The next three sections review some of the specific practices 
involved in managing a patient with these challenging lesions.

Deep Hypothermic Circulatory Arrest
Use of various methods of DHCA has long been standard practice in 
treating pediatric patients with congenital heart disease. This tech-
nique also has been efficacious in treating various other critical disease 
processes, including neurologic lesions and renal cell carcinoma.475–477 
More recent adaptations in ECC practices have questioned the need for 
DHCA in select patients286,478 and have stressed the benefits of low-flow 
hypothermic perfusion in preserving neurologic function.479

The primary determinant in selecting an extracorporeal technique for 
treating various lesions is assuring cerebral protection through the main-
tenance of either adequate perfusion or sustained protection. Although 
the morbidity associated with CPB has declined significantly over time, 
perturbations of the central nervous system remain a significant factor in 
assessing postoperative neuropsychologic dysfunction480 (see Chapter 
36). Many factors have been shown to affect cerebral blood flow dur-
ing CPB, including MAP, viscosity of the perfusate, cannula placement, 
and/or the presence of carotid stenoses. However, in the absence of 
mechanical limitations, one of the most influential factors affecting cere-
bral blood flow is acid-base management,481  specifically, the  control of 
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Figure 29-34 Left-heart bypass with use of a centrifugal pump.
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Paco
2
.482,483 Concurrent use of hypothermia with CPB has been shown to 

be an effective treatment in reducing organ and tissue oxygen demands. 
However, the use of DHCA results in metabolic deregulation and changes 
in membrane integrity, altering cellular maintenance.484 Hemorrhagic 
 complications induced by DHCA frequently are encountered, necessi-
tating the use of prophylactic transfusion replacement therapy to  correct 
bleeding diathesis.485,486 Fox et al487 have shown that, when cerebral tem-
peratures of monkeys were cooled to 20° C, the whole-brain blood flow 
was decreased concomitantly with the reduction in systemic flow, but the 
proportion of total flow to the brain was increased. Furthermore, brain 
oxygen extraction increased as perfusion flow declined, which was unlike 
other tissue beds in the body. It has been shown that even when nasopha-
ryngeal temperatures are reduced to 15° C, severe cerebral hypoxia 
quickly develops once DHCA is achieved.488

The extracorporeal techniques of DHCA are centered around the 
regulation and control of circuit and patient temperatures. Core cooling 
of the patient is achieved through high-flow CPB with cooling temper-
atures never exceeding 10° C differences between the perfusate temper-
ature (circuit) and the patient core (rectal, bladder) temperature. The 
perfusate temperature is maintained between 10° C and 15° C during 
cooling. Other temperatures that can be measured include esophageal, 
nasopharyngeal, tympanic, and skin temperature. Both tympanic and 
nasopharyngeal temperatures are remeasured to reflect brain temper-
atures. The depth of cooling remains controversial, with most clini-
cians choosing to monitor electroencephalographic  activity. Once the 
electroencephalogram is isoelectric, usually between 15° C and 20° C 
nasopharyngeal temperature, the patient is cooled for another 5 to 10 
minutes before initiating DHCA. Such a technique promotes further 
global cooling. Some authors advocate monitoring jugular venous bulb 
oxygen saturation and terminating perfusion only after the saturation 
is greater than 95%.489 The period of safe circulatory arrest will vary 
from patient to patient and depends on a large number of variables 
including the degree of preexisting neuropathy, the transmural cooling 
profile of the brain, and reperfusion-related phenomena. In general, the 
limit of safe circulatory arrest time in adult patients undergoing pro-
found hypothermia is between 40 and 50 minutes.489,490 Other authors 
have successfully monitored brainstem activity with somatosensory-
evoked potentials for determining the optimal temperature for circula-
tory arrest.491 Surface cooling of the cranium is performed by packing 
the head with ice at the onset of cooling and throughout the DHCA 
period.

Warming should be accomplished following the same principle of 
no greater than a 10° C temperature differential between the core and 
perfusate temperatures. Patients tend to warm at the same rate at which 
they were cooled. However, the warming rate should never exceed 1° C 
core temperature increase per 3 minutes of bypass time. Use of vasodi-
lators to facilitate distal perfusion is warranted and treatment of met-
abolic acidosis should proceed vigorously. Termination of warming 
should occur when the nasopharyngeal temperature is between 35° C 
and 36° C. This mild hypothermia provides additional cerebral protec-
tion in the early postoperative period.

The use of barbiturates in providing added cerebral protection has 
not been clearly defined, and their benefits in cardiac surgery may be 
related to their early use at the onset of surgery.492 Barbiturates may 
possibly provide protection by reducing intracranial blood volume, 
pressure, and edema, as well as acting as oxygen free radical scaven-
gers.493–495 The level at which barbiturates provided effective protection 
was seen at doses that abolished synaptic transmission and electrical 
activity,493 which in one study was achieved with a mean thiopental 
dose of 39.5 mg/kg.492 However, these patients had depressed myocar-
dial contractility and required longer pulmonary recovery periods. It 
is not known whether barbiturates and hypothermia have an additive 
effect on cephaloplegia, but profound cerebral depressant effects are 
seen during CPB with thiopental doses of 8 to 24 mg/kg at 25° C to 
30° C.495

The term cerebroplegia has appeared in the literature, and it reflects 
isolated pharmacologic manipulation of the perfusate delivered to the 
brain.474,496 The authors in both studies advocated the use of either 

 sanguineous474 or asanguineous496 oxygen-rich solutions to protect the 
brain via carotid perfusion during low-flow hypothermic CPB.

Retrograde Cerebral Perfusion
Despite the relative safety of DHCA, there is a finite time limit for 
nutrient decoupling before irreversible central nervous system damage 
occurs. In 1990, Ueda et al469 described a technique of RCP and circula-
tory arrest that provided perfusion of arterialized blood to the cerebral 
vasculature during the period of circulatory arrest. The use of RCP had 
been described previously as a treatment for catastrophic air embolism 
arising during CPB.497 This technique provides an alternative to selec-
tive cerebral perfusion that requires cannulation of one or more of the 
brachiocephalic vessels and is considered technologically challenging. 
Although there are similarities in patient management between DHCA 
and RCP, the major difference has to do with the placement of a can-
nula into the superior vena cava (SVC) (Figure 29-35). This can be 
accomplished with either bicaval cannulation or with an  isolated SVC 
cannula and a dual-stage right atrial cannula.498 The use of a retro-
grade cardioplegia cannula placed in the SVC may be desirable because 
it also contains an end-lumen pressure port for monitoring infusion 
pressure. During the period of circulatory arrest, blood flow is directed 
away from the systemic circulation and into the SVC retrograde into 
the cerebral venous system. The perfusion pressure of RCP as mea-
sured in the SVC or jugular vein should be maintained between 20 and 
40 mm Hg. Flow rates for RCP range between 250 and 500 mL/min. 
The  temperature of the cerebral perfusate usually ranges between 15° C 
and 18° C, and despite these cold temperatures, desaturated blood is 
seen returning from the arch vessels.489

Some of the benefits of RCP include the maintenance of cerebral 
temperature via the delivery of a hypothermic perfusate, a decreased 
risk for air and atheromatous debris from open brachiocephalic vessels, 
and a continuous delivery of nutrients to the cerebral tissue. Stroke 
rates also have been shown to be significantly reduced with the use of 
RCP.470 Potential problems with RCP include increased cerebral venous 
resistance caused by cortical vein collapse, the presence of compe-
tent jugular valves, which restrict perfusate delivery, and questionable 
 delivery of nutritive flow to the target tissue.471

Selective Cerebral Perfusion
Initial efforts to protect the brain during repair of lesions requiring 
circulatory arrest included the isolated cannulation of brachiocephalic 
vessels.499,500 The primary mandate for ECC is the protection of the cen-
tral nervous system, and selective cerebral perfusion remains attractive 
because it supplies a continuous source of nutritive perfusate to meta-
bolically active brain tissue during circulatory arrest. Similar to RCP, by 
continuously perfusing the brain, the extracorporeal management of 
the patient can be modified with the lower levels of hypothermia and 
an extension of the period for surgical repair.472,473

The technique of selective cerebral perfusion involves the cannula-
tion of one or more of the brachiocephalic vessels or axillary arteries 
with small (8 Fr to 14 Fr) cannulae that are connected to a separate cir-
cuit with a dedicated heat exchanger (Figure 29-36). During this tech-
nique, the systemic ECC continues to perfuse the patient via femoral 
cannulation with cold (20° C to 28° C) perfusate at a rate of 60 to 70 mL/
kg/min. Arterialized blood is drawn from the oxygenator through a 
separate pump, either roller or centrifugal, and passed through a car-
dioplegia heat exchanger (Figure 29-37) that decreases the temperature 
to approximately 15° C. The perfusate then passes through a 40- m 
filter before perfusing the brachiocephalic vessels. Flow rates to the 
brain are controlled between 5 and 10 mL/kg/min, with a perfusion 
pressure at the circuit kept under 150 mm Hg. As with RCP, acid-base 
homeostasis is maintained according to alpha-stat principles. Oxygen 
extraction is assessed through measurement of the venous oxygen  
saturation returning to the SVC cannula. Because autoregulatory 
mechanisms in the brain have been shown to be maintained at low 
blood temperatures (20° C), cerebral blood flow should be adequate 
under these conditions.501
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The problems associated with selective cerebral perfusion arise from 
the use of a secondary circuit and additional cannulation sites. The risk 
for embolization of atheromatous matter may be of concern because 
of the additional manipulation of the arch vessels, and the pres-
ence of additional cannulae also clutters the field.489 When  multiple 

 cannulae are utilized connected to a single RP, the downstream flow 
cannot be independently determined without individual monitoring 
devices for each line. This is not of major concern because of the ana-
tomic nature of the circle of Willis and distribution of cerebral blood 
flow. The improved safety resulting from technologic enhancements 
to pressure control modules and air detection systems of heart-lung 
machines makes these arguments moot. Monitoring of jugular bulb 
oxygen saturations or cerebral oxygenation with near-infrared spec-
troscopy provides feedback information that is used to adjust flow rates 
and delivery pressures so that adequate delivery of oxygen is matched 
with extraction rates.472,502

Communication and Teamwork
Most human errors emanate from three specific failures: a failure of 
perception (things are not as they appear), a failure of assumption (the 
10-mL vial in the middle drawer with a blue label is always heparin), 
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and failed communication. It is possible for an individual to fail; how-
ever, through teamwork and communication, a system can be designed 
that is highly reliable in which potential errors are mitigated through 
situational awareness and communication. Although one team mem-
ber's perception may be distorted at times, another team member may 
detect a problem. Clinicians are prone to assume that aspects of the 
working environment are reliable. In highly functional teams, the mem-
bers have an expectation that there will be failure and are  constantly 
observing and questioning. In highly functional teams, there is a shared 
mental model of expectations and trust when everyone in the operating 
room is comfortable speaking up if they observe something that is of 
concern. Communication failures are the leading cause of inadvertent 
patient harm. Analysis of 2455 recent sentinel events reported to the 
Joint Commission for Hospital Accreditation showed that the primary 
root cause in more than 70% was communication failure, and approxi-
mately 75% of these patients died of their injuries.503,504 An estimated 
234 million patients undergo surgical procedures and more than 1 mil-
lion succumb from complications related to the surgery, many of which 
are related to how the surgical team interacts and communicates. Use 
of a simple checklist could have prevented half of these deaths each 
year.505 The World Health Organization has designed a checklist that 
serves as a tool to enhance communication within a team. The check-
list has been tested in eight cities around the world and resulted in a 
reduction of mortality from 1.5% to 0.8% (P = 0.003) and a reduction 
of inpatient complications from 11.0% to 7.0% (P > 0.001). Checklists 
also should be used to improve reliability of infrequent tasks or unex-
pected occurrences. For example, a checklist may be used to improve 
the reliability of completing all of the required interventions before the 
initiation of DHCA (head packed in ice, cooling blanket on, steroids 
given, acid-base balance corrected, and timer started). Checklists help 
clinicians to perform the simple tasks reliably and allow more cognitive 
engagement for the things that are complicated and complex.

Communication and safety training transformed aviation into 
a highly reliable industry. Gladwell506 described a pathologic type of 
communication that he referred to as “mitigated speech.” Mitigated 
speech is a tendency to downplay or sugarcoat the meaning of what 
is being said. This occurs when an individual experiences a problem 
but there is a reluctance to speak up about it, when trying to be polite, 
when ashamed or embarrassed, or when being deferential to authority. 
The key to breaking this pattern of flawed communication is for leaders 
to understand that their number one job is to get the best performance 
possible out of their team, acknowledge their own humanity, and let 
those who work on the team know that they are expected to speak up 
about anything unusual or anything that is of concern.

More commonly, communication may be difficult because of an 
abrasive or difficult team member whose behavior exasperates staff. 
Recipients of this type of behavior can be at a loss for words to respond 
to this type of abuse. The danger is that communication may be 
avoided with difficult individuals because it is too painful and fright-
ening to engage such an individual. Frankel507 has described the “Five 
Cs,” a pattern for responding to individuals who exhibit this type of 
abusive behavior. The scripted responses to this abuse are designed in a 
way that one learns to escalate until the pattern is broken. A respondent 
begins with 1: “I'm Curious about why you…” If this is not effective, 
then escalate to 2, “I'm Concerned that…” or 3, “I'm feeling Challenged 
by this problem we are having…” then 4, “We need to Collaborate with 
____ to get another point of view…” If all else fails, then the fifth “C” is 
to activate the “Chain of Command” and involve leadership in resolv-
ing the issue.

Often leaders are not aware of how disruptive their behavior is 
to the team. They perceive themselves as good communicators and 
 collaborators. Makary et al508 used a survey to examine the perceptions 
of collaboration among 3000 team members in the operating room. 
The survey revealed drastic differences in how professional groups in 
the operating room perceived the quality of collaboration of other pro-
fessionals. For example, 84% of surgeons reported good collaboration 
with anesthesiologists; however, only 70% of anesthesiologists reported 
good  collaboration with surgeons. Furthermore, 88% of surgeons 

thought there was good collaboration between surgeons and nurses, 
whereas only 48% of nurses considered surgeons good collaborators 
with nurses. Until recently, relationship issues have been unexplored. 
There is a growing interest in studying the culture in the operating 
room. The Agency for Healthcare Research and Quality (AHRQ) has 
responded to requests from hospitals interested in comparing their 
safety culture survey results to other hospitals. AHRQ funded the 
development of a comparative database on the survey in 2006.509 The 
database is composed of voluntarily submitted data from U.S. hospitals 
that administered the survey. Comparative database reports were pro-
duced in 2007 and 2008 and will be produced yearly through at least 
2012. Survey elements for the AHRQ survey are shown in Table 29-5.

Overall, survey respondents to the AHRQ survey reported that the 
level of teamwork is generally quite good. The areas surveyed that 
appeared to be opportunities for improvement include development 
of a nonpunitive response to error, handoffs and transitions, and the 
number of events reported. These surveys are valuable in that they 
identify areas where there is an opportunity to improve. The survey 
results can be used as a tool to help leaders to become knowledgeable 
about the culture within units and professional groups and lead to the 
development of training and exercises to improve the safety culture.

Perfusion Simulation
Catastrophic perfusion incidents require the delivery of a complex, 
coordinated response by the perfusionist within a very short time-
frame.510 Human factors research has shown that simulation of clinical 
events prepares the clinician for an unexpected event by attenuating 
a clinician's emotional arousal to a level that allows optimal perfor-
mance.511 Pioneering work in CPB simulation was reported by Riley 
et al in 1977512 and 1984,513 who built their system on an IBM personal 
computer platform and predicted that these systems would mature as 
processing power, storage, and display technology improved. The aim 
of their work was to develop systems that would simulate important 
processes that occur during CPB and would reinforce thought processes 
that would be dangerous and impractical to conduct in the clinical set-
ting. Later, Austin et al514 emulated the Air Force's flight simulation 
model by designing a simulation training model for cardiovascular per-
fusion education. Orpheus, the first commercially available system, is a 
computer-controlled hydraulic model of human circulation, intended 
for use in the training of personnel involved in the procedure of CPµ10 
(Figure 29-38). The system can be used in a number of educational  
settings (Table 29-6). It may be easily configured to simulate a number 
of routine and nonroutine scenarios (Table 29-7). In the educational 
setting, a simulator provides a standardized experience and evaluation 
process for students. The simulation setting allows the student to expe-
rience the cognitive challenge, stress, and physical demands in a setting 
far removed from an operating room. Students or experienced perfu-
sionists may be subjected to a particularly challenging clinical problem 
over and over again, and their response to the clinical problem can be 
accurately evaluated.515 Ninomiya et al have developed a simulator for 
adult and infant perfusion crisis management.516 The system reports 

Agency for Healthcare Research and Quality Survey 
Elements

Communication openness
Feedback and communication about error
Frequency of events reported
Handoffs and transitions
Management support for patient safety
Nonpunitive response to error
Organizational learning–continuous improvement
Overall perceptions of patient safety
Staffing
Supervisor/manager expectations and actions promoting safety
Teamwork across units and within units

TABLE  
29-5
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the relative percent of the time the adult's or infant's hemodynamic 
parameters are maintained within range. The authors believe that these 
systems will supplant recertification requirements based on complet-
ing an actual number of clinical cases with periodic required simula-
tion examinations (see Chapters 40 and 41).

Periodic performances of drills that simulate various CPB crises may 
be conducted in any operating room setting using a mock setup and 
scripted scenarios. A survey of 314 perfusionists from centers in the 
Northeastern region of the United States in 2002 revealed that 97% of 
the perfusionists surveyed believed that such practice drills would be 
beneficial; however, only 17% reported that such drills are conducted 
at their centers.517 Reasons for not doing so ranged from: left up to 
the individuals to maintain proficiency (19 [39%]), not motivated 
(11 [22%]), confident of proficiency (9 [19%]), no time (8 [17%]), 
dubious value (1 [2%]), and cost prohibitive (1 [2%]).

SUMMARY
There have been substantial innovations and improvements in CPB 
devices and techniques over the past six decades, and the use of CPB has 
increased from a few hundred procedures per year at a handful of cen-
ters around the world in 1955 to the current rate of more than a million 
procedures performed per year at a few thousand centers worldwide. 
Great strides have been made in conserving blood and reducing trans-
fusions, attenuation of the systemic inflammatory response, and organ 
protection. Despite the many advances and widespread use of CPB, 
there remain substantial opportunities to improve devices, techniques, 
and safety. Perfusion devices will continue to improve with the intro-
duction of improved device design and the introduction of improved 
gas exchange surfaces and biocompatible surface coatings. The use of 
computer technology, human factors science, and simulation training 
will improve the operator-machine interface, further enhancing safety 
and improving patient outcomes.
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Figure 29-38 Orpheus, the first commercially available system, is a 
computer-controlled hydraulic model of human circulation. ECG, elec-
trocardiograph; LA, left atrium; RA, right atrium. (From Morris RW, Pybus 
DA: “Orpheus” cardiopulmonary bypass simulation system. J Extra 
Corpor Technol 39:228–233, 2007.)

Proposed Uses of the Orpheus Simulator

Training in perfusion crisis resource management
Training in the use of other forms of cardiorespiratory support devices
Proficiency checking of experienced perfusionists
Continuing education of experienced perfusionists
Recertification of perfusionists
Demonstration of bypass techniques to surgeons, anesthesiologists,  

and intensivists
Evaluation of new circuits and/or equipment

TABLE  
29-6

Routine and Nonroutine Perfusion Simulation 
Scenarios

Routine bypass
Initiation of bypass
Weaning from bypass
Cooling and rewarming
Use of centrifugal pumps
Variations in patient resistance
Variations in patient coagulability
Patient emergencies
Blood loss
Left ventricular dysfunction
Cardiac arrhythmias
Failure of anticoagulation
Air embolism
Anaphylaxis
Use of vasodilators
Use of vasoconstrictors
Oxygen consumption changes
Protamine reaction
Transfusion reaction
Blood gas abnormalities
Drug errors
Equipment malfunctions
Aortic cannula obstruction
Aortic cannula displacement
Venous line kinking/venous cannula obstruction
Oxygen supply failure
Pump power supply failure
Heat exchanger failure
Monitor failure
Oxygenator failure
Venous air entrainment
Circuit leaks

TABLE  
29-7
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Appropriate perioperative blood and fluid management are critical 
to the care of patients undergoing cardiac surgical procedures. A con-
servative strategy to minimize use of red blood cells (RBCs) and com-
ponent therapy is strongly recommended. Transfusion guidelines have 
been developed to assist clinicians with transfusion decisions, as have 
clinical studies examining the use of component therapy and choice of 
fluid therapy for maintaining adequate intravascular volume. This chap-
ter reviews transfusion guidelines as they apply to cardiothoracic surgical 
patients, examines genetic background of blood type groupings, explains 
immunologic and nonimmunologic-related complications associated 
with RBC transfusion, and explores risk factors and treatment strategies 
for perioperative bleeding.

TRANSFUSION GUIDELINES
Rationale for Guidelines

Clinical guidelines are a ubiquitous part of medicine that are “system-
atically developed statements to assist practitioner and patient deci-
sions about appropriate healthcare for specific clinical circumstances.”1 
The U.S. National Guideline Clearinghouse (http://www.guideline.gov) 
includes more than 2480 recently generated guidelines. Guidelines are 
valuable methods for reducing practice variation, errors, and to ensure 
efficient use of healthcare resources.2 Despite the availability of well-
constructed guidelines, clinicians often are reluctant to implement 
guidelines in daily practice. Several studies have shown that guidelines 
may do little to change practice behavior.3

Formulation of Guidelines
Groups developing guidelines require support from a national or inter-
national society that can endorse and disseminate guidelines. Members 

KEY POINTS

 1. Practice guidelines are useful tools to guide 
patient management in the setting of wide 
practice variation or costly therapies.

 2. Practice guidelines often are not effective 
in changing clinical practice for a variety of 
reasons.

 3. Effective guidelines require effective 
implementation and the tools to follow the 
guidelines.

 4. ABO and Rh blood groups are defined by the 
presence or absence of surface antigens on 
the red blood cell membrane.

 5. The purpose of cross-matching is to 
reduce the mixing of patient and donor 
antigens and antibodies that elicit immune 
consequences.

 6. Complications related to transfusion can be 
immune-mediated such as graft-versus-host 
disease, or transfusion-related acute lung 
injury (TRALI), as well as nonimmune-mediated 
complications such as infectious transmission 
and transfusion-associated circulatory overload 
(TACO).

 7. Genetic variations affect circulating levels of 
coagulation factors and platelet numbers.

 8. It is likely that genetic variation influences risk 
for perioperative hemorrhage.

 9. Reoperation for bleeding is associated with 
increased postoperative morbidity and 
mortality.

 10. Implementation of a massive transfusion 
protocol and consideration for higher fresh 
frozen plasma-to-red blood cell ratio may 
improve hemorrhage and patient outcomes.

11. Factor replacement with recombinant factor 
VIIa is effective for treatment of refractory 
bleeding in the perioperative setting; however, 
it may be associated with an increased risk for 
thrombotic complications.

12. Human fibrinogen concentrates are approved 
for use in patients with dysfibrinogenemias. 
Use in patients with low-normal levels of 
fibrinogen undergoing surgery is uncertain and 
may place the patient at risk for thrombotic 
complications.

Blood and Fluid Management 
during Cardiac Surgery
COLLEEN KOCH, MD, MS, MBA | SIMON C. BODY, MBCHB, MPH

30

13. Prothrombin complex concentrates are prepared 
from pooled plasma and contain four vitamin 
K–dependent clotting factors: II, VII, IX, and X.

14. Appropriate volume replacement to avoid 
tissue hypoperfusion is more important than 
specific choice of colloid or crystalloid.

15. Despite decades of research, currently, there 
are no approved blood substitutes for clinical 
use in the United States.

16. Anemia on cardiopulmonary bypass has been 
associated with increased perioperative renal 
injury and patient morbidity. However, results 
of the observational studies are not entirely 
consistent, and a specific cutoff value for “safe” 
hematocrit on cardiopulmonary bypass has not 
been determined.

http://www.guideline.gov
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of the guideline committee should be recognized experts in the field 
and be assisted by people with expertise in guideline preparation. 
American Heart Association guidelines are the model for well-crafted 
guidelines, developed using well-conducted peer-reviewed studies as 
their evidence base (Table 30-1).

Guidelines can be based on a spectrum of evidence from case 
reports, series without control groups, or randomized, controlled 
trials. The Society of Thoracic Surgeons/Society of Cardiovascular 
Anesthesiologists Transfusion Guidelines published in 20074 are a 
good example of generally well-crafted guidelines, but based on lim-
ited available evidence. There were 57 recommendations in the guide-
lines. For level of evidence, only 13 were level A (best level of evidence), 
27 were level B (limited evidence), and 17 were level C (very limited 
evidence). For class of recommendation, only 7 were class I (benefit 
strongly outweighs risk), 18 were Class IIa (benefit outweighs risk), 23 
were Class IIb (benefit may outweigh risk), and 10 were class III (risk 
outweighs benefit).5 The relatively low level of evidence for the guide-
lines likely is reflected by a lack of wide implementation by clinicians.

Implementation of Guidelines
To be effective, guidelines should be widely disseminated using com-
mercial marketing tools. Anesthesia and surgical societies have been 
comparatively slow in adopting guidelines. Although the recently 
announced Society of Thoracic Surgeons/Society of Cardiovascular 
Anesthesiologists Transfusion Guidelines were widely distributed 
 throughout both societies and to the perfusion community, many prac-
titioners were not aware of the content of the guidelines. Several other 
studies have found similar lack of awareness of other guidelines.6,7

A number of other factors may hinder effective implementation 
of guidelines by practitioners such as guidelines that are too compli-
cated and difficult to implement or lack rigorous scientific evidence as 

a basis. In other fields, such as general medicine practices, several stud-
ies have demonstrated low rates of change in response to guidelines.8–10 
Furthermore, in the surgical environment that relies on multispecialty 
teams, there is a need for the entire team to understand the rationale 
for practice guideline implementation. However, it is equally impor-
tant to realize that “guidelines need to remain flexible enough to  permit 
a degree of patient-specific departures from specified prevention, diag-
nostic, and treatment protocols.”11

Other key components for successful implementation of guide-
lines lie in senior institution leadership and endorsement,12 as well as 
 practice-specific feedback of performance. Implementation of guide-
lines in cardiac surgery previously has been reported to be poor,13,14 
but focused implementation of guidelines at single institutions has 
been reported to be successful.15,16 Quality improvement initiatives 
used in industry such as Total Quality Management and Six Sigma, 
which appear applicable to surgical processes, are dependent on 
 collection of verifiable data concerning processes.17,18 The notion that 
clinicians can improve cardiac surgical care and the performance of 
individual members of the team without proper timely feedback is 
not reasonable. In fact, real-time feedback has been demonstrated to 
be particularly effective.19 In summary, individuals involved in the 
management of cardiac surgical patients are obligated to provide 
the best possible clinical care, often guided by guidelines. Societies 
have a key role in endorsement, dissemination, and use of guidelines 
to improve care.

BLOOD GROUPS AND TRANSFUSION
ABO Blood Groups

ABO and Rh blood groups are the most well-known of more than 30 
antigen-based classifications of human blood types. The ABO blood 
group system is based on identification of A and B antigens present 
on RBCs and was originally described by Janský and Landsteiner.20 
Wide variation exists in the frequency of the ABO groups across differ-
ent populations, with group B being the most common in Asians but 
 comparatively rare in whites.21

ABO blood grouping is defined by presence or absence of surface 
antigens on the RBC membrane. The ABO gene is located on chro-
mosome 9q34 and has three principal isoforms (A, B, and O) that are 
determined by single nucleotide polymorphisms (SNPs) and single-
base deletions within the ABO gene (Table 30-2). Four missense SNPs 
determine the structural and functional differences between the A and 
B transferases. The different transferases result from four amino acid 
substitutions at amino acid positions (codons) 176, 235, 266, and 268 
and nearly always occur together as a group. Two of these SNPs (L266M 
and G268A) change the substrate specificity of the ABO enzyme for 
galactose. The protein produced by the ABO gene is not the antigen. 
Rather, O, A, and B antigens are formed by the action of three different 
glycosyltransferases (isoforms) encoded by the ABO gene that modifies 
a cell membrane glycoprotein (H antigen).22

The O blood group is caused by a single base deletion (261delG) in 
exon 6 of the ABO gene that results in a frameshift mutation and trans-
lation of a truncated ABO protein, the O isoform, with no enzymatic 
activity; therefore, the A and B antigens are not present (the H antigen 
is unmodified).23

Requirements for Successful Guideline Development 
and Implementation

Guideline Writing Group Formation
Support at a societal level
Perception of need to define practice standards
Senior leadership for guideline preparation
Statistical support for examination of evidence
Guideline Preparation
Sufficient evidence base for guideline preparation
Sufficient expertise for guideline preparation
Dedicated time and effort for guideline generation
Dissemination to content and structure experts for commentary
Guideline Dissemination
Wide dissemination using an authoritative journal within the field
Wide dissemination using traditional and nontraditional mechanisms such as 

Web sites, conferences, and special interest groups
Guideline Conformity at the local institutional level
Senior leadership within the institution
Incorporation of guidelines into the local context of clinical practice
Providing practitioners with the resources to conform to the guidelines
Providing practitioners with timely, accurate, and pertinent feedback on 

measured conformity with guidelines

TABLE  
30-1

Genetic Causes of the ABO Blood Groups

ABO gene exon 6    7
Nucleotide position 261 526 703 796 803
Common allele G C G C G
Rare allele del G A A C
Amino acid position 118 176 235 266 268
Blood group O Deleted Deleted Deleted Deleted Deleted

A Leucine Arginine Glycine Leucine Glycine
B Leucine Glycine Serine Methionine Alanine

TABLE  
30-2
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In the A transferase, the amino acids are leucine (L) and glycine 
(G) at codons 266 and 268, respectively. The A isoform (L266 and 
G268) encodes a glycosyltransferase (A transferase) that bonds -N-
acetylgalactosamine to the H antigen, producing the A antigen of 
the ABO blood group system. Individuals who exclusively synthesize 
A  isoforms are blood group A and have the genotype AA (homozy-
gotes: same A allele on both chromosomes) or AO (heterozygotes: 
A allele only present on one chromosome).23

In the B transferase, the amino acids are methionine (M) and alanine 
(A) at the same codons 266 and 268, respectively. The B isoform (M266 
and A268) encodes a glycosyltransferase (B transferase) that joins -d-
galactose to the H antigen, creating the B antigen. Blood group B indi-
viduals have the genotype BB (homozygotes) or BO (heterozygotes). 
Individuals who express both A and B isoforms of the ABO gene (an 
A allele on one chromosome 9 and a B allele on the other chromosome 
9) are blood group AB.23

Other variations in the ABO gene that create functionally similar 
antigens also exist. For example, the A(2) isoform, comprising only 
20% of group A individuals, is caused by deletion of a protein cod-
ing termination point, thus extending the enzyme by 21 extra amino 
acids and altering its specificity. These structural differences reflect the 
different catalytic activities of the enzymes encoded by the A(1) and 
A(2) alleles and result in different antigenic properties of A(1) and 
A(2) antigens.24 Different molecular mechanisms may be responsible 
for seemingly identical ABO blood groups. For example, the B3 phe-
notype may be caused by either a missense mutation (D291N), a splic-
ing mutation (B303), or the combination of a missense mutation and a 
single nucleotide deletion (V277M and 1060delC).

ABO blood groups also could be measured by genotyping the vari-
ants in the ABO gene instead of measuring the presence or absence of 
the A and B antigens. The ABO antigens are also expressed on the sur-
face of many other cells types, indicating the importance of ABO cross-
matching of organ transplants. Several other rare variants of the ABO 
gene that change activity and/or specificity of the enzyme have been 
identified and generate several rare blood groups.25

Anti-A and anti-B antibodies (isohemagglutinins) are IgM antibod-
ies that appear in the first years of life. Early in the postnatal period, the 
immune system generates IgM antibodies against ABO antigen(s) even 
when they are absent from the individual's RBCs. The IgM antibodies, 
if present in the fetus, are too large to cross the placenta, and thus are 
not a relevant cause of hemolytic disease of the newborn. The anti-
bodies are thought to be produced in response to infantile exposure to 
influenza virus and gram-negative bacteria. Antibodies usually are not 
generated against the H antigen. Therefore, an individual with blood 
group A will make IgM antibodies against the B antigen. An individual 
with blood group B will make IgM antibodies against the A antigen. An 
individual with blood group AB will not make IgM antibodies to the 
A and B antigens. Finally, an individual with blood group O will make 
IgM antibodies against both the A and B antigens.23

If an individual of blood group A receives group B RBCs, anti-B 
IgM isohemagglutinins in the recipient plasma bind to the B antigen 
on donor RBCs, generating a locus for complement-mediated lysis 
of transfused donor RBCs and generation of a hemolytic transfusion 
reaction. Similar events occur in group O and B individuals receiving 
RBCs containing non–self-antigens. However, blood group AB indi-
viduals do not generate anti-A and anti-B antibodies. Therefore, they 
can receive RBCs from all groups and are universal RBC recipients.23

Rhesus Blood Groups
The rhesus (Rh) blood group system consists of ~50 blood group 
antigens among which five antigens—D, C, c, E, and e—are the most 
important. The proteins that carry the Rh antigens form a transmem-
brane transporter complex that resembles NH

3
 and CO

2
 transporters of 

 evolutionary origin.26 The proteins are encoded by two adjacent genes 
on chromosome 1p36.13-p34.3: the RHD gene that encodes the RhD 
protein with the frequent D antigen and the RHCE gene that encodes the 
RhCE protein with the C, E, c, and e antigens.27 The term Rh  factor refers 

only to the D antigen that is normally present. Unlike the ABO system, 
the absence of the normally present D antigen is called the d antigen, but 
there is no protein corresponding to the d antigen. Lowercase “d” indi-
cates the absence of the D antigen, often as a result of the deletion of the 
gene or other variants that prevent expression of the antigenic protein 
on RBCs.27 To be Rh negative, the individual must have the gene absent 
on both chromosomes.

The frequency of Rh-negative individuals ranges from ~16% in white 
populations to less than 1% in Asian populations.28 Rh incompatibility 
of an RhD-negative mother and RhD-positive fetus is the predominant 
cause of hemolytic disease of the newborn, which occurs when mater-
nal IgG anti-RhD antibodies pass through the placenta into the fetal 
circulation and cause hemolysis of RhD antigen-positive fetal RBCs.29

Other Blood Groups
At least 30 other antigens are expressed on the RBC surface including 
the Kell–Cellano, MNS, and Lewis blood groups. These blood groups 
are capable of causing transfusion reactions, though most are less com-
mon and produce less severe transfusion reactions than ABO incom-
patibility. Several are capable of producing hemolytic disease of the 
newborn.29

The Kell–Cellano antigens are variants of a transmembrane glyco-
protein (ET3) encoded on chromosome 7q33. In contrast with many 
other blood groups, the function of the enzyme is known and is respon-
sible for producing endothelin-3, a potent bioactive peptide with mul-
tiple biologic roles. There are several variants of the gene, of which K

1
 

(Kell) and K
2
 (Cellano) are the most common and result from an SNP 

generating a Thr193(K
2
) from the more frequent Met193(K

1
) isoform. 

Kell incompatibility is second to Rh incompatibility for generation of 
hemolytic disease of the newborn.29

The MNS antigens are variants of two genes, glycophorin A (con-
taining the M and N alleles) and glycophorin B (containing the S and 
s alleles), adjacent to each other on chromosome 4q28-q31. The glyco-
phorins are the most common sialoglycoproteins present on the RBC 
membrane, but their function is not clear. Unlike most other blood 
group systems in which individual SNPs or deletions create the anti-
gens, the MNS antigens are created by complex rearrangements of the 
protein structure that generate antigens.30

The Lewis blood group antigens are structurally similar to the ABO 
and the H blood group systems. The antigens are generated by vari-
ants in the fucosyl transferase gene (FUT3), residing on chromosome 
19p13.3, that acts on the Lewis antigens in a similar fashion to the 
galactose transferase function of the ABO gene acting on the H anti-
gen. The Lewis antigens are not synthesized in erythrocyte progeni-
tor cells like the ABO antigens, more likely in the gut. The Le-a or 
Le-b antigens circulate in plasma bound to serum lipoproteins and are 
adsorbed to circulating erythrocytes, usually only after birth.31

Cross-matching
The use of citrate, refrigeration, and a nascent understanding of blood 
incompatibility during the First World War enabled the development 
of blood banking.32 The first U.S. hospital blood bank was created at 
Cook County Hospital in 1937.32 About 16 million units of blood was 
transfused in the United States in 2008.33 Cross-matching of donor 
blood products to an individual recipient is a sequence of procedures 
performed to prevent transfusion reactions. American Association of 
Blood Banks' Standards for Blood Banks and Transfusion Services 
has defined the procedures performed before blood is transfused to a 
recipient. The first laboratory component for the recipient blood speci-
men is a “type and screen,” which consists of two separate tests.34 First, 
the recipient's ABO and RhD blood groups are determined (typed) 
by using commercially produced anti-A and anti-B antibodies that 
will react with the A or B antigens, if present, on the recipient's RBCs, 
 causing the RBCs to agglutinate. The RhD antigen is tested in the same 
manner, with commercially available anti-D antibodies mixed with the 
recipient's RBCs.34



936 SECTION V Extracorporeal Circulation

Second, antibody screening is to identify whether the recipient has 
formed antibodies to nonself blood groups, such as Duffy, MNS, Kell, 
Kidd, and P system antigens, using an updated version of the classic 
Coombs test, also called the indirect antiglobulin test (Figure 30-1). The 
recipient's serum or plasma is mixed separately with three or more 
commercially available type O washed RBCs that are known to express 
~20 of the most “clinically significant” RBC antigens, to detect unex-
pected RBC antibodies. If transfusion is required, the recipient sample 
that is already typed and screened is cross-matched with donor units. 
Provided recipient antibodies were not identified on the type and 
screen, it is possible to perform a cross-match either serologically, using 
an immediate spin cross-match, or by an electronic match. If clinically 
significant antibodies have been found on the type and screen, elec-
tronic cross-matching is not sufficient and antiglobulin cross-match 
must be performed.34 An electronic or computerized cross-match is 
performed by identifying donor units on hand that have appropri-
ate ABO and RhD blood groups for the recipient.35 Electronic cross-
matching only can be used if a patient has a negative antibody screen, 
which means that they do not have any active RBC atypical antibodies. 
It is assumed that the proper testing (type and screen) on the recipient 
and donor blood are sufficient to identify clinically important incom-
patibility and to identify matching donor blood.36

When serologic cross-matching (immediate-spin cross-match) is 
performed, RBCs from an ABO and RhD-compatible RBC unit are 
mixed with the recipient's plasma. The mixture is centrifuged and 
examined for hemolysis or agglutination. Agglutination is considered a 
positive reaction, indicating that the donor unit is incompatible for that 
specific patient. If both are absent, ABO compatibility is verified and 
the RBC unit issued. This procedure is repeated for each donor RBC 

unit. If agglutination or hemolysis occurs, additional screening of the 
recipient's plasma is performed to identify the unexpected antibodies.36 
Performing a serologic cross-match, over electronic cross-matching, 
before transfusing RBCs is preferred by some laboratories because it 
detects rare ABO errors and also detects most recipient IgM antibod-
ies to antigens on donor RBCs.37 In an emergency, “uncross-matched 
blood” can be transfused and risk for a serious transfusion reaction 
minimized by administration of type O and RhD-negative RBCs.38

Components
Because plasma contains the anti-ABO, RhD, and other antibodies of 
the donor, only ABO and RhD-compatible units are transfused. Thus, 
the recipient and donor unit must undergo a type and screen; how-
ever, cross-matching is not performed. Platelets have ABO antigens on 
their surface. However, ABO compatibility for platelet transfusion is 
desirable but not required because of the relatively small volume of 
plasma present in a bag of platelets. If ABO-incompatible platelets are 
administered for operational reasons, the recipient subsequently may 
have a positive direct antiglobulin test result, but significant hemolysis 
is rare. Furthermore, a donor–recipient ABO mismatch may result in 
poor function of donor platelets after transfusion.39–41

Immediate Immune-Mediated 
Complications of Transfusion
Hemolytic transfusion reaction is the result of complement-mediated 
destruction of transfused RBCs, nearly always because of incompatibil-
ity of antigen on the transfused RBCs with antibody in the recipient's 

INDIRECT COOMBS TEST/INDIRECT ANTIGLOBULIN TEST

DIRECT COOMBS TEST/DIRECT ANTIGLOBULIN TEST

Donor’s blood sample
is added to the tube 
with serum.

Recipient’s Ig’s that target
the donor’s red blood cells 
form antibody-antigen
complexes.

Recipient’s serum
is obtained,
containing
antibodies (Ig’s).

Anti–human Ig’s 
(Coombs antibodies)
are added to the 
solution.

Agglutination of red blood
cells occurs because
human Ig’s are attached 
to red blood cells.

Legend

Antigens on the red 
blood cell’s surface

Human anti-RBC
antibody

Antihuman antibody
(Coombs reagent)

Blood sample from a patient 
with immune-mediated 
hemolytic anaemia: antibodies
are shown attached to antigens
on the RBC surface.

The patient’s washed
RBCs are incubated with
antihuman antibodies
(Coombs reagent).

Positive test result

RBCs agglutinate: antihuman
antibodies form links between
RBCs by binding to the human
antibodies on the RBCs.

Figure 30-1 The indirect and direct Coombs (antiglobulin) tests. The recipient's serum or plasma is separately mixed with three or more 
 commercially available type O washed red blood cells that are known to express ~20 of the most “clinically significant” red cell antigens, to detect 
unexpected red cell antibodies. The recipient's serum and reagent red cells are incubated at 37° C for 30 minutes and examined. Spun cells are 
then washed and tested with anti–human immunoglobulin and then reexamined for hemolysis or agglutination. If antibodies have bound to red cell 
 surface antigens, red cells will agglutinate when incubated with an anti–human globulin (also known Coombs reagent), and the indirect Coombs test 
will be positive. (Modified from Wikipedia: Coombs test schematic. Available at: http://en.wikipedia.org/wiki/File:Coombs_test_schematic.png.)

http://en.wikipedia.org/wiki/File:Coombs_test_schematic.png
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circulation. The most common cause of acute hemolytic reactions is 
transfusion of ABO-incompatible blood; rarely, undetected serologic 
incompatibility is a cause of acute hemolysis.42

Transfusion has been associated with greater pulmonary morbidity 
after cardiac surgery.43 Transfusion-related acute lung injury (TRALI) 
occurs when increased permeability of the pulmonary endothelium 
causes pulmonary edema, usually within a few hours of transfusion. 
Hypotension and fever also may occur.44,45 TRALI constitutes the 
majority of transfusion-associated mortality in the United States.45,46 
The specific cause of TRALI is unknown; however, in many cases, the 
occurrence of TRALI is associated with the presence of antibodies in 
donor plasma directed toward the recipient's leukocyte or neutrophil 
antigens.45,46 These antibodies are seen more frequently in multiparous 
women and individuals with prior transfusion.47 Transfusion of blood 
components, especially products containing high volumes of plasma 
such as fresh-frozen plasma (FFP), have the greatest risk for TRALI.47 
Thus, plasma from women is usually, but not exclusively, used for pro-
cessed protein fractions rather than transfusion. No routinely available 
pretransfusion testing is available.

Immune-mediated platelet destruction is the result of recipient anti-
bodies being present to human leukocyte or platelet-specific antigens 
present on transfused platelets. Most cases of immune-mediated plate-
let destruction occur in individuals who have had several prior platelet 
transfusions. In some patients, platelet matching may be required.41

Anaphylactoid reactions rarely occur in transfusion of IgA-con-
taining plasma present in any blood product given to IgA-deficient 
patients who have anti-IgA antibodies. The reaction is characterized by 
hypotension, bronchospasm, and laryngeal edema.48

Febrile nonhemolytic reactions are relatively frequent and typically 
manifested by a temperature increase of 1° C or more occurring during 
or shortly after transfusion. They may result from antibodies to white 
blood cells or from the presence of high levels of cytokines in trans-
fused blood products.49

Delayed Immune-Mediated Complications 
of Transfusion
Delayed hemolytic reactions occur in patients who have had previous 
exposure to incompatible blood but who do not have circulating antibod-
ies. Re-exposure to the antigen provokes delayed production of antibody 
that reaches a significant circulating level while the transfused RBCs are 
still present in the circulation, usually 2 to 14 days after transfusion.50

Graft-versus-host disease (GVHD) is a rare condition that occurs 
when viable donor T lymphocytes in the transfused blood product 
successfully engraft in the recipient. Normally, donor T cells are rec-
ognized as foreign by the recipient's immune system. However, in 
immunocompromised patients, and rarely when the donor is homozy-
gous and the recipient is heterozygous for an HLA haplotype (as can 
occur in directed donations from first-degree relatives), the recipient's 
immune system is not able to destroy the donor T cells. This can result 
in graft-versus-host disease. Irradiation of the donor unit prevents 
T-cell  proliferation and graft-versus-host disease.51,52

Nonimmune Complications of Transfusion
Transmission of infectious disease may occur with transfusion despite 
standard blood-banking operational procedures. Routine testing of donor 
blood is performed for Chagas disease, hepatitis B and C, human immu-
nodeficiency viruses types 1 and 2, human T-lymphotropic virus, syphilis, 
West Nile virus, and, in some situations, cytomegalovirus.33 Bacterial con-
tamination occurs rarely and is manifested by fever and hemodynamic 
instability surrounding transfusion of the blood product.53 Circulatory 
overload, hypothermia, and metabolic and electrolyte derangements are 
other complications that may occur in high-volume transfusion.54

Transfusion and Morbidity Outcomes
Although transfusion of RBCs is necessary for some patients, its use 
has been associated with a dose-dependent greater prevalence of 

 morbidity after cardiac surgery.55 Greater rates of postoperative infec-
tious complications, prolonged postoperative ventilatory support, 
renal injury, and reductions in short- and long-term survival are more 
common in patients transfused with RBCs.43,55–57 Greater rates of bac-
teremia, septicemia, and deep and superficial sternal wound infections 
are thought to be secondary to a downregulation of the immune sys-
tem.56,58 Transfusion has been related to an increased development of 
postoperative atrial fibrillation thought to be secondary to the influ-
ence of RBC transfusion on inflammation. RBC transfusion results in 
a direct infusion of inflammatory mediators, as well as augmenting the 
inflammatory response to cardiopulmonary bypass (CPB) and cardiac 
surgery.59,60

Storage duration of the RBC product also may be a contributing 
factor for observed adverse outcomes. The storage lesion consists of a 
series of structural and functional changes occurring with increasing 
RBC storage. Some of these changes are reversible, others are not, and 
together may result in decreased microvascular tissue flow.61–63 A recent 
investigation reported transfusion of RBCs stored longer than 14 days 
was associated with a greater risk for death and complications after car-
diac surgery.64 A recent laboratory investigation from Sweeney et al65 
reported increased thrombin generation for RBC units of increas-
ing storage duration, suggesting a cause for increased complications 
observed with transfusion of RBCs of increased storage duration.

GENETIC CAUSES OF HEMORRHAGE
In general, the coagulation system can be thought of as being highly 
optimized toward rapid cessation of hemorrhage. There likely has been 
a strong evolutionary pressure toward rapid coagulation and wound 
healing. Of course, there must be an equally highly developed system 
that prevents overwhelming coagulation of the entire blood volume in 
response to a trivial intravascular insult. In contrast, there was likely 
little or no pressure to avoid a deep venous thrombosis in older age 
because most individuals did not live beyond 40 years until a few cen-
turies ago. Similarly, there has been no evolutionary pressure to suc-
cessfully undergo blood exposure to foreign surfaces such as the CPB 
circuit. Because severe bleeding abnormalities are strongly selected 
against, in evolutionary terms, they are rare. A sentinel example is the 
hemophilias, in which a rare variant causes production of a nonfunc-
tional protein with severe consequences. In contrast, trivial abnormali-
ties have not undergone marked evolutionary pressures and are likely 
to be more common. A good example of this is the wide, but seemingly 
unimportant, heritable variation seen in the circulating level of many 
coagulation proteins.66–69

In some individuals, the coagulation system is not optimized to 
achieve rapid coagulation. Most abnormalities are either a quantitative 
deficiency of a normal protein or a qualitatively defective (hypofunc-
tional) protein present in normal concentration. The measurement of 
protein concentration and activity are importantly different. Protein 
concentrations usually are measured by the amount of binding of a 
manufactured antibody against a portion of the protein (antigen). 
Antibody-based assays will detect quantitative deficiencies of the pro-
tein but will not be able to detect qualitative defects unless the antibody 
is specifically directed toward the structural abnormality of the protein. 
The function of a protein usually is measured by the enzyme or other 
functional activity of the protein, often by measuring the amount of 
enzyme product formed. Activity-based assays may be reduced because 
the amount of the protein is reduced or its activity is reduced, so the 
cause of reduced function likely will also include the measurement of 
the amount of protein using a quantitative assay.

Genetic causes of impaired coagulation can be somewhat simplisti-
cally thought of as either a qualitative defect arising from abnormal 
protein structure because of a coding genetic variant or a quantita-
tive defect arising from abnormal, usually reduced, production of a 
normal protein because of a noncoding (promoter) genetic variant. 
This approach is rudimentary but gives the best basic understanding 
of the genetic mechanisms of coagulation disorders. Like all genetic 
disorders, the overall effect of a genetic variant on the whole human or 
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 surgical population is a product of the frequency of the genetic variant 
and the biologic effect of the variant.70 If the variant is rare, such as the 
hemophilias, although the disease is problematic for a single individ-
ual, the overall effect on day-to-day practice is low because of its rarity. 
By contrast, a more common variant may have greater effect. Similarly, 
for two variants of equal frequency, the one with low biologic effect 
will have less overall influence than one with a higher biologic effect. 
To date, no frequent variants with high biologic effect on coagulation 
have been identified.69

Variation in Coagulation Protein Levels
Several studies have demonstrated the strong heritability of levels of 
plasma proteins and platelet levels in normal populations.68,71–74 This 
type of research is undertaken by examining the plasma level of coag-
ulation proteins in multigenerational families and estimating the 
within-family variation compared with the whole-population varia-
tion.75 In accordance with the believed strong evolutionary importance 
of coagulation function, there is similar strong inheritance within fam-
ilies, with up to 70% of the variation in plasma protein levels deter-
mined by genetic heritability. Similar heritability of platelet count and 
platelet volume has been observed.76,77

Genetic variation associated with the circulating level of a coagu-
lation protein is usually in or around the gene for that coagulation 
protein. For example, the circulating level of plasminogen activator 
inhibitor 1 (PAI-1) principally is determined by a common promoter 
variant that alters the binding of the transcription factor inhibitor.66,67 
Similarly, the circulating level of thrombin-activated fibrinolysis inhib-
itor is determined by two variants,78 and circulating prothrombin lev-
els are determined by a single variant.79 However, some coagulation 
 protein levels are regulated by genetic variation that is not in or around 
the protein's gene. Similarly, platelet count and platelet volume are 
 regulated by genes that would not be intuitive choices.76,77

Hemophilias
Hemophilias are the most well-known example of a rare severe genetic 
disorder of coagulation. Hemophilia A (factor VIII deficiency) is the 
most common hemophilia, occurring in about 1 in 5000 male births.80 
Hemophilia B (factor IX deficiency) occurs in about 1 in 34,000 male 
births. Both genes lie on the X chromosome, meaning that in male 
individuals, only one copy of the chromosome is present and a single 
variant may result in hemophilia (often called a sex-linked or X-linked 
disease). Accordingly, female hemophiliacs must have two copies of 
the rare variant—an event that usually occurs only in consanguineous 
births in which the father has hemophilia. Although most hemophilias 
are maternally inherited, about 30% are spontaneous mutations not 
present in the mother. An obvious question is why female individu-
als do not have twice the factor VIII and IX levels as male individuals. 
The reason is that in female individuals, one of the X chromosomes is 
usually “turned off” and does not generate messenger RNA for transla-
tion of proteins. However, it is possible for female carriers to have mild 
hemophilia because of lyonization (inactivation) of the X chromo-
some that carries the normal gene, leaving the abnormal gene to be the 
most active. Adult women may experience menorrhagia because of the 
bleeding tendency. Hemophilia C is an autosomal genetic  disorder (not 
X-linked) involving a lack of functional clotting factor XI. Hemophilia 
C is not completely recessive because heterozygous individuals also 
show increased bleeding.81

The gene F8 encodes factor VIII of the intrinsic pathway. Factor VIII 
is a cofactor for factor IXa, which converts factor X to the activated 
form Xa. There are almost 700 known coding variations of the F8 gene, 
many of which have been seen in only one individual or family. More 
than 170 give severe forms of hemophilia A, and more than 180 pro-
duce milder forms.82,83 Some of these mutations change one amino 
acid; many of these have little effect on protein function because only 
one amino acid is changed, often to a similar type of amino acid.84 
Others cause a frameshift mutation that usually truncates the  protein 

and markedly reduces its function. Another severe mutation is an 
inversion of a portion of the genome and, therefore, the sequence of 
a portion of the protein is “back-to-front” with marked reduction in 
function. Rarely, the entire gene is deleted so that both quantitative 
and qualitative assays show the absence of factor VIII. The diagnosis of 
hemophilia A is made by reduced factor VIII activity, prolonged acti-
vated partial thromboplastin time except in mild disease, and a normal 
PT and platelet count.84

The gene F9 encodes the vitamin K–dependent factor IX of the 
intrinsic pathway. Factor IX is activated by factor XI to factor IXa. 
Because hemophilia B is rarer than hemophilia A, fewer mutations 
have been described, but the mechanisms of protein dysfunction from 
genetic variation are similar. The diagnosis of hemophilia B is made by 
reduced factor IX activity, prolonged activated partial thromboplastin 
time except in mild disease, and a normal PT and platelet count.84

Hemophilia is not a contraindication for cardiac surgery, but it is 
an absolute indication for involvement of a hematologist and blood 
banker. Most experience has been small case series or single case 
reports, but all emphasize the need for prolonged factor therapy and 
subsequent excellent outcomes. For hemophilia A, the factor VIII activ-
ity level should be corrected to 100% of normal for cardiac surgery, 
although some hematologists use 50% to 70% of normal as a goal. One 
unit of factor VIII is the normal amount of factor VIII in 1 mL plasma, 
by definition. Because the volume of distribution of factor VIII is that 
of plasma, the amount of factor VIII in an individual is ~50 mL/kg. The 
factor VIII dose needed to correct the level is calculated as follows85,86:

Approximately 30% of people with severe hemophilia A develop 
antibodies to transfused factor VIII. These antibodies (also called inhib-
itors) bind to transfused factor VIII and reduce its activity so increased 
doses of factor VIII are required.87 The next dose should be adminis-
tered 6 to 12 hours after the initial dose, together with repeated factor 
VIII activity monitoring with the goal of keeping the trough activity 
greater than 50%. During hemorrhage, cryoprecipitate and FFP can be 
given to restore levels of factor VIII and other coagulation factors, as 
well as blood volume. 1-Deamino-8-d-arginine vasopressin (DDAVP) 
at a dose of 0.3 g/kg can be used in mild or moderate hemophilia 
A, and works by increasing circulating factor VIII and von Willebrand 
factor (vWF) levels. DDAVP works only when some normal factor VIII 
activity is present and usually with only modest success.88

For hemophilia B, the factor IX activity level should be corrected 
to 100% of normal for cardiac surgery, although some hematolo-
gists use 50% to 70% of normal as a goal. One unit of factor IX is 
the normal amount of factor IX in 1 mL plasma, by definition. Unlike 
factor VIII, the volume of distribution of factor IX in an individual is 
100 mL/kg. The factor IX dose needed to correct the level is calculated 
as follows89:

The next dose should be administered 12 to 24 hours after the initial 
dose, together with repeated factor IX activity monitoring with the goal 
of keeping the trough activity greater than 50%. During hemorrhage, 
FFP can be given to restore levels of factor IX and other coagulation 
factors, as well as blood volume. DDAVP is not effective.88

Von Willebrand Disease
Von Willebrand disease (vWD) is the most common inherited coag-
ulation abnormality in humans, occurring in about 1% of individu-
als.90 vWD also can be an acquired disease. It arises from quantitative 
(reduced amounts of usually normal protein) or qualitative (normal 
amounts of a defective protein) deficits of vWF, which is a multimeric 

Units factor VIII (weight in kg)*(50mL plasma / kg)*(desired %

factor VIII level the current % factor VIII level) /100%

Units factor IX (weight in kg)*(100 mL plasma / kg)*(desired %

factor IX level the current % factor IX level) /100%
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plasma glycoprotein produced by endothelium and platelets. The pro-
tein binds factor VIII, the platelet GPIb receptor, the activated form of 
the GPIIb/IIIa receptor, and collagen.91

Unlike the serine proteases of the intrinsic and extrinsic pathways of 
the coagulation system, vWF is not an enzyme and serves its functions 
by binding to other proteins.91 It has an important role in platelet adhe-
sion to exposed subendothelial collagen by binding to exposed collagen 
and also to the GPIb receptor of circulating platelets, especially in high 
shear environments such as arterial bleeding. vWF decelerates platelets 
from rapid flow by uncoiling; thus, it appears to be the critical initia-
tor of platelet adhesion in high-flow environments. Platelet adhesion 
initiates rapid platelet activation, with switching of the most common 
platelet receptor, GPIIb/IIIa, from a quiescent protein that poorly binds 
to fibrinogen and fibrin, to an activated protein that strongly binds 
fibrinogen and fibrin. Subsequently, vWF also can bind to activated 
GPIIb/IIIa receptors expressed on activated platelets.

There are four types of hereditary vWD caused by mutations in the 
gene vWF (Figure 30-2).92,93 Other factors, including having an O blood 
group, increase the clinical severity of vWD. Type 1 vWD (60% to 80% 
of all vWD) is a mild quantitative defect of normal vWF, with individu-
als having about 10% to 50% of normal vWF levels and often having 
low levels of factor VIII. The disease is inherited in an autosomal domi-
nant fashion, and most individuals are heterozygous (possess one copy) 
of the abnormal gene with variants principally found between exons 18 
and 28 of the gene.94 Rarely, homozygotes (two copies of the abnormal 
gene) have extremely low levels of vWF. Most heterozygotes have nor-
mal or near-normal coagulation and are identified by having abnormal 
bleeding after tooth extraction or surgery, or having menorrhagia.95

Type 2 vWD (20% to 30%) is a qualitative defect with four subtypes: 
2A, 2B, 2M, and 2N.90 Type 2A vWD is caused by decreased activity, 
but normal levels, of vWF. The vWF multimers are structurally abnor-
mal and usually small. In contrast with hemophilia, type 2A vWD is 
inherited in an autosomal dominant fashion and is caused by variants 
in exons 12 to 16, 28, and 52 of the gene. Type 2B vWF is a rare “gain-
of-function” defect leading to spontaneous binding to platelets and 
subsequent rapid clearance of the platelets and large vWF multimers. 
Patients with this subtype should not receive desmopressin because it 
can induce platelet aggregation. Type 2M vWD is characterized by a 
platelet function defect caused by a decrease in high-molecular-weight 
multimers. Type 2N vWD is caused by the inability of vWF to bind fac-
tor VIII but has an autosomal recessive inheritance and is most often 
associated with variants in exons 18 to 20. This type gives a normal 
vWF antigen level and normal functional test results, but has a low 
factor VIII. This probably has led to some 2N patients being misdi-
agnosed in the past as having hemophilia A, and should be suspected 

if the patient has the clinical findings of hemophilia A but a pedigree 
 suggesting autosomal, rather than X-linked, inheritance.90

Type 3 vWD is caused by a quantitative lack of vWF and prema-
ture proteolysis of factor VIII, similar to type 2A vWD, but in an 
autosomal recessive fashion. Type 3 is the most severe form of vWD 
because individuals are homozygous for the defective gene and pro-
tein. They have no detectable vWF antigen and may have sufficiently 
low factor VIII that they have hemarthroses, similar to hemophilia.95

Acquired vWD can occur in patients with autoantibodies. In this 
case, the function of vWF is not inhibited, but the vWF-antibody com-
plex is rapidly cleared from the circulation by antibody binding. A form 
of vWD occurs in patients with aortic valve stenosis, leading to gastro-
intestinal bleeding (Heyde syndrome).96 This form of acquired vWD 
may be more prevalent than is currently thought. Acquired vWD also 
has been described in Wilms tumor and hypothyroidism.

Laboratory diagnosis is made by usually normal hemoglobin, acti-
vated partial thromboplastin time, and partial thromboplastin time, 
but reduced quantity of vWF measured by an antigenic assay, reduced 
vWF:ristocetin cofactor assay (vWF:RCo), or reduced functional  factor 
VIII assay.92 If abnormalities in these three tests are identified, special-
ized coagulation studies also may be performed to determine the sub-
type of vWD. Bleeding can be treated with plasma-derived clotting 
factor concentrates containing both vWF and FVIII; depending on the 
vWD type, mild bleeding episodes usually respond to DDAVP.97

Platelet-type or pseudo-vWD is an autosomal dominant type of 
vWD caused by gain-of-function coding mutations of the vWF recep-
tor (GPIb) on platelets, not of the vWF gene.93 GPIb is a dimeric pro-
tein that is part of the larger complex (GPIb/V/IX), which forms the full 
vWF receptor on platelets. The loss of large vWF multimers is similar 
to that seen in type 2B vWD, but genetic testing of the vWF gene does 
not find mutations. The hyper-responsiveness of the platelet receptor 
results in increased interaction with vWF in response to minimal or no 
stimulation in vivo. This leads to a decline in plasma vWF and typi-
cally to a decreased or low normal platelet count.91 Replacement ther-
apy in the form of VIII/vWF preparations or drugs aimed at increasing 
the release of endogenous vWF will exacerbate the condition and lead 
to further reduction of the platelet count. Platelet transfusions are 
therapeutic.

Factor V
Normal factor Va and its cofactor, factor Xa, are the first members of 
the final common pathway or thrombin pathway and combine to form 
the prothrombinase complex.98,99 The prothrombinase complex cata-
lyzes the conversion of prothrombin (factor II) to thrombin (factor IIa). 
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To produce thrombin, the prothrombinase complex cleaves two peptide 
bonds in prothrombin. The action of factor Va is terminated by cleavage 
by activated protein C (aPC) (Figure 30-3).

Factor V Leiden is a common SNP that results in a factor V vari-
ant that cannot be as easily degraded by aPC.100 The nucleotide variant 
(G1691A) results in conversion of an arginine to a glycine (Arg506Gln). 
This amino acid is normally the cleavage site for aPC, and the protein 
change markedly reduces the activity of aPC on factor Va.99 When fac-
tor Va remains active, it facilitates overproduction of thrombin, leading 
to excess fibrin generation and excess clotting. In essence, it is creat-
ing a gain of function by inhibiting the termination of factor Va. The 
 clotting is almost always venous, resulting in deep vein thrombosis or 
pulmonary embolus.99

About 5% of whites in North America have factor V Leiden.100 The 
SNP is less common in Hispanics and African Americans, and is rare 
in Asians. About 30% of people who have a deep vein thrombosis or 
pulmonary embolism, especially in younger patients, carry the SNP. 
Having the SNP and also having other risk factors for deep vein throm-
bosis including smoking, taking oral contraceptives, pregnancy, and 
recent surgery, markedly increase risk. Efforts to show that the pro-
thrombotic factor V Leiden variant results in less bleeding have been 
mixed.101,102

Cold Agglutinins
Cold agglutinin disease is rare (~2/100,000). Causes include a lym-
phoma-induced monoclonal gammopathy, renal cell carcinoma, or 
infection; but most commonly, no cause is found.103 Cold agglutinins 
are usually IgM autoantibodies that react at cold temperatures with 
RBC polysaccharide antigens. Low titers (1:16) of cold agglutinins 
often are found in the sera of healthy individuals, but the presence of 
high titers of cold agglutinins (titers over 1:1000 at 4°C) can lead to 
hemagglutination and thrombosis at low temperatures, followed by 
complement activation and subsequent hemolysis on rewarming.104,105 

It generally is agreed that screening for cold agglutinins before cardiac 
surgery is not warranted because of their rarity.104

In contrast with the warm agglutinins, patients with cold agglutinins 
do not respond to steroids or splenectomy but sometimes respond to 
rituximab.103 Rituximab destroys both normal and malignant B lym-
phocytes and is used to treat B-cell lymphomas and rheumatoid arthri-
tis. It specifically targets the CD20 antigen, but the function of CD20 
is unknown.103

Variation in Platelet Count and Volume
There are wide variabilities in platelet counts and volumes in normal 
individuals coming for surgery. In addition, platelet function is often 
markedly depressed from purposeful administration of antiplatelet 
agents such as aspirin, clopidogrel, and other drugs.

Mean platelet volume is a measurement of the average size of plate-
lets found in blood and is positively correlated with platelet count and 
function, as well as with adverse thrombotic outcomes. Genetic vari-
ants associated with mean platelet volume and platelet count have been 
identified in or near the genes WDR66, ARGHEF3, TAOK1, TMCC2, 
TPM1, PIK3CG, EHD3, ATXN2, PTPN11, and AK3, among others.77 
Few of these associations are intuitive or supported by well-understood 
biologic mechanisms; nevertheless, they indicate the complexity and 
importance of genetic causes of normal coagulation function.

BLEEDING AFTER CARDIAC SURGERY
Do genetics affect bleeding after cardiac surgery? For many of the 
well-identified bleeding diatheses mentioned earlier, the answer is yes. 
However, clinicians rarely encounter these patients in their practice. 
More commonly, they see a patient who is bleeding for no apparent 
reason—without a surgical bleeding site, without a drug cause, and 
with normal or near-normal coagulation tests. The reason for this 
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 occurring in an individual patient is almost never known, and the 
patient is treated symptomatically until the bleeding stops. It is pos-
sible, but unproved, that these patients have a genetically inherited 
bleeding diathesis. Few studies have examined this question, and their 
limited findings are unreplicated.102,106–108 (See Chapter 31.)

Reoperation for Bleeding
Re-exploration for bleeding is a serious complication, which sig-
nificantly impacts a patient's subsequent postoperative course by 
increasing both morbidity and mortality. Approximately 2% to 4% of 
patients undergoing cardiac surgery require reoperation for bleeding 
with greater reported rates for more complex procedures. A recent 
investigation evaluating incidence, risk factors, and outcomes for 
patients requiring reoperation for bleeding in 528,686 CABG patients 
from the Society of Thoracic Surgeons National Cardiac Database 
(2004–2007) reported a 2.4% rate of reoperation. Risk factors for 
reoperation were older age, male sex, comorbidity such as periph-
eral vascular and cerebrovascular disease, chronic lung disease, renal 
insufficiency, heart failure, previous interventions, urgent or emer-
gent surgery, preoperative intra-aortic balloon pump, PCI less than 6 
hours before CABG, and thienopyridine use less than 24 hours before 
surgical intervention. Patients requiring reoperation had greater risk 
for morbidity such as septicemia, stroke, and prolonged ventila-
tory support after surgery. Risk-adjusted mortality was significantly 
greater for patients requiring reoperation: 5.9% vs. 1.97%. Of note, 
risk was not increased in patients receiving aspirin therapy less than 
24 hours before surgery.109

Additional studies have characterized risk factors for reoperation 
and its relation to patient outcome. Moulton et al110 identified a 4.2% 
reoperation rate and identified increasing age, renal insufficiency, 
reoperative procedures, and prolonged CPB time as risk factors for 
this complication. Interestingly, antiplatelet drugs, such as preopera-
tive aspirin, and preoperative use of heparin or thrombolytic agents 
were not significant predictors. In addition, the authors reported that 
incidence of death, renal failure, sepsis, and need for prolonged ven-
tilatory support were significantly greater in patients who underwent 
reoperation for bleeding.110 Choong et al111 reported demographic 
and comorbidity risk factors previously described, as well as cessation 
of aspirin within 4 days of surgery, preoperative use of clopidogrel, 
lack of antifibrinolytic agents during surgery, type of operation, and 
CPB duration as risk factors for postoperative bleeding necessitating 
re-exploration.

In a contemporary cohort of patients, Karthik et al112 examined risk 
factors for reoperation and effect of time delay on morbidity after sur-
gery. The rate of reoperation in their investigation was 3.1%. Factors 
associated with the need for reoperation included demographics such 
as increasing age, smaller body mass index, and surgery that was non-
elective. They similarly reported that reoperation was associated with 
increased morbidity, hemodynamic instability, and transfusion of RBC 
and component therapy. Among the 89 patients requiring reoperation, 
31 had greater than 12 hours time delay to re-exploration (4 deaths 
in delayed reoperation group). The authors concluded that mortality 
outcomes were worse if the time delay was greater than 12 hours after 
surgery and recommended an early re-exploration policy for bleed-
ing.112 Ranucci et al113 reported an increased risk for reoperation and 
noted that much of the morbidity risk was attributable to the amount 
of RBCs transfused; delay for reoperation was related to risk only if the 
delay involved excess use of blood products.

Hall et al114 sought to differentiate coagulopathy versus hemorrhage 
from surgical causes in patients undergoing reoperation for bleeding. 
Both groups had increased morbidity and mortality compared with 
those not requiring reoperation. Excess risk was attributed to more 
hemodynamic instability, transfusions, and inotropic support, which 
were more common in patients undergoing reoperation. The authors 
recommended normalization of coagulation profiles within 4 hours of 
intensive care unit admission, and if significant bleeding persisted with 
a normal coagulation profile, re-exploration.114

Ratios in Resuscitation: Implications for 
Massive Transfusion in Cardiac Surgery
Patients requiring massive transfusion in the perioperative period may 
become coagulopathic secondary to loss, hemodilution, consump-
tion of coagulation factors, and insufficient component replacement. 
Furthermore, hypothermia is common in the perioperative period and 
can lead to platelet dysfunction via its effect on platelet activation and 
adhesion.115 Hypothermia also may contribute to reductions in clotting 
factor functional activity.116–119 Development of acidosis may act syner-
gistically with hypothermia to further worsen coagulopathy through 
its impact on pH-sensitive enzyme complexes involved in the clotting 
cascade.120–122 Furthermore, choice of volume administration (i.e., het-
astarch) may further worsen coagulopathy in patients with massive 
blood loss.120

A number of investigations propose a modification of more 
 traditional component replacement therapy in massively transfused 
patients to one that considers a greater FFP:RBC ratio. The optimal 
ratio has not been well clarified, and the impact on patient morbid out-
comes is variable; however, a number of publications report improved 
outcomes after traumatic injury for patients receiving a greater ratio of 
FFP to RBC. These recommendations have considerable implications 
in terms of product supply and associated morbidity risk to patients.

Borgman et al123 recommended implementation of massive trans-
fusion protocols consisting of greater FFP:RBC (1:1) ratio, noting 
evidence of improved survival and possibly less use of RBCs primar-
ily in the trauma literature. Holcomb et al124 recommended a massive 
transfusion protocol that included a 1:1:1 ratio of FFP/platelets/RBC 
to favorably impact patient outcomes. They analyzed four groups 
based on high and low plasma and platelet/RBC ratios. The combina-
tion of high plasma/RBC and high platelet/RBC ratios was associated 
with decreased truncal hemorrhage and increased 6-hour, 24-hour, 
and 30-day survival. Gunter et al125 reported a significant reduction in 
30-day mortality for patients who received FFP/RBC of 2:3 or greater 
compared with those who received less than 2:3. Patients receiving 
platelets to RBC at a greater ratio ( 1:5) also had lower 30-day mor-
tality when compared with patients with less than 1:5 ratio. Similarly, 
Zink et al126 reported improved survival and decreased overall RBC 
transfusion in trauma patients receiving early high FFP and platelet-
to-RBC transfusion ratios within the first 6 hours of hemorrhage. 
The authors appropriately addressed the difficulty of basing com-
ponent therapy on laboratory testing because of time delay for test 
results.

Others have suggested a U-shaped curve depicting higher mortality 
at low and higher FFP/RBC ratios, and better outcomes when the ratio 
was 1:2 or 1:3. A 1:1 ratio of FFP/RBC reduced coagulopathy but failed 
to improve survival, prompting authors to caution against adopting 
the 1:1 ratio without further testing.120,127 Interestingly, some have crit-
icized proponents of the greater FFP-to-RBC transfusion protocols, 
noting that these studies may have a “survival bias” present; that is, the 
most severely injured patients simply did not survive long enough to 
receive FFP, which often is not immediately available.120

In a computer simulation model of dilutional coagulopathy, Hirsh-
berg et al128 reported that current massive transfusion protocols in 
bleeding patients underestimate dilution of clotting factors to correct 
dilutional coagulopathy. The authors provided a sensitivity analysis of 
a wide range of replacement protocols by programming their model to 
administer FFP and platelets after transfusion of a predefined number 
of RBC units. (Model was calibrated to data from 44 patients.) They 
determined that the optimal replacement ratios are 2:3 for plasma and 
8:10 for platelets with RBC128 (Figures 30-4 and 30-5).

Massive transfusion protocols improve survival in patients with 
exsanguinating hemorrhage. Early activation of a massive transfusion 
protocol and achieving predefined ratios have been associated with 
improved survival.129 Others have reported on benefits of predefined 
massive transfusion protocols in terms of improved patient outcome 
in severely injured patients.129 Riskin et al130 reported that it was the 
implementation of a protocol for massive transfusion that included 
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improved access and availability of blood products that reduced mor-
tality in their patient population rather than use of a greater FFP/RBC 
ratio. They emphasized the importance of expeditious product avail-
ability because survival benefit did not appear to have been related to 
any alteration in the volume or ratio of blood components used.

REPLACEMENT THERAPY
Factor VIIa

Recombinant factor VIIa (rFVIIa, NovoSeven trademark; Novo 
Nordisk, Bagsvaerd, Denmark) is approved for the treatment of bleed-
ing in patients with hemophilia A or B with inhibitors against factors 
VIII and IX. Factor VII acts locally at the site of vessel injury by binding 
to tissue factor on subendothelial cells and facilitates transformation 
of factors IX and X to active forms, ultimately resulting in thrombin 

generation and clot formation.131,132 A laboratory investigation exam-
ined the effect of rFVIIa-mediated thrombin generation on platelet 
adhesion and aggregation at normal and reduced platelet counts. Their 
results suggested that administration of rFVIIa in patients with and 
without thrombocytopenia enhanced platelet deposition and aggre-
gation at the site of vascular injury, which may explain, in part, the 
 efficacy of rFVIIa in thrombocytopenic patients.133

Off-label use of rFVIIa has been reported as a rescue therapy for 
patients with hemorrhage refractory to conventional therapy. However, 
the safety of rFVIIa in the cardiac surgical setting has not been well 
clarified. Safety concerns relate to the risk for thrombosis, and case 
reports of thrombotic events have tempered consideration for use in 
patients beyond rescue therapy, that is, prophylactically in patients at 
high risk for bleeding to avoid blood transfusion.

In a comprehensive evaluation of off-label use of rFVIIa in Canada, 
Karkouti et al134 noted rFVIIa was associated with significant reduc-
tions in transfusion after administration without increases in mortality 
or major morbid events. Filsoufi et al131 reported improvement in coag-
ulation variables, blood loss, and reduced need for blood products in 
patients receiving rFVIIa for management of refractory bleeding after 
surgery. Similarly, a retrospective investigation from Von Heymann 
et al135 reported significant reductions in blood loss and transfusion 
requirements after rFVIIa administration for perioperative bleeding 
refractory to conventional treatment. Mortality was similar between 
groups, and no thromboembolic complications were observed in the 
rFVIIa group. A number of other investigations have reported on use 
of rFVIIa for treatment of refractory bleeding. Most report that rFVIIa 
is effective in reducing bleeding and decreasing RBC and component 
therapy requirements. Clinical use beyond rescue therapy is unclear 
because of the safety profile of the medication.136–138

A large case series of rFVIIa use from the Australian and New Zealand 
Hemostasis Registry reported rFVIIa was associated with fewer blood 
products; however, it was associated with a 7% adverse event rate, 
4% of which was related to thromboembolic events.139 In a review of 
rFVIIa, DiDomenico et al140 noted that 10% of patients had what was 
believed to be thromboembolic complications after the administration 
of rFVIIa and addressed the primary concerns with the use of rFVIIa, 
that is, promoting a hypercoagulable state. Gill et al141 reported that 
patients who received rFVIIa had fewer transfusions after randomiza-
tion and fewer reoperations for bleeding; however, they also reported 
an increase in serious adverse events in patients randomized to rFVIIa 
compared with placebo; this increase was not significantly different. 
Similarly, Bowman et al142 reported benefits in controlling hemorrhage 
and reductions in blood product requirements with rFVIIa; however, 
patients who received rFVIIa had a greater prevalence of postopera-
tive renal failure, pneumonia, and an 11% incidence rate of thrombo-
sis. Review of the U.S. Food and Drug Administration Adverse Event 
Reporting System found a total of 431 adverse events related to the use 
of factor VIIa, among which 185 were thromboembolic events.143

Fibrinogen Concentrates
Human fibrinogen concentrates have been used for substitution ther-
apy in cases of hypofibrinogenemia, dysfibrinogenemia, and afibrino-
genemia. Accumulating data suggest that fibrinogen plays a critical role 
in hemostasis, especially in bleeding patients with an acquired fibrino-
gen deficiency.144 Clinical use of fibrinogen concentrates is based on 
the supposition that plasma fibrinogen concentrations may become 
critically reduced somewhat early in a bleeding patient, and that this 
may contribute to the coagulopathy associated with hemorrhage. 
Furthermore, a functional fibrinogen deficiency may develop with 
excessive hemodilution with colloid plasma expanders. Correction of 
fibrinogen deficits has included administration of FFP, cryoprecipitate, 
and plasma-derived fibrinogen concentrates.145

Riastap USA is a commercially available virally inactivated fibrin-
ogen concentrate derived from human plasma. Benefits over FFP 
and cryoprecipitate include viral inactivation and rapid reconstitu-
tion in addition to lower volume of administration. In a pilot study, 
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Figure 30-4 A response surface of the effect of a matrix of fresh fro-
zen plasma/red blood cell (RBC) replacement ratios on the prothrombin 
time (PT) critical interval. The optimal ratio (2:3) is the point at the edge 
of the surface where the highest value for red blood cells intersects with 
the lowest value for fresh frozen plasma (FFP) to maintain a critical inter-
val of zero. (From Hirshberg A, Dugas M, Banez EI, et al: Minimizing 
dilutional coagulopathy in exsanguinating hemorrhage: A computer 
simulation. J Trauma 54:454–463, 2003, by permission.)
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Figure 30-5 A response surface of the effect of a matrix of platelets/
red blood cell (RBC) replacement ratios on the platelet critical  interval. 
The optimal ratio is 8:10. (From Hirshberg A, Dugas M, Banez EI, et al: 
Minimizing dilutional coagulopathy in exsanguinating hemorrhage: 
A computer simulation. J Trauma 54:454–463, 2003, by permission.)
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 Rahe-Meyer et al146 reported a reduction in transfusion with adminis-
tration of fibrinogen concentrate, targeting a greater plasma fibrinogen 
concentration compared with conventional therapy. Fenger-Eriksen 
et al145 reported significant reductions in blood loss and RBC, FFP, 
and platelet transfusion with fibrinogen concentrate without serious 
adverse events. Others have described benefits of fibrinogen concen-
trate with outcome measures of fewer transfusions and improved clot 
firmness.147

Karlsson et al148 hypothesized that preoperative fibrinogen plasma 
concentrations within the reference range may be a limiting factor for 
hemostasis. The authors randomized CABG patients with preoperative 
plasma fibrinogen levels less than 3.8 g/L to an infusion of 2 g fibrinogen 
concentrate or placebo. End points were vessel occlusion assessed by mul-
tislice computed tomography (CT), blood loss, transfusion, and hemo-
globin levels 24 hours after surgery. One subclinical vein graft occlusion 
was reported in the fibrinogen group, with similar global measures of 
hemostasis assessed by thromboelastography. The fibrinogen group had 
lower postoperative blood loss and greater hemoglobin concentrations. 
The authors appropriately addressed the concern of creating a pro-
thrombotic state with increased incidence of graft occlusion. Interesting, 
they were not able to clarify the mechanism behind the reduced bleeding. 
Fibrinogen plasma levels were increased in the fibrinogen group imme-
diately after infusion, but there were no differences between the groups 2 
hours after surgery, and measures of hemostasis also were similar.148

Prothrombin Complex Concentrates
Prothrombin complex concentrates (PCCs) are prepared from pooled 
plasma and contain four vitamin K–dependent clotting factors II, VII, 
IX, and X. PCC can be used for rapid reversal of oral anticoagulants 
(vitamin K antagonists) in patients with life-threatening bleeding 
and less commonly for patients with congenital or acquired deficien-
cies of factor II or X. The U.S. Food and Drug Administration has 
not approved PCCs for reversal of bleeding associated with warfarin. 
Although FFP commonly has been used for emergent reversal of vita-
min K antagonists, it has a greater volume of administration, it must 
be patient matched and thawed, and has risks associated with exposure. 
PCC is virally inactivated and more efficacious in normalizing inter-
national normalized ratio in patients treated with vitamin K antago-
nists. Some have suggested PCC may have a role in the management 
of  massive bleeding; however, side effects include potential for throm-
boembolic complications.149–152

Volume Replacement: Colloids 
and Crystalloids
Maintenance of intravascular volume is a common goal for periopera-
tive management in cardiovascular surgery. Merits of specific choices 
for fluid therapy to replace ongoing fluid loss continue to be debated. 
Although there may be theoretical advantages of colloid or crystalloid 
as a choice for volume replacement, clinical trial data do not defini-
tively support one over the other in terms of mortality outcomes. Both 
have distinct advantages and disadvantages.153 In general, more impor-
tant than choice of volume replacement is appropriate volume replace-
ment to avoid tissue hypoperfusion.

Volume of distribution for a particular fluid administered will 
depend on fluid composition. Generally, saline-based crystalloids will 
result in expansion of plasma volume by approximately 200 to 250 mL 
for each 1 L administered; glucose-based solutions will expand plasma 
volume less (approximately 60 to 70 mL/1 L infused); and colloid solu-
tions will result in expansion of plasma volume generally similar to 
volume infused. Of note, within the semisynthetic colloid solutions 
there is variability in degree of plasma volume expansion, as well as a 
differential influence on hemostasis and inflammatory processes.154,155

Broadly, those favoring crystalloids for volume replacement note 
problems with hemostasis, adverse reactions, and greater risk for 
 volume overload with colloidal fluids. Those favoring colloids highlight 
larger volumes of crystalloid required to achieve  volume resuscitation, 

tissue edema, and potential for reduction in tissue oxygen delivery.156 It 
is unclear whether the type of fluid therapy for hypovolemia impacts 
development of pulmonary edema. Verheij et al157 reported that type 
of fluid given to patients with pulmonary vascular injury without fluid 
overloading did not influence pulmonary vascular permeability or pul-
monary edema.

A key characteristic of colloid solutions is their persistence within the 
intravascular space, which is determined by rate of loss from the circula-
tion.155 Albumin is monodisperse (uniformity of particle size molecular 
weight), whereas semisynthetic colloids are polydisperse (wide distri-
bution of particle molecular weight). The molecular weight of a colloid 
has pharmacokinetic implications in terms of degree of oncotic effect, 
viscosity, intravascular persistence, and initial degree of volume expan-
sion. In addition to molecular weight, other properties of colloids such 
as surface charge impact the degree of loss through capillary endothe-
lium, as well as rate of glomerular filtration.154,155,158

Albumin is derived from pooled human plasma and has mini-
mal side effects or contraindications. Results from the Saline versus 
Albumin Evaluation (SAFE) trial, which randomized 7000 critically ill 
medical and surgical patients to 4% albumin or normal saline, pro-
vided evidence on the safety of albumin in critically ill patients. The 
groups had similar mortality outcomes at 28-day follow-up, as well as 
similar secondary outcomes of length of stay, ventilatory requirements, 
and renal replacement therapy.159–161

Semisynthetic colloids are dissolved in a crystalloid carrier solvent 
consisting of either isotonic or hypertonic saline or glucose, or isotonic 
balanced electrolyte solution. Clinical data provide supportive evi-
dence in terms of patient outcomes for colloids with a balanced solvent 
solution mirroring composition of plasma.154,155 Semisynthetic colloids 
have been reported to increase the risk for bleeding largely attributed 
to hemodilution of clotting factors, reductions in factor VIII/vWF 
also caused by hemodilution, and/or functional platelet abnormali-
ties.154,155,160,162,163 A retrospective chart review concluded that intraop-
erative use of hetastarch in cardiac surgery requiring CPB increased 
bleeding and transfusion requirements.164

A laboratory investigation in a rabbit model examined the effect of 
fluid resuscitation with three colloids (Hextend, Dextran 70, 5% albu-
min) on coagulation and uncontrolled bleeding in rabbits subjected to 
a splenic injury. Although the prothrombin and partial thromboplastin 
times were prolonged in all rabbits, thromboelastography and thrombin 
generation assays identified more severe coagulopathy with Hextend 
and Dextran than with albumin. Their results suggested resuscitation 
with albumin maintained coagulation function, decreased blood loss, 
and improved survival time compared with synthetic colloids.165

Lang et al166 examined the impact of volume replacement with 6% 
hydroxyethyl starch or lactated Ringer solutions on tissue oxygen tension 
during and after major surgical procedures. Patients who received 6% 
hydroxyethyl starch had improved tissue oxygenation compared with a 
crystalloid-based volume replacement strategy. Improvements in tissue 
oxygen tension in the hydroxyethyl starch–treated group were thought to 
be due to improved microperfusion and less endothelial swelling.

Jacob et al155 examined the impact of albumin, hydroxyethyl starch, and 
saline as resuscitation fluids on vascular integrity in an isolated guinea 
pig perfused heart model. The authors hypothesized that fluid extravasa-
tion might lead to myocardial edema and consequent reduction in ven-
tricular function. Albumin more effectively prevented fluid extravasation 
in the heart than crystalloid or artificial colloid, and this effect was partly 
independent of colloid osmotic pressure. Others have noted that using 
albumin for the CPB prime better preserved platelet counts than crystal-
loid prime and more favorably influenced colloid oncotic pressure, posi-
tive fluid balance, and postoperative weight gain.167

Blood Substitutes
Risks associated with RBC transfusion in terms of morbidity, mor-
tality, survival, and availability of supply have been issues that have 
spurred development of alternatives to blood transfusion for decades. 
Ideal characteristics of a blood substitute include long shelf-life, no need 
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to cross-match, immediate availability, and lack of toxic side effects.168 
Hemoglobin-based oxygen carriers (HBOCs) are engineered human, 
animal, or recombinant hemoglobin products in a cell-free hemo-
globin preparation. There are currently no approved products in the 
United States.169,170 Perfluorocarbon-based oxygen carriers are aqueous 
emulsions of perfluorocarbon derivative that dissolve relatively large 
amounts of oxygen and generally require patients to breathe oxygen-
enriched air.169

Failure to bring a product to the clinical arena has been primarily 
because of toxicity-related issues. First-generation HBOC had issues 
with the way oxygen was carried and released from RBCs. A number 
of adverse events have been reported in clinical trials of oxygen carri-
ers that include death, stroke, hypertension, anemia, and abdominal 
pain.171 Others have reported on adverse effects that included skin rash, 
diarrhea, hemoglobinuria, elevated lipase, vasoconstrictive effects, and 
increased hemostatic effect because of reversal of inhibition effect of 
nitric oxide on platelet aggregation. Free plasma hemoglobin in addi-
tion to generating reactive oxygen species is also a potent scavenger of 
nitric oxide170 (Figure 30-6 and Table 30-3).

In a review of the current state of oxygen carriers, Winslow171 noted 
these solutions exhibit side effects of vasoconstriction, which has been 
one of the limiting factors for clinical use. Vasoconstriction is thought 
to be due to either scavenging nitric oxide by hemoglobin or an over-
supply of oxygen from free hemoglobin via facilitated diffusion. An 
understanding of the proposed mechanisms of vasoconstriction (i.e., 
the oversupply theory) led to new product development involving 
modification of hemoglobin with lower P50 and increased molecule 
size, thereby reducing release of oxygen in resistance vessels and resul-
tant vasoconstriction.172

Similarly, Yu et al173 noted profound vasoconstrictor side effects lim-
iting clinical utility of HBOC and attributed this side effect to nitric 
oxide scavenging. The authors noted that by inhaling nitric oxide, 
changes occur in body stores of nitric oxide metabolites  without 

producing hypotension and may prevent hypertensive side effects 
of HBOC infusion. Others have reported on nitric oxide scavenging 
properties of HBOC as a likely mechanism of vasoconstriction associ-
ated with infusion and proposed modifications that could potentially 
ameliorate this side effect.174,175

A basic science working group from the National Heart, Lung and 
Blood Institute Division of Blood Diseases and Resources summa-
rized and provided recommendations for basic science focus in the 
area of blood substitutes. The working group highlighted impedi-
ments to further HBOC product development secondary to significant 
side effects of excessive cardiovascular and cerebrovascular events and 
mortality.176

LOWEST HEMATOCRIT ON 
CARDIOPULMONARY BYPASS
Both anemia on CPB and transfusion of RBCs have been associated 
with adverse perioperative outcomes. Hemodilution secondary to 
fixed priming volume and pre-CPB fluid administration contribute 
to anemia and transfusion need.177,178 Minimum hematocrit values 
less than or equal to 14% on CPB have been associated with postop-
erative mortality in CABG; and in high-risk patients, values less than 
17% increase mortality risk.179 Morbidity risk associated with hemodi-
lutional anemia is thought to be due to inadequate oxygen delivery 
leading to organ dysfunction.180 Lowest hematocrit on CPB also has 
been a risk factor for postoperative low-output syndrome and renal 
failure. Ranucci et al181 reported a cutoff hematocrit value of 23% for 
renal failure and 24% for development of the low-output syndrome. 
Transfusion of RBCs also was associated with both renal failure and 
the low-output syndrome in their investigation. Risk for renal injury 
further increased when RBC transfusions were associated with a nadir 
hematocrit on CPB of less than 23%.
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Figure 30-6 Mortality and myocardial infarction associated with hemoglobin-based blood substitutes (HBBS). CI, confidence interval; 
RR, relative risk. (From Natanson C, Kern SJ, Lurie P, et al: Cell-free hemoglobin-based blood substitutes and risk of myocardial infarction and death: 
A meta-analysis. JAMA 299:2304–2312, 2008, by permission.)
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Not all clinical trials conducted by commercial sponsors have been published, and the published results are not synonymous with line listings that would be found in a comprehensive final study report. For each paper, editorial decisions were 
made about what information should be included or excluded and data presentation (numbers vs. percentages), making derivation of number of subjects experiencing an event and aggregation of information to derive a comprehensive 
list of adverse events difficult and potentially incomplete. Not all studies were controlled. Not all enzyme elevations were captured as adverse events, and in some instances, the number of subjects experiencing enzyme elevations was not 
captured. Differences in reporting methods may have resulted in counting subjects more than once in each category of events (row).

*See also http://www.fda.gov/ohrms/dockets/ac/cber06.html#BloodProducts.
†See also http://northfieldlabs.com.
‡No information available.
Ctl, control; LFT, liver function tests; MOF, multisystem organ failure; TIA, transient ischemic attack.
Reproduced from Silverman TA, Weiskopf RB: Hemoglobin-based oxygen carriers: Current status and future directions. Transfusion 49:2495–2515, 2009.

Summary of Adverse Events Reported in the Literature or Publicly Available

Apex Baxter24–26,37,65–73 Biopure71,74–81* Enzon Hemosol82–84 Northfield Laboratories19,85–87† Sangart17,18 Somatogen30,88,89

Cohort Test Ctl Test Ctl Test Ctl Test Ctl Test Ctl Test Ctl Test Ctl Test Ctl

No. of Subjects Not reported 504 505 708 618 Not reported 209 192 623 457 85 45 64 26
  1. Death ‡ ‡ 78 61 25 14 ‡ ‡ 1 4 73 39 2 0 ‡ ‡

  2. Hypertension ‡ ‡ 76 38 166 59 ‡ ‡ 113 75 ‡ ‡ 7 1 8 0
  3. Pulmonary hypertension ‡ ‡ 1 0 3 0 ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡

  4. Chest pain/chest tightness ‡ ‡ ‡ ‡ 21 16 ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ 12 0
  5. Congestive heart failure ‡ ‡ 0 1 54 22 ‡ ‡ 0 2 17 20 ‡ ‡ ‡ ‡

  6. Cardiac arrest ‡ 17 6 ‡ ‡ 1 1 14 9 ‡ ‡ ‡ ‡

  7. Myocardial infarction ‡ ‡ 6 1 14 4 ‡ ‡ 14 7 29 2 2 0 ‡ ‡

  8.  Cardiac arrhythmias/
conduction abnormalities

‡ ‡ 23 17 153 100 ‡ ‡ 1 1 ‡ ‡ 15 5 1 1

  9.  Cerebrovascular accident, 
cerebrovascular ischemia, TIA

‡ ‡ ‡ ‡ 16 3 ‡ ‡ 2 1 3 1 ‡ ‡ ‡ ‡

10. Pneumonia ‡ ‡ ‡ ‡ 35 22 ‡ ‡ ‡ ‡ 27 21 ‡ ‡ ‡ ‡

11. Respiratory distress/failure ‡ ‡ ‡ ‡ 22 12 ‡ ‡ ‡ ‡ 21 17 ‡ ‡ ‡ ‡

12. Acute renal failure ‡ ‡ 1 3 10 4 ‡ ‡ 2 2 ‡ ‡ ‡ ‡ ‡ ‡

13.  Hypoxia, cyanosis, 
decreased oxygen saturation

‡ ‡ ‡ ‡ 76 35 ‡ ‡ 1 1 ‡ ‡ ‡ ‡ 3 1

14. Hypovolemia ‡ ‡ ‡ ‡ 19 4 ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡

15. Gastrointestinal ‡ ‡ 51 31 345 195 ‡ ‡ 23 1 ‡ ‡ 57 20 36 6
16. Liver, LFTs abnormal ‡ ‡ 27 8 20 5 ‡ ‡ 8 0 ‡ ‡ ‡ ‡ 6 3
17. Pancreatitis ‡ ‡ 11 0 5 3 ‡ ‡ 1 0 ‡ ‡ ‡ ‡ ‡ ‡

18.  Coagulation defect, 
thrombocytopenia, thrombosis

‡ ‡ ‡ ‡ 45 17 ‡ ‡ 1 0 13 4 ‡ ‡ ‡ ‡

19.  Hemorrhage/bleeding/anemia ‡ ‡ 33 22 108 55 ‡ ‡ 1 1 20 17 ‡ ‡ ‡ ‡

20. Sepsis, septic shock, MOF ‡ ‡ 2 2 15 6 ‡ ‡ 0 1 26 20 ‡ ‡ ‡ ‡

21. Pancreatic enzyme inc ‡ ‡ 13 4 3 0 ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡

22. Lipase increase ‡ ‡ 29 9 48 12 ‡ ‡ 19 2 ‡ ‡ 8 4 7 1
23. Amylase increase ‡ ‡ 48 45 ‡ ‡ ‡ ‡ 35 20 ‡ ‡ 7 2 4 1

TABLE  
30-3

http://www.fda.gov/ohrms/dockets/ac/cber06.html#BloodProducts
http://northfieldlabs.com
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Swaminathan et al182 reported more perioperative renal injury with 
hemodilution, targeting CPB hematocrit levels of 22% to 24%. The 
authors highlighted renal benefits of hemodilution relating to reduc-
tions in blood viscosity and improved regional blood flow; however, 
they noted that a well-defined cutoff for hemodilution has not been 
well clarified. They were unable to find an “elbow” for a cutoff between 
hematocrit and change in creatinine values. The significant association 
between lowest CPB hematocrit and change in creatinine values was 
highly influenced by body weight in their investigation.182 Others have 
reported that hemodilution on CPB to hematocrit values less than 24% 
and associated renal injury were further exacerbated by longer CPB 
times and with RBC transfusion.180

Karkouti et al183 suggested a U-shaped relation between nadir hema-
tocrit on CPB and renal failure requiring dialysis. Moderate hemodi-
lution (hematocrit values between 21% and 25%) were associated 
with lowest risk for acute renal failure; risk increased as nadir hemat-
ocrit concentrations decreased to less than 21% or were greater than 
25%. In congenital heart surgery, Jonas et al184 reported that lower 
hematocrit strategies (21% ± 2.9%) versus higher hematocrit strat-
egies (28% ± 3.2%) were associated with higher serum lactate lev-
els 60 minutes after CPB, greater percentage of increase in total body 
water on postoperative day 1, and at age 1 year, worse scores on the 
Psychomotor Development Index. The authors concluded that a lower 
hematocrit strategy was associated with increased risk for develop-
mental impairment.

DeFoe et al185 reported a risk-adjusted increased risk for mortality, 
need for intra-aortic balloon pump, and return to CPB after initial sep-
aration with nadir hematocrit on CPB. Smaller patients and those with 
lower preoperative hematocrit values were at greater risk for develop-
ment of lower CPB values. They reported trends toward increasing risk 
for death in patients with hematocrit values less than 23%; and for 
those with hematocrit values less than 19%, mortality was almost twice 
as high as in patients with hematocrit values of 25% or more.185 Others 

have reported on the association between hemodilution to  hematocrit 
values of 24%, RBC transfusion, and increased risk for renal and 
splanchnic injury.186

Notably, not all investigations reported adverse consequences with lower 
nadir hematocrit values on CPB. von Heymann et al187 examined oxygen 
delivery, oxygen consumption, and outcomes in low-risk CABG patients 
assigned CPB hematocrit values of 20% or 25%. They reported similar 
oxygen delivery, oxygen consumption, and blood lactate levels between 
the two groups, as well as clinical outcome measures. The authors con-
cluded that CPB hematocrit values of 20% were adequate to maintain cal-
culated whole-body oxygen delivery above critical levels. Similarly, Berger 
et al randomized patients to profound hemodilution with CPB hemat-
ocrit values between 19% and 21% versus standard values of 24% to 26%. 
They reported similar changes in intestinal permeability and cytokine 
release between the two groups and concluded that CPB hematocrit values 
between 19% and 21% did not adversely impact outcomes.188

Orlov et al189 reported on the clinical utility of using oxygen extrac-
tion ratio as an adjunct to hemoglobin concentration for guiding car-
diac surgical RBC transfusion decisions. The authors suggested that a 
normal oxygen extraction ratio in patients with anemia with no evi-
dence of organ dysfunction indicated adequate tissue oxygen delivery, 
and by incorporating this into the transfusion decisions, RBC transfu-
sions could be reduced.

CONCLUSION
Proper blood and fluid management in the perioperative period are 
critical to the care of cardiac surgical patients and can significantly 
influence patient outcomes. A better understanding of the role of genet-
ics in perioperative bleeding may enable a more proactive approach 
to managing these patients before surgical intervention. Technologic 
advances in measurement of tissue oxygenation will allow for better 
evidenced-based transfusion decisions in the future.
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Coagulation and bleeding assume particular importance when sur-
gery is performed on the heart and great vessels using extracorpo-
real circulation. This chapter provides an understanding of the depth 
and breadth of hemostasis relating to cardiac procedures, beginning 
with coagulation pathophysiology. The pharmacology of heparin and 

protamine follows. This background is then applied to treatment of 
the bleeding patient. Coagulation monitoring is covered in Chapter 17, 
and fluid and blood management is further discussed in Chapter 30.

OVERVIEW OF HEMOSTASIS
Blood cannot coagulate to stop hemorrhage unless there is closure of 
large vessels. Any vascular structure larger than 50 m cannot contract 
enough to allow platelets and proteins to perform their actions. Superb, 
meticulous surgical technique is the single most important variable in 
decreasing postoperative bleeding/blood transfusion requirements. 
Those centers with not only fast surgeons but ones willing to spend a 
few extra minutes conserving blood by detailed hemostasis will exhibit 
better outcomes.

Proper hemostasis requires the participation of innumerable 
 biologic elements (Box 31-1). This section groups them into four top-
ics to  facilitate understanding: coagulation factors, platelet function, 
the endothelium, and fibrinolysis. The reader must realize this is for 
simplicity of learning, and that in biology, the activation creates many 
reactions and control mechanisms, all interacting simultaneously. 
The  interaction of the platelets, endothelial cells, and proteins to either 
activate or deactivate coagulation is a highly buffered and  controlled 
process. It is perhaps easiest to think of coagulation as a wave of biologic 
activity occurring at the site of tissue injury (Figure 31-1).1 Although 
there are subcomponents to coagulation itself, the injury/control lead-
ing to hemostasis is a four-part event: initiation, acceleration, control, 
and lysis (recanalization/fibrinolysis). The initiation phase begins with 
tissue damage, which really is begun with endothelial cell destruc-
tion or dysfunction. This initiation phase leads to binding of plate-
lets, as well as protein activations; both happen nearly simultaneously, 
and each has feedbacks into the other. Platelets adhere, creating an 
activation or acceleration phase that gathers many cells to the site of 
injury. From that adhesion a large number of events of cellular/protein 
 messaging cascade. As the activation phase ramps up into an explosive 
set of reactions, counter-reactions are spun off, leading to control pro-
teins damping the reactions. It is easiest, conceptually, to think of these 
control mechanisms as analogous to a nuclear reactor. The activation 
phase would continue to grow and overcome the whole organism unless 
control rods were inserted (e.g., thrombomodulin, proteins C and S, 
and tissue plasminogen activator [t-PA]) to stop the spread of the reac-
tion. The surrounding normal endothelium acts quite differently from 
the  disturbed (ischemic) endothelium. Eventually, the control reac-
tions overpower the acceleration reactions and lysis comes into play.  

KEY POINTS

 1. It is easiest to think of coagulation as a wave of 
biologic activity occurring at the site of tissue 
injury consisting of initiation, acceleration, 
control, and lysis.

 2. Hemostasis is part of a larger body system: 
inflammation. The protein reactions in 
coagulation have important roles in signaling 
inflammation.

 3. Thrombin is the most important coagulation 
modulator, interacting with multiple coagulation 
factors, platelets, tissue plasminogen activator, 
prostacyclin, nitric oxide, and various white 
blood cells.

 4. The serine proteases that compose the 
coagulation pathway are balanced by serine 
protease inhibitors, termed serpins. Antithrombin 
is the most important inhibitor of blood 
coagulation.

 5. Platelets are the most complex part of the 
coagulation process, and antiplatelet drugs are 
important therapeutic agents.

 6. Heparin requires antithrombin to anticoagulate 
blood and is not an ideal anticoagulant for 
cardiopulmonary bypass. Newer anticoagulants 
are actively being sought to replace heparin.

 7. Protamine can have many adverse effects. 
Ideally, a new anticoagulant will not require 
reversal with a toxic substance such as 
protamine.

 8. Antifibrinolytic drugs are often given 
during cardiac surgery; these drugs include 
-aminocaproic acid and tranexamic acid.

 9. Recombinant factor VIIa is the latest drug to be 
studied as a “rescue agent” to stop bleeding 
during cardiac surgery.

 10. Every effort should be made to avoid 
transfusion of banked blood products during 
routine cardiac surgery. In fact, bloodless 
surgery is a reality in many cases.

BOX 31-1. COMPONENTS OF HEMOSTASIS
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The diagram in Figure 31-1 shows lysis as relatively quick, but it can 
take 24 hours to days to have its full effects. A key concept is that hemo-
stasis is part of a larger body system: inflammation. Most, if not all, of 
the protein reactions of coagulation control have importance in signal-
ing inflammation leading to other healing mechanisms. Entire books 
have been written merely to examine these fascinating interactions. It 
is no wonder that cardiopulmonary bypass (CPB) has such profound 
inflammatory effects when it is considered that each of the activated 
coagulation proteins and cell lines then feeds into upregulation of 
inflammation.

During cardiac surgery, the endothelium (locally and systemically) 
is disturbed.2 The coronary arteries are made either partially or fully 
ischemic for periods with cardioplegia (perfused CPB being relatively 
rare today). Little known is that high concentrations of potassium are 
particularly insulting to endothelial cells. Ischemia/reperfusion injury 
is, therefore, the norm for every cardiac surgical case using CPB.3 
Systemic ischemia and reperfusion occur throughout every capillary 
bed because microair, thrombus, and fat emboli are by-products of 
CPB4 (see Chapters 28 to 30 and 36). It is quite possible that transfu-
sion of red blood cell (RBC) products, through blocking of the micro-
circulation, actually may contribute to ischemia/reperfusion injury. 
Transfusion has been shown to evoke endothelial cell hyper-reactivity 
mediated through cell membrane microparticles.4

The coagulation proteins and platelets are both hemodiluted and 
consumed during CPB. Platelets are activated/inhibited by various 
means. Coagulation dysfunction in cardiac surgery has been studied 
for more than 50 years. The complexity of the myriad number of dys-
functions should impress the student of this area. Unfortunately, when 
a patient is bleeding in the operating room or ICU, there is no universal 
way to quickly sort out the causative events. Furthermore, the interven-
tions are limited, yet an educated and planned approach (algorithm-
driven transfusion/coagulation intervention) does decrease transfusion 
and influences subsequent bleeding.

Protein Coagulation Activations
Coagulation Pathways
The coagulation factors participate in a series of activating and feed-
back inhibition reactions, ending with the formation of an insoluble 
clot.5 A clot is the sum total of platelet-to-platelet interactions,  leading 

to the formation of a platelet plug (initial stoppage of bleeding). 
The cross-linking of platelets to each other by way of the final insolu-
ble fibrin leads to a stable clot. Clot is not simply the activation of pro-
teins leading to more protein deposition. Clinicians have been shaped 
in their thinking about coagulation by the historic way that coagula-
tion proteins were discovered and the resulting coagulation tests. It is 
that teaching of the coagulation cascade, with resultant monitoring 
technology, that has led to some transfusion behaviors. The way coag-
ulation has been classically taught (protein cascades) is not the way 
coagulation proceeds biologically.

With few exceptions, the coagulation factors are glycoproteins (GPs) 
synthesized in the liver, which circulate as inactive molecules termed 
zymogens. Factor activation proceeds sequentially, each factor serving 
as substrate in an enzymatic reaction catalyzed by the previous  factor in 
the sequence. Hence this classically has been termed a cascade or water-
fall sequence. Cleavage of a polypeptide fragment changes an inactive 
zymogen to an active enzyme. The active form is termed a  serine pro-
tease because the active site for its protein-splitting activity is a serine 
amino acid residue. Many reactions require the presence of calcium 
ion (Ca2+) and a phospholipid surface (platelet phosphatidylserine).  
The phospholipids occur most often either on the surface of an activated 
platelet or endothelial cell and occasionally on the surface of white 
cells. So anchored, their proximity to one another permits reaction 
rates profoundly accelerated (up to 300,000-fold) from those measured 
when the enzymes remain in solution. The factors form four interre-
lated arbitrary groups (Figure 31-2): the contact activation, intrinsic, 
extrinsic, and common pathways. They were so labeled historically by 
the human need for order. In biology, they are all highly interactive, 
occur simultaneously on the surface of cells, and have feedback loops 
with cross-reactions.

Contact Activation
Factor XII, high-molecular-weight kininogen (HMWK), prekallikrein 
(PK), and factor XI form the contact or surface activation group. The in 
vivo events that activate factor XII remain unconfirmed. Clinicians do 
know that ex vivo contact with ionically charged surfaces will acti-
vate factor XII. Because factor XII autoactivates by undergoing a shape 
change in the presence of a negative charge, in vitro coagulation tests 
use glass, silica, kaolin, and other compounds with negative surface 
charge (see Chapter 17). The glycocalyx of endothelial cells has a repel-
ling charge for coagulation proteins. One potential in vivo mechanism 
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Figure 31-1 Coagulation is a sine wave of activity at the site of tissue injury. It goes through four stages: initiation, acceleration, control, and lysis/
recanalization. TPA, tissue plasminogen activator; vWF, von Willebrand factor. (Redrawn from Spiess BD: Coagulation function and monitoring. 
In Lichtor JL [ed]: Atlas of Clinical Anesthesia. Philadelphia, 1996, Current Medicine.)
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for factor XII activation is disruption of the endothelial cell layer, 
which exposes the underlying negatively charged collagen matrix. 
Activated platelets also provide negative charges on their membrane 
surfaces. HMWK anchors the other surface activation molecules, PK 
and factor XI, to damaged endothelium or activated platelets. Factor 
XIIa cleaves both factor XI, to form factor XIa, and PK, to form kal-
likrein. Figure 31-3 depicts the events of surface activation.

This system also interlinks to the complement cascade and fibrin-
olytic process as follows. Kallikrein converts HMWK to bradykinin, 
which activates the complement proteins. Kallikrein also may convert 
plasminogen to plasmin (see later). This latter function is quite weak, 
however, and of unknown significance in vivo.

It was rather tempting historically to attribute all coagulation abnor-
malities to activation of the contact system. This seemed an obvious 
explanation for the coagulopathy of CPB. The circuits are most often 
made of polyvinylchloride with a negatively charged surface. Today, it 
is known that the effects of contact activation in the entire scheme of 
CPB coagulation dysfunction are actually quite small. Of note, patients 
with completely absent factor XII do just fine and do not exhibit 
excess bleeding, nor are they particularly dry after CPB. Therefore, the 
 presence or absence of factor XII in the evolution of humankind seems 
to not be critical for survival. It also should reveal that the  surface 
 activation mechanism is not the driving force behind the bleeding/
consumptive coagulopathy of CPB.

Intrinsic System
Intrinsic activation forms factor XIa from the products of surface acti-
vation. Factor XIa splits factor IX to form factor IXa, with Ca2+ required 
for this process. Then factor IXa activates factor X with help from Ca2+, 
a phospholipid surface (platelet-phosphatidylserine), and a GP cofac-
tor, factor VIIIa. Figure 31-4 displays a stylized version of factor X 
activation. The phospholipids and GP cofactors are on the surface of 
platelets.

Extrinsic System
Activation of factor X can proceed independently of factor XII by 
 substances classically thought to be extrinsic to the vasculature. This 
is of historic interest because today it is known that the expression of 
 tissue factor is actually a highly regulated event in endothelial cells. 
Any number of endothelial cell insults can lead to the production of 
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28:230, 1990.)
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tissue factor by the endothelial cell.3–10 At rest, the endothelial cell is 
quite antithrombotic. However, with ischemia, reperfusion, sepsis, or 
cytokines (particularly interleukin-6), the endothelial cell will stimu-
late its production of intracellular nuclear factor- B and send messages 
for the production of messenger RNA for tissue factor production.6 
This can happen quickly and the resting endothelial cell can turn out 
large amounts of tissue factor. It is widely held today that the activation 
of tissue factor is what drives many of the abnormalities of coagulation 
after cardiac surgery, rather than contact activation.7,8 In some tissues, 
cells outside the vasculature contain large amounts of tissue factor. 
They are released when cells are damaged/ruptured. Thromboplastin, 
also known as tissue factor, released from tissues into the vasculature, 
acts as a cofactor for initial activation of factor X by factor VII. Factors 
VII and X then activate one another with the help of platelet phos-
pholipid and Ca2+, thus rapidly generating factor Xa. (Factor VIIa also 
 activates factor IX, thus linking the extrinsic and intrinsic paths.)

Thromboplastin straddles the extravascular cell membrane, with its 
extracellular portion available to bind factor VIIa. Cytokines (particu-
larly tumor necrosis factor-  and interleukin-6) and endotoxins can 
stimulate its expression on endothelium.9,10 It anchors factor VIIa to 
the cell surface, thus facilitating activation of factor X. The amount of 
available factor Va also seems to be quite important for the adequate 
functioning of the normal coagulation cascades.

Common Pathway
Using membrane phospholipids (phosphatidylserine) as a catalyst site, 
Ca2+ as a ligand, and factor Va as cofactor, factor Xa splits prothrom-
bin (factor II) to thrombin (factor IIa). The combination of factors Xa, 
Va, and Ca2+ is termed the prothrombinase complex. Factor Xa anchors 
to the membrane surface (of platelets) via Ca2+. Factor Va, assembling 
next to it, initiates a rearrangement of the complex, vastly accelerat-
ing binding of the substrate, prothrombin. Most likely, the factor Xa 
formed from the previous reaction is channeled along the membrane 
to this next reaction step without detaching from the membrane.

Figure 31-5 depicts the steps involved in formation of thrombin 
from its precursor, prothrombin. The by-product, fragment F1.2, serves 
as a plasma marker of prothrombin activation. An alternative scheme 
 generates a different species, meizothrombin, involved more specifically 
in activation of coagulation inhibitors.11

Thrombin cleaves the fibrinogen molecule to form soluble fibrin 
monomer and polypeptide fragments termed fibrinopeptides A and B. 
Fibrin monomers associate to form a soluble fibrin matrix. Factor 
XIII, activated by thrombin, cross-links these fibrin strands to form an 
insoluble clot. Patients with lower levels of factor XIII have been found 
to have more bleeding after cardiac surgery.11,12

Vitamin K
Those factors that require calcium (II, VII, IX, X) depend on vitamin 
K to add between 9 and 12 -carboxyl groups to glutamic acid residues 
near their amino termini. Calcium tethers the negatively charged car-
boxyl groups to the phospholipid surface (platelets), thus facilitating 
molecular interactions. Some inhibitory proteins also depend on vita-
min K (proteins C and S).

Modulators of the Coagulation Pathway
Thrombin, the most important coagulation modulator, exerts a per-
vasive influence throughout the coagulation factor pathways. It acti-
vates factors V, VIII, and XIII; cleaves fibrinogen to fibrin; stimulates 
platelet recruitment, chemotaxis of leukocytes and monocytes; releases 
t-PA, prostacyclin, and nitric oxide from endothelial cells; releases 
 interleukin-1 from macrophages; and with thrombomodulin,  activates 
protein C, a substance that then inactivates factors Va and VIIIa.12 
Note the negative feedback aspect of this last action (Figure 31-6). 
Coagulation function truly centers around the effects of thrombin. The 
platelets, tissue factor, and contact activation all are interactive and are 
activated by a rent in the surface of the endothelium or through the loss 
of endothelial coagulation control. Platelets adhere to a site of injury 
and, in turn, are activated, leading to sequestration of other platelets. 

It is the interaction of all of those factors together that eventually 
 creates a critical mass. Once enough platelets are interacting together, 
with their attached surface concomitant serine protease reactions, then 
a thrombin burst is created. Only when enough thrombin activation 
has been encountered in a critical time point is a threshold exceeded, 
and the reactions become massive and much larger than the sum of the 
whole. It is thought that the concentration and ability of platelets to 
react fully affect the ability to have a critical thrombin burst. CPB may 
affect the ability to get that full thrombin burst because of its effects 
on platelet number, platelet-to-platelet interactions, and the decreased 
amounts of protein substrates.

The many serine proteases that compose the coagulation pathways 
are balanced by serine protease inhibitors, termed serpins.13 This bio-
logic yin and yang leads to an excellent buffering capacity. It is only 
when the platelet-driven thrombin burst so overwhelms the body's 
localized anticoagulation or inhibitors that clot proceeds forward. 
Serpins include 

1
-antitrypsin, 

2
-macroglobulin, heparin cofactor 

II, 
2
-antiplasmin, antithrombin (AT; also termed antithrombin III 

[AT III]), and others.
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Figure 31-5 Activation of prothrombin by factor Xa proceeds in 
a multistep fashion. A, On the phospholipid surface, the prothrombi-
nase complex consists of prothrombin (factor II), factor Xa, and factor Va.  
B, The first activation step in which the prothrombin fragment F1.2  
is split from prothrombin to form prethrombin (II*). C, Molecular 
 rearrangement of prethrombin yields thrombin.
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AT III constitutes the most potent and widely distributed inhibitor 
of blood coagulation. It binds to the active site (serine) of thrombin, 
thus inhibiting action of thrombin. It also inhibits, to a much lesser 
extent, the activity of factors XIIa, XIa, IXa, and Xa; kallikrein; and the 
fibrinolytic molecule, plasmin. Thrombin bound to fibrin is protected 
from the action of AT, thus explaining the poor efficacy of heparin in 
treating established thrombosis. AT III is a relatively inactive zymo-
gen. To be most effective, AT must bind to a unique pentasaccharide 
sequence contained on the wall of endothelial cells in the glycosamino-
glycan surface known as heparan; the same active sequence is present 
in the drug heparin.

An important note is that activated AT III is active only against 
free thrombin (fibrin-bound thrombin cannot be seen by AT III).14 
Prothrombin circulates in the plasma but is not affected by  heparin-AT 
III complexes; it is only thrombin, and thrombin does not circulate 
freely. Most thrombin in its active form is either bound to GP binding 
sites of platelets or in fibrin matrices. When blood is put into a test 
tube and clot begins to form (such as in an activated coagulation time 
[ACT]), 96% of thrombin production is yet to come. Most thrombin 
generation is on the surface of platelets and on clot-held fibrinogen. 
Platelets, through their GP binding sites and phospholipid folds, pro-
tect activated thrombin from attack by AT III. Therefore, the biologic 
role of AT III is to create an anticoagulant surface on endothelial cells. 
It is not present biologically to sit and wait for a dose of heparin 
before CPB.

CPB dilutes AT III substantially, and the further consumption of AT 
III during CPB (thrombin generation) leads, in some patients, to pro-
foundly low levels of this important inhibitor.15 Research work adding 
AT III back to the CPB circuit has shown promise in that by doing so 
there is better preservation of serine protease proteins and platelets. 
Unfortunately, no pharmaceutical company has decided to pursue this 
line of research to the point that it would be either commonplace or 
economically feasible to add large amounts of AT III to CPB and, there-
fore, avoid consumptive coagulopathies. Congenital AT III deficiency 
can lead to in utero fetal destruction if the fetus is homozygous for the 
abnormal AT III. However, patients who are heterozygous for AT III 
abnormalities have about 40% to 60% of normal AT III activity. They 
have a particularly high risk for deep vein thrombosis. Low AT III  levels 
have been described during extracorporeal membrane oxygenation, 

and the addition of AT III to the extracorporeal membrane oxygen-
ation circuit has been effective in improving outcome and decreasing 
bleeding in some circumstances.16 It is not known how useful it would 
be in all patients on CPB because only small trials have been performed, 
but these have been encouraging.17,18 Both human AT III concentrate 
(harvested from multiple plasma donors and pasteurized) and a phar-
maceutically engineered, goat milk–produced AT III (slightly different 
structure than human AT III) are commercially available.

Heparin cofactor II also inhibits thrombin, once it is activated. 
Although large doses of heparin activate heparin cofactor II, derma-
tans on endothelial cell surfaces activate it far more effectively, suggest-
ing dermatans as alternative drugs to heparin.19 Dermatan sulfates are 
not available for use today in the United States.

Another serpin, protein C, degrades factors Va and VIIIa. Like other 
vitamin K–dependent factors, it requires Ca2+ to bind to phospholipid. 
Its cofactor, termed protein S, also exhibits vitamin K dependence. 
Genetic variants of protein C are less active and lead to increased risk 
for deep vein thrombosis and pulmonary embolism. When endothelial 
cells release thrombomodulin, thrombin then accelerates by 20,000-
fold its activation of protein C20 (see Figure 31-6). Activated protein C 
also promotes fibrinolysis through a feedback loop to the endothelial 
cells to release t-PA.21

Regulation of the extrinsic limb of the coagulation pathway occurs 
via tissue factor pathway inhibitor (TFPI), a glycosylated protein that 
associates with lipoproteins in plasma.22 TFPI is not a serpin. It impairs 
the catalytic properties of the factor VIIa-tissue factor complex on 
 factor X activation. Both vascular endothelium and platelets appear to 
produce TFPI.23,24 Heparin releases TFPI from endothelium, increas-
ing TFPI plasma concentrations by as much as sixfold, which should 
be viewed as a biologic indicator of how poor heparin is as an antico-
agulant. TFPI is not tested for in routine coagulation testing. It may be 
that some individuals with certain types of TFPI or who have very large 
amounts of circulating TFPI could be at risk for severe adverse bleed-
ing after cardiac surgery.25–30 This area is just beginning to be exam-
ined today both in terms of whether TFPI is responsible for abnormal 
bleeding and whether its genetic variants have abnormal bleeding or 
thrombosis.

von Willebrand factor (vWF), a massive molecule composed of disul-
fide-linked glycosylated peptides, associates with factor VIII in plasma, 
protecting it from proteolytic enzymes. It circulates in the plasma in its 
coiled inactive form.31 Disruption of the endothelium either allows for 
binding of vWF from the plasma or allows for expression of vWF from 
tissue and from endothelial cells. Once bound, vWF uncoils to its full 
length and exposes a hitherto cryptic domain in the molecule. This A-1 
domain has a very high affinity for platelet GPs. Initially, vWF attaches 
to the glycoprotein I  (GPI ) platelet receptor, which slows the platelet 
forward movements against the shear forces of blood flow. Shear forces 
are activators of platelets. As the platelet's forward movement along 
the endothelial brush border is slowed (because of vWF attachment), 
shear forces actually increase; thus, the binding of vWF to GP1 acts 
to provide a feedback loop for individual platelets, further activating 
them. The activation of vWF and its attachment to the platelet are not 
enough to bind the platelet to the endothelium, but it creates a mem-
brane signal that allows for early shape change and expression of other 
GPs, GPIb and GPIIb/IIIa. Then, secondary GPIb binding connects 
to other vWF nearby, binding the platelet and beginning the activa-
tion sequence. It bridges normal platelets to damaged subendothelium 
by attaching to the GPIb platelet receptor. An ensuing platelet shape 
change then releases thromboxane, -thromboglobulin, and serotonin, 
and exposes GPIIb/IIIa, which binds fibrinogen.

Deficiency States
Decreased amounts of coagulation proteins may be inherited or 
acquired. Deficiencies of each part of the coagulation pathway are 
considered in turn. Table 31-1 summarizes the coagulation factors, 
their activation sequences, and vehicles for factor replacement when 
deficient.

act Pr C

Pr S

Thrombin

Pr C

Vi

VIIIi

Thrombomodulin

Pr S

Va

VIIIa

Figure 31-6 Modulating effects of protein C on coagulation. 
Thrombomodulin from endothelial cells accelerates thrombin activation 
of protein C (Pr C). In the presence of protein S (Pr S), activated protein 
C [(act Pr C)a] inactivates factors V and VIII. Protein C and protein S are 
vitamin K dependent.
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Contact Activation
Although decreased amounts of factor XII, PK, and HMWK can occur, 
these defects do not have clinical sequelae. The autosomal dominant 
deficiency of factor XI is very rare. However, its incidence among 
Ashkenazi Jews is as high as 0.1% to 0.3%.32 Most of these patients 
require factor replacement with fresh-frozen plasma (FFP) for surgery. 
Spontaneous bleeding does not occur, but increased bleeding after a 
surgical event or trauma is possible. Factor XI concentrations do not 
directly correlate with bleeding after trauma or surgery, suggesting that 
factor XI deficiency can be easily overcome by activation of platelets, 
factor IX, and other signaling mechanisms. An FFP dose of 10 mL/kg 
will yield target concentrations of 20% activity, and it is often given for 
this rare deficiency.

Intrinsic
Hemophilia occurs worldwide, with a prevalence of 1 in 10,000. 
Hemophilia A, which constitutes about 80% to 85% of cases, originates 
from decreased activity of factor VIII. Because platelet function remains 
normal, minor cuts and abrasions do not bleed excessively. Joint and 
muscle hemorrhages ensue from minor trauma or, seemingly, sponta-
neously. Airway issues include epistaxis and obstruction from bleeding 
into the tongue. The bleeding time and prothrombin time (PT) remain 
normal, whereas the activated partial thromboplastin time (aPTT) 
is prolonged.33 Desmopressin, a synthetic analog of vasopressin, will 
increase factor VIII activity by releasing vWF from endothelial cells, 
except in patients with severe hemophilia A who have too little func-
tional factor VIII available for vWF.34 Major surgery requires replenish-
ment of factor VIII functional activity to greater than 80% of normal 
with FFP, cryoprecipitate, or factor VIII concentrate.35 Factor VIII con-
centrate is the preferred method today. After surgery, factor VIII con-
centrations should be maintained greater than 30% for 2 weeks with 
repeat doses. Current plasma-derived concentrates are solvent deter-
gent and heat-treated to remove lipid-coated viruses (human immu-
nodeficiency virus [HIV], hepatitis B, human T-lymphotropic virus 
[HTLV]. However, this was not historically the case, and in Europe dur-
ing the early parts of the HIV/acquired immune deficiency syndrome 
(AIDS) crisis, most individuals with hemophilia contracted HIV/AIDS 
from contaminated products. A recombinant product also is available 
but costs about three times that of the plasma-derived one.

Factor IX deficiency manifests as hemophilia B, constituting 15% 
to 20% of all hemophilia cases. Patients present with symptoms iden-
tical to those with hemophilia A. No study has demonstrated a salu-
tary effect of desmopressin here. Prothrombin complex (factor IX) 
concentrates will replenish levels, but consumptive coagulopathy 
remains a possible complication, stemming from the presence of acti-
vated  coagulation factors, principally factor VIIa, in the preparation.36 

Purified factor IX concentrate, a plasma-derived, solvent detergent and 
heat-treated product, currently constitutes the replacement vehicle of 
choice for patients with hemophilia B.37 Recombinant pure factor IX 
concentrate will be available, but at considerable expense (factor VIIa is 
now available as well). Consultation with an experienced hematologist 
aids in the care of patients with hemophilia undergoing surgery.

Extrinsic
Inheritance of factor VII deficiency follows an autosomal recessive 
 pattern, with a prevalence of 1 in 500,000. Although factor VII deficiency 
may mimic hemophilia in presentation, most often, clinical bleeding 
is absent and surgery is well tolerated without replacement. The PT is 
elevated, whereas the PTT is normal. When necessary, replacement of 
factor VII levels to 10% to 20% of normal with FFP suffices.

Common Pathway
Deficiency of either factor V or factor X, both extremely rare autosomal 
recessive disorders, increases both the PT and PTT. The  bleeding time 
is normal in factor X deficiency but prolonged in one third of patients 
with factor V deficiency. The bleeding time prolongation arises from 
the role of factor V in platelet function.38 Prothrombin  complex 
concentrate or FFP supplies prothrombin, factor V, and factor X. 
Numerous inherited abnormalities (polymorphisms) of prothrom-
bin and fibrinogen occur, with varying characteristics. Cryoprecipitate, 
which contains 250 mg fibrinogen and 100 units factor VIII per 10-mL 
bag, as well as vWF and factor XIII, treats inherited or acquired disor-
ders of fibrinogen. Many of these polymorphisms are associated with 
hypercoagulability and, perhaps, accelerated atherosclerosis rather 
than bleeding.

Liver Disease
Hepatic compromise decreases the circulating amounts of factors II, 
VII, and X, but the level of factor IX is often normal. Decreases in factor 
V are variable. Factor VIII levels, in contrast, can reach as much as five 
times normal in acute hepatitis. Factors XIII, XII, and XI, HMWK, and 
PK suffer mild decreases. Administration of FFP restores these factors to 
normal levels. Liver disease also leads to decreases in the production of 
AT III and protein S. Therefore, the buffering capacity of coagulation is 
thrown off. A small change in activation could, therefore, lead to a large 
and diffuse whole-body event such as consumptive coagulopathy.

Warfarin
Administration of this vitamin K antagonist affects plasma levels of 
 factors II, VII, IX, and X, as well as proteins C and S.39 Protein C has the 
 shortest half-life, followed by factors VII (6 hours), IX (24 hours), X  
(2 days), and II (3 days).36 Substantial PT prolongation and some PTT 
prolongation accompany warfarin therapy. For immediate  restoration 

Unless otherwise specified, all coagulation proteins are synthesized in the liver. Note that there is no factor VI. For von Willebrand factor, cryoprecipitate or fresh frozen plasma (FFP) 
is administered to obtain a factor VIII coagulant activity > 30%.

8C, factor VIII concentrate; 9C, purified factor IX complex concentrate; CRYO, cryoprecipitate; PCC, prothrombin complex concentrate; RES, reticuloendothelial system.

The Coagulation Pathway Proteins, Minimal Amounts Needed for Surgery, and Replacement Sources

Factor Activated By Acts On Minimal Amount Needed Replacement Source Alternate Name and Comments

XIII IIa Fibrin < 5% FFP, CRYO Fibrin-stabilizing factor; not a serine protease, but an 
enzyme

XII Endothelium XI None Not needed Hageman factor; activation enhanced by XIIa
XI XIIa IX 15–25% FFP Plasma thromboplastin antecedent
X VIIa or IXa II 10–20% FFP, 9C Stuart–Prower factor; vitamin K dependent
IX VIIa or XIa X 25–30% FFP, 9C, PCC Christmas factor; vitamin K dependent
VIII IIa X > 30% CRYO, 8C, FFP Antihemophilic factor; a cofactor; RES synthesis
VII Xa X 10–20% FFP, PCC Serum prothrombin conversion accelerator; vitamin K 

dependent
V IIa II < 25% FFP Proaccelerin; a cofactor; RES and liver synthesis
IV — — — — Calcium ion; binds II, VII, IX, X to phospholipid
III — X — — Thromboplastin/tissue factor; a cofactor
II Xa I 20–40% FFP, PCC Prothrombin; vitamin K dependent
I IIa — 1 g/L CRYO, FFP Fibrinogen; activated product is soluble fibrin
vWF — VIII See VIII CRYO, FFP von Willebrand factor; endothelial cell synthesis

TABLE  
31-1
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of clotting function, FFP is given. Otherwise, parenteral vitamin K 
or cessation of warfarin (Coumadin) suffices. Clinicians should be 
extremely careful in administering these compounds if a patient is sus-
pected of having heparin-induced thrombocytopenia (HIT). Treatment 
with commercially available factor VIIa restores PT to normal and 
appears to stop bleeding when warfarin therapy has not had time to be 
reversed. The use of factor VIIa for this intervention before surgery is 
both effective and, perhaps, worthwhile as it avoids the use of FFP. The 
time scale of factor VIIa effectiveness may not be as long as if one nor-
malized circulating levels through FFP administration. It makes sense, 
therefore, that if the PT is prolonged again approximately 8 to 12 hours 
after a dose of factor VIIa, then redosage of the drug be given.

Inherited Thrombotic Disorders
A number of genetic abnormalities lead to thrombosis. The most 
prevalent (2% to 5%) in European-derived populations is factor V 
Leiden, in which a point mutation at residue 1691 on factor V renders 
it resistant to inactivation by activated protein C.40 Venous throm-
boembolism risk increases 7-fold in heterozygotes and 80-fold in 
homozygotes, but episodes are less severe than in other thrombotic 
disorders. Pregnancy and oral contraceptives greatly exacerbate the 
thrombotic tendency.41

Congenital AT III deficiency (1:1000 patients) causes venous 
 thromboembolism and heparin resistance. This autosomal dominant 
 disorder involves three types: absence of AT (type I), dysfunctional 
AT (type II), and AT with dysfunction limited to a reduced response 
to heparin (type III). Clinical presentation begins at age 15 or later, 
with venous thrombosis occurring with surgery, pregnancy, or bed rest. 
Replacement AT III is now available for use in the United States.

Protein C or S deficiencies, if homozygous, present at birth as neona-
tal purpura fulminans. Protein C deficiency heterozygotes demonstrate 
40% to 60% protein C activity and present with venous thrombo-
sis beginning in adolescence. The role of reduced concentrations of 
 protein S in causing thrombosis has come into question.41 Together, 
deficiencies of AT, protein C, and protein S account for 10% to 15% of 
inherited thrombosis.42

Deficiency of heparin cofactor II is rare. Its role in thrombosis is 
uncertain. Other conditions that cause thrombosis are dysfibrinogen-
emia with lysis-resistant fibrinogen, plasminogen deficiency, t-PA defi-
ciency, excess plasminogen activator inhibitor 1 activity (plasminogen 
activator inhibitor 1 inhibits t-PA), and homocysteinemia.

Homocysteinemia is the mild heterozygous state of cystathione 
-synthetase deficiency, known as homocystinuria in its more serious 

homozygous form. Increased plasma concentrations of homocysteine 
induce endothelial cell tissue factor activity, stimulate factor V activa-
tion, and impair protein C activation, all of which contribute to throm-
bosis. Folic acid and vitamins B

6
 and B

12
 reduce homocysteine plasma 

concentrations.43

Platelet Function
Most clinicians think first of the coagulation proteins when consider-
ing hemostasis. Although no one element of the many that participate 
in hemostasis assumes dominance, platelets may be the most com-
plex.44 Without platelets, there is no coagulation and no hemostasis, so 
it could be argued that they are most important. Without the proteins, 
there is hemostasis, but it lasts only about 10 to 15 minutes as the plate-
let plug is inherently unstable and breaks apart under the shear stress of 
the vasculature. Platelets provide phospholipid for coagulation factor 
reactions; contain their own microskeletal system and release coagula-
tion factors; secrete active substances affecting themselves, other plate-
lets, the endothelium, and other coagulation factors; and alter shape 
(through active actin-myosin contraction) to expose membrane GPs 
essential to hemostasis. Their cell signaling is highly regulated, is pres-
ent in other cell lines (RBCs, leukocytes, and endothelial cells), and has 
been intensively studied. Platelets have perhaps as many as 30 to 50 dif-
ferent types of cell receptors, with many ways of these being activated 
and inhibited.

The initial response to vascular injury is formation of a platelet plug. 
Good hemostatic response depends on proper functioning of plate-
let adhesion, activation, and aggregation (Figure 31-7). This section 
first discusses these aspects and then follows with the effects of plate-
let  disorders and platelet-inhibiting pharmaceuticals. Clinicians talk 
about platelet dysfunction, which is largely overarching and grossly too 
general a term. The complexity that is platelet function really needs 
 careful study.

Platelet Adhesion
Capillary blood exhibits laminar flow, which maximizes the likelihood 
of interaction of platelets with the vessel wall. Red cells and white cells 
stream near the center of the vessels and marginate platelets. However, 
turbulence causes reactions in endothelium that lead to the secretion 
of vWF, adhesive molecules, and tissue factor. Shear stress is high as 
fast-moving platelets interact with the endothelium. When the vas-
cular endothelium becomes denuded or injured, the platelet has the 
opportunity to contact vWF, which is bound to the exposed collagen of 
the subendothelium. A platelet membrane component, GPIb, attaches 
to vWF, thus anchoring the platelet to the vessel wall. Independently, 
platelet membrane GPIa and GPIIa and IX may attach directly to 
exposed collagen, furthering the adhesion stage.44–46

After activation (see later), additional adhesive mechanisms come 
into play. Release of selectin GPs from -granules allows their mem-
brane expression, thus promoting platelet-leukocyte adhesion. This 
interaction ultimately may allow expression of tissue factor on mono-
cytes, thus amplifying coagulation.47

The integrin GPs form diverse types of membrane receptors from 
combinations of 20  and 8  subunits.48 One such combination is 
GPIIb/IIIa, a platelet membrane component that initially participates 
in platelet adhesion. Platelet activation causes a conformational change 
in GPIIb/IIIa, which results in its aggregator activity.
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Figure 31-7 Platelet function in hemostasis. Glycoproteins Ib and 
IX and von Willebrand factor (VWF) mediate adhesion to the vessel 
wall. Glycoproteins IIb and IIIa and integrin molecules (FG [fibrinogen], 
TSP [thrombospondin]) mediate platelet aggregation. ADP, adenos-
ine diphosphate. (From George J, Shattil SJ: The clinical importance 
of acquired abnormalities of platelet function. N Engl J Med 324:27, 
1991.)
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Platelet adhesion begins rapidly—within 1 minute of endothelial 
injury—and completely covers exposed subendothelium within 20 
minutes.45 It begins with decreased platelet velocity when GPIb/IX 
and vWF mediate adhesion, followed by platelet activation, GPIIb/IIIa 
conformational change, then vWF binding and platelet arrest on the 
endothelium at these vWF ligand sites.44,46

Adhesion requires margination of platelets; high hematocrits con-
centrate RBCs in the central regions of a vessel, promoting marginal 
placement of platelets. Dilute hematocrit (e.g., post-CPB) impairs this 
effect, thus adversely affecting platelet adhesion. Low hematocrit also 
may affect platelet prostaglandin levels as RBCs are required for pre-
processing of arachidonic acid before platelets make thromboxane. 
Because of rheology, RBC transfusions have been thought by some 
to improve hemostasis. However, transfusion should not be used pri-
marily to achieve this goal because RBC concentrates carry a high 
concentration of cytokines and platelet-activating factor, which may 
contribute to platelet dysfunction or consumptive coagulopathy. Some 
of the most recent data-based studies looking at only several units of 
blood transfusion have noted that when transfusion is used, the post-
operative chest tube output is greater. That observation is, however, 
fundamentally different from one in which if a patient is bleeding and 
has a particularly low hematocrit, the use of RBCs may well increase 
margination of platelets.

Platelet Activation and Aggregation
Platelet activation results after contact with collagen, when adenosine 
diphosphate (ADP), thrombin, or thromboxane A

2
 binds to membrane 

receptors, or from certain platelet-to-platelet interactions. Platelets then 
release the contents of their dense ( ) granules and  granules. Dense 
granules contain serotonin, ADP, and Ca2+;  granules contain plate-
let factor V (previously termed platelet factor 1), -thromboglobulin, 
platelet factor 4 (PF4), P-selectin, and various integrin proteins (vWF, 
fibrinogen, vitronectin, and fibronectin). Simultaneously, platelets use 
their microskeletal system to change shape from a disk to a sphere, 
which changes platelet membrane GPIIb/IIIa exposure. Released ADP 
recruits additional platelets to the site of injury and stimulates plate-
let G protein, which, in turn, activates membrane phospholipase. This 
results in the formation of arachidonate, which platelet cyclooxygenase 
converts to thromboxane A

2
. Other platelet agonists besides ADP and 

collagen include serotonin, a weak agonist, and thrombin and throm-
boxane A

2
, both potent agonists. Thrombin is by far the most potent 

platelet agonist, and it can overcome all other platelet antagonists, as 
well as inhibitors. In total, more than 70 agonists can produce platelet 
activation and aggregation.

Agonists induce a graded platelet shape change (the amount based 
on the relative amount of stimulation), increase platelet intracellular 
Ca2+ concentration, and stimulate platelet G protein. In addition, sero-
tonin and thromboxane A

2
 are potent vasoconstrictors (particularly 

in the pulmonary vasculature).49 The presence of sufficient agonist 
material results in platelet aggregation. Aggregation occurs when the 
integrin proteins (mostly fibrinogen) released from  granules form 
molecular bridges between the GPIIb/IIIa receptors of adjacent plate-
lets (the final common platelet pathway).

Platelet Disorders
Dysfunctional vWF produces von Willebrand disease (vWD), an auto-
somal dominant disorder of variable expressivity.34 With an  incidence 
of 1.4 to 5 cases per 1000 population, vWD is the most common 
 inherited coagulopathy. Patients present with mucocutaneous hem-
orrhages rather than hemarthroses. Common symptoms include 
epistaxis, ecchymoses, and excessive bleeding after trauma, with sur-
gery, or during menses. Because vWF concentrations vary greatly with 
time, symptoms have variable expressivity. Desmopressin reverses 
the prolonged bleeding time in patients with mild vWD.50 As with 
hemophilia A, severe cases of vWD do not benefit from desmopressin 
therapy. In one rare class of vWD (type IIB, 3% to 5% of vWD), des-
mopressin aggregates platelets, inducing thrombocytopenia and wors-
ening rather than helping hemostasis. Table 31-2 summarizes features 
of the more common types of vWD. When blood products are needed, 
cryoprecipitate constitutes the replacement vehicle of choice in vWD, 
although recent factor VIII concentrates retain vWF activity and have 
been used  successfully during cardiac surgery.51

The addition of agonist (ADP or collagen) to platelets allows mea-
surement of platelet aggregation in vitro. In Glanzmann thrombas-
thenia, the GPIIb/IIIa receptor is absent, preventing aggregation. 
However, ristocetin, a cationic antibiotic similar to vancomycin, can 
agglutinate platelets directly via GPIb receptors and vWF. Absence 
of the GPIb receptor, Bernard–Soulier syndrome, prevents adhesion 
and agglutination with ristocetin, but aggregation to ADP is nor-
mal, because the GPIIb/IIIa receptor is intact. Patients with vWD also 
exhibit impaired platelet adhesion and normal aggregation. Decreased 
amounts of vWF antigen distinguish it from the Bernard–Soulier syn-
drome. In platelet storage pool deficiency, impairment of dense gran-
ule secretion yields no ADP on adhesion. In vitro addition of collagen 
will not aggregate platelets because of absence of ADP release, whereas 
added ADP will initiate some aggregation. Table 31-3 summarizes 
these diagnostic findings. Uremia impairs the secretory and aggre-
gating functions of platelets, resulting in an increased bleeding time. 

R:Co, ristocetin cofactor activity measurement; vWF:Ag, von Willebrand factor antigen measurement.
Data from Montgomery RR, Colier BS: von Willebrand disease. In Colman RW, Hirsh J, Marder VJ, Salzman EW (eds): Hemostasis and Thrombosis, 3rd ed. Philadelphia, 1994, JB Lippincott, 

pp 134–168.

Major Types of von Willebrand Disease

Classification Prevalence Rate vWf:Ag R:Co Molecular Pathology

I (Classic) 70–80% Decreased Decreased Normal multimers; decreased quantity
IIA 10–12% Decreased Decreased Intermediate and large multimers decreased
IIB 3–5% Decreased Near normal Abnormal, large multimers that bind platelets
III 1–3% None None No vWF present
Platelet-type 0–1% Decreased Decreased Normal vWF; platelet glycoprotein Ib receptors bind large multimers

TABLE  
31-2

GP, glycoprotein receptor; vWF, von Willebrand factor; vWF:Ag, von Willebrand factor antigen.

Diagnosis of Some Inherited Platelet Disorders

Disorder Deficiency Platelet Adhesion Platelet Aggregation Ristocetin Agglutination vWF:Ag Level

Glanzmann thrombasthenia GPIIb/IIIa Normal Absent Occurs Normal
Bernard–Soulier syndrome GPIb Absent Normal Absent Normal
Storage pool deficiency Dense granule secretion Normal Impaired Occurs Normal
von Willebrand disease vWF Absent Normal Absent or decreased Low

TABLE  
31-3
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However, the most common effect of renal dysfunction is hypercoag-
ulability. It is only with severe uremia that the platelets are poisoned. 
It is, therefore, a common misconception in the operating room that 
a patient with mild-to-moderate renal failure will be at increased risk 
for bleeding. The utilization of thromboelastography (TEG) can help 
in deciding whether the extent of renal failure is causing hypocoa-
gulability. The cause and clinical significance remain poorly defined 
(see Chapter 17).

Prostaglandins and Aspirin
Endothelial cell cyclooxygenase synthesizes prostacyclin, which inhibits 
aggregation and dilates vessels. Platelet cyclooxygenase forms throm-
boxane A

2
, a potent aggregating agent and vasoconstrictor. Aspirin 

irreversibly acetylates cyclooxygenase, rendering it inactive. Low doses 
of aspirin, 80 to 100 mg, easily overcome the finite amount of cycloox-
ygenase available in the nucleus-free platelets. However, endothelial 
cells can synthesize new cyclooxygenase. Thus, with low doses of aspi-
rin, prostacyclin synthesis continues whereas thromboxane synthesis 
ceases, decreasing platelet activation and aggregation. High doses of 
aspirin inhibit the enzyme at both cyclooxygenase sites.49

Reversible platelet aggregation is blocked by aspirin, as the platelet 
cyclooxygenase is inhibited. However, the more powerful agonists that 
yield the calcium release response can still aggregate and activate platelets, 
because cyclooxygenase is not required for those pathways (Figure 31-8).

In many centers, a majority of the patients presenting for coronary 
artery bypass grafting (CABG) will have received aspirin within 7 days 
of surgery in hopes of preventing coronary thrombosis.52 Aspirin is a 
drug for which an increased risk for bleeding often has been demon-
strated.53 Although most early research studies stated that aspirin leads 
to increased bleeding, since the mid-1990s, that early impression has 

not been confirmed. Today, it probably is more likely that, in some 
patients, a mild-to-moderate increased risk for bleeding is possible.

Unfortunately, most of the early studies of aspirin were not blinded, 
and it may be that the pervading belief that aspirin caused increased 
bleeding was actually self-fulfilling. Since the early 1990s, there have 
been a number of therapeutic changes including use of lower doses and 
greater use of antifibrinolytics. These changes alone may have decreased 
the overall risk for bleeding from aspirin. Follow-up prospective stud-
ies have, thus, yielded varied results. In the largest cohort of 772 men, 
aspirin increased bleeding after CABG by 33%,54 and a group of 101 
aspirin-taking patients bled 25% to 56% more than a control group.55 
In another study, the need to explore the mediastinum for excessive 
bleeding nearly doubled (factor of 1.82) in patients taking aspirin.56 
However, many other studies have not shown increased bleeding with 
aspirin.57–62 Although a single aspirin can irreversibly inhibit platelet 
cyclooxygenase for the life of the platelet, aspirin-related bleeding after 
surgery usually requires more extensive exposure to the drug.

Drug-Induced Platelet Abnormalities
Many other agents inhibit platelet function. -Lactam antibiotics coat 
the platelet membrane, whereas the cephalosporins are rather pro-
found but short-term platelet inhibitors.63 Many cardiac surgeons may 
not realize that their standard drug regimen for antibiotics may be far 
more of a bleeding risk than aspirin. Hundreds of drugs can inhibit 
platelet function. Calcium channel blockers, nitrates, and -blockers 
are ones commonly used in cardiac surgery. Nitrates are effective anti-
platelet agents, and that may be part of why they are of such benefit 
in angina, not just for their vasorelaxing effect on large blood ves-
sels. Nonsteroidal anti-inflammatory drugs reversibly inhibit both 
endothelial cell and platelet cyclooxygenase. In addition, anecdotal 
reports of platelet inhibition, without clear confirmatory studies, exist 
for many pharmaceuticals including dextran, and for innumerable 
foods (e.g., onion, garlic, alcohol) and spices (e.g., ginger, tumeric, 
cloves).24

Rofecoxib (Vioxx), a cyclooxygenase 2 (COX-2) inhibitor, was with-
drawn from the U.S. market because of its cardiovascular risk profile 
(a small increase in associated acute myocardial infarctions).64 This 
COX-2 inhibitor has the highest selectivity for COX-2 versus COX-1 
and thus leads to an imbalance between thromboxane A

2
 and prostacy-

clin production. The other COX-2 inhibitors are currently also under-
going cardiovascular investigation.

In addition to the partial inhibitory effects of aspirin and the other 
drugs mentioned earlier, new therapies that inhibit platelet function 
in a more specific manner have been developed. These drugs include 
platelet adhesion inhibitor agents, platelet-ADP-receptor antagonists, 
and GPIIb/IIIa receptor inhibitors (Table 31-4).65

Adhesion Inhibitors
Dipyridamole (Persantine) and cilostazol (Pletal) alter platelet adhesion 
by various mechanisms including cyclic adenosine monophosphate, 
phosphodiesterase III, and thromboxane A

2
 inhibition. Dipyridamole 

has been used with warfarin in some patients with artificial valves and 
with aspirin in patients with peripheral vascular disease.

Adenosine Diphosphate (ADP) Receptor Antagonists
Clopidogrel (Plavix), prasugrel (Effient), and ticlopidine (Ticlid) are 
thienopyridine derivatives that inhibit the ADP receptor pathway to 
platelet activation. They have a slow onset of action because they must 
be converted to active drugs, and their potent effects last the lifetime 
of the platelets affected (5 to 10 days). Clopidogrel and prasugrel are 
the preferred drugs. They are administered orally once daily to inhibit 
platelet function and are quite effective in decreasing myocardial infarc-
tions after percutaneous coronary interventions (see Chapter 3). The 
combination of aspirin and clopidogrel has led to increased bleeding 
but is sometimes used in an effort to keep vessels and stents open. The 
TEG and now the RoTEM (a modified TEG) with ADP or other addi-
tives can be used to determine the degree of inhibition caused by these 
drugs (see Chapter 17). Other new tests are coming onto the market to 
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Figure 31-8 Pathways for reversible (left column) and irreversible (right 
column) platelet aggregation. Note the different agents that activate 
distinct receptors. Aspirin inhibits reversible platelet aggregation via 
the phospholipase A2 pathway by affecting the arachidonic acid enzyme 
cyclooxygenase, but it does not prevent more powerful agonists from 
aggregating platelets by directly stimulating phospholipase C pathway 
receptors. (Adapted from Kroll MH, Schafer A: Biochemical mechanisms 
of platelet activation. Blood 74:1181, 1989.)
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allow testing for relative platelet inhibition caused by thienopyridines. 
Some of these are modifications of platelet flow cytometry or auto-
mated platelet aggregometers. Verify Now (Accumetrics, San Diego, 
CA) and the PFA-100 (Siemens USA, Deerfield, IL) have been used in 
dosing clopidogrel for cardiology procedures. These new platelet func-
tion tests are now finding their way into hospitals, and some are start-
ing to use them before or after surgery.66–72 In the past, aprotinin was 
able to partially reverse the effects of these drug; however, it is currently 
not available. Today, treatment for bleeding caused by platelet dysfunc-
tion after cardiac surgery involves using factor VIIa, as well as repeated 
platelet transfusions. Although one report notes that in addition to fac-
tor VIIa, the investigators found it useful to infuse fibrinogen (available 
in Europe as a  purified product) and factor XIII.73

Glycoprotein IIb/IIIa Receptor Inhibitors
GPIIb/IIIa receptor inhibitors are the most potent (> 90% platelet inhi-
bition) and important platelet inhibitors because they act at the final 
common pathway of platelet aggregation with fibrinogen, no matter 
which agonist began the process. All of the drugs mentioned earlier 
work at earlier phases of activation of platelet function. These drugs are 
all administered by intravenous infusion, and they do not work orally. 
The GPIIb/IIIa inhibitors often are used in patients  taking  aspirin 
because they do not block thromboxane A

2
 production. The dose of 

heparin usually is reduced when used with these drugs (i.e., percuta-
neous coronary intervention to avoid bleeding at the vascular punc-
ture sites). Platelet activity can be monitored to determine the extent 
of blockade. Excessive bleeding requires allowing the short- acting 
drugs to wear off, while possibly administering platelets to patients 
 receiving the long-acting drug abciximab (see Table 31-4). Most stud-
ies have found increased bleeding in patients receiving these drugs who 
required emergency CABG.

New ultra-short-acting agents of the above two classes are under-
going testing. These drugs could prove to be of great utility to cardiac 
anesthesiologists. If they were able to block surface membrane activa-
tion of the platelet during CPB (“platelet anesthesia”), then a number 
of deleterious secondary events might be reduced in severity.

Vascular Endothelium
The cells that form the intima of vessels provide an excellent nonthrom-
bogenic surface. Characteristics of this surface, which may account for 
its nonthrombogenicity, include negative charge; incorporation of hepa-
ran sulfate in the grid substance; the release of prostacyclin, nitric oxide, 
adenosine, and protease inhibitors by endothelial cells; binding and 
clearance of activated coagulation factors both directly, as occurs with 
thrombin, and indirectly, as evidenced by the action of thrombomodu-
lin to inactivate factors Va and VIIIa via protein C; and stimulation of 
fibrinolysis.

Nitric oxide vasodilates blood vessels and inhibits platelets. Its 
mechanism involves activation of guanylate cyclase with even-
tual uptake of calcium into intracellular storage sites. Prostacyclin 
(prostaglandin I

2
) possesses powerful vasodilator and antiplatelet 

properties. Endothelium-derived prostacyclin opposes the vasocon-
strictor effects of platelet-produced thromboxane A

2
. Prostacyclin 

also inhibits platelet aggregation, disaggregates clumped platelets, 
and at high concentrations, inhibits platelet adhesion. Prostacyclin 
increases intracellular concentrations of cyclic adenosine mono-
phosphate, which inhibits aggregation. Thromboxane acts in an 
opposite manner. The mechanism of prostacyclin action is stimu-
lation of adenylyl cyclase, leading to reduced intracellular calcium 
concentrations. Some vascular beds (e.g., lung) and atherosclerotic 
vessels secrete thromboxane, endothelins, and angiotensin, all vaso-
constrictors, as well as prostacyclin. Activation of platelets releases 
endoperoxides and arachidonate. These substances, used by nearby 
damaged endothelial cells, provide substrate for  prostacyclin 
production.5

The endothelial cell also participates in coagulation factor activation. 
Playing a role similar to that of platelet phospholipid, the endothelial 
surface facilitates activation of factor IX. Thrombospondin, a substance 
formed in endothelial cells and platelets, helps complete platelet aggre-
gation and binds plasminogen. The latter effect decreases the amount 
of locally available plasmin, thus inhibiting fibrin breakdown.

Fibrinolysis
Fibrin breakdown, a normal hematologic activity, is localized to the 
vicinity of a clot. It remodels formed clot and removes thrombus when 
endothelium heals. Like clot formation, clot breakdown may occur by 
intrinsic and extrinsic pathways. As with clot formation, the extrinsic 
pathway plays the dominant role in clot breakdown. Each pathway 
 activates plasminogen, a serine protease synthesized by the liver, which 
circulates in zymogen form. Cleavage of plasminogen by the proper 
serine protease forms plasmin. Plasmin splits fibrinogen or fibrin at 
specific sites. Plasmin is the principal enzyme of fibrinolysis, just as 
thrombin is principal to clot formation. Plasma normally contains 
no circulating plasmin because a scavenging protein, 

2
-antiplasmin, 

quickly consumes any plasmin formed from localized fibrinolysis. 
Thus, localized fibrinolysis, not systemic fibrinogenolysis, accompa-
nies normal hemostasis.

Extrinsic Fibrinolysis
Endothelial cells synthesize and release t-PA. Both t-PA and a related 
substance, urokinase plasminogen activator, are serine proteases that 
split plasminogen to form plasmin. The activity of t-PA magnifies on 
binding to fibrin. In this manner, also, plasmin formation remains 

ACS, acute coronary syndrome; AMI, acute myocardial infarction; CAD, coronary artery disease; COX, cyclooxygenase; CVA, cerebrovascular disease; IV, intravenous; NSAID, nonsteroidal 
anti-inflammatory drug; PCI, percutaneous coronary intervention; PVD, peripheral vascular disease; VHD, valvular heart disease.

Antiplatelet Therapy

Drug Type Composition Mechanism Indications Route Half-life Metabolism

Aspirin Acetylsalicylic acid Irreversible COX 
inhibition

CAD, AMI, PVD, PCI, ACS Oral 10 days Liver, kidney

NSAIDs Multiple Reversible COX 
inhibition

Pain Oral 2 days Liver, kidney

Adhesion inhibitors 
(e.g., dipyridamole)

Multiple Block adhesion to  
vessels

VHD, PVD Oral 12 hours Liver

ADP receptor antagonists 
(e.g., clopidogrel)

Thienopyridines Irreversible inhibition 
of ADP binding

AMI, CVA, PVD, ACS, PCI Oral 5 days Liver

GPIIb/IIIa receptor inhibitors
 Abciximab (ReoPro) Monoclonal  

antibody
Nonspecific—binds to 

other receptors
PCI, ACS IV 12–18 hours Plasma 

proteinase
 Eptifibatide (Integrilin) Peptide Reversible—specific to 

GPIIb/IIIa
PCI, ACS IV 2–4 hours Kidney

 Tirofiban (Aggrastat) Nonpeptide-tyrosine 
derivative

Reversible—specific to 
GPIIb/IIIa

PCI, ACS IV 2–4 hours Kidney

TABLE  
31-4
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localized to sites of clot formation. Epinephrine, bradykinin, thrombin, 
and factor Xa cause endothelium to release t-PA, as do venous occlu-
sion and CPB.74 Fibrinolysis during and after CPB is discussed later.

Intrinsic Fibrinolysis
Factor XIIa, formed during the contact phase of coagulation, cleaves 
plasminogen to plasmin. The plasmin so formed then facilitates addi-
tional cleavage of plasminogen by factor XIIa, forming a positive 
feedback loop. Kallikrein also can activate plasminogen; the physio-
logic importance of this pathway for fibrin breakdown has not been 
established.

Exogenous Activators
Streptokinase (made by bacteria) and urokinase (found in human 
urine) both cleave plasminogen to plasmin, but do so with low fibrin 
affinity. Thus, systemic plasminemia and fibrinogenolysis, as well as 
fibrinolysis, ensue. Acetylated streptokinase plasminogen activator 
complex provides an active site, which is not available until deacetyla-
tion occurs in blood. Its systemic lytic activity lies intermediate to those 
of t-PA and streptokinase. Recombinant t-PA (Alteplase) is a second-
generation agent that is made by recombinant DNA technology and is 
relatively fibrin specific.

Clinical Applications
Figure 31-9 illustrates the fibrinolytic pathway, with activators and 
inhibitors. Streptokinase, acetylated streptokinase plasminogen activa-
tor complex, and t-PA find application in the lysis of thrombi associ-
ated with myocardial infarction. These intravenous agents “dissolve” 
clots that form on atheromatous plaque. Clinically significant bleeding 
may result from administration of any of these exogenous activators or 
streptokinase.75

Fibrinolysis also accompanies CPB. This undesirable breakdown of 
clot after surgery may contribute to postoperative hemorrhage and 
the need to administer allogeneic blood products. Regardless of how 
they are formed, the breakdown products of fibrin intercalate into 
sheets of normally forming fibrin monomers, thus preventing cross-
linking. In this way, extensive fibrinolysis exerts an antihemostatic 
action. Factor XIII is an underappreciated coagulation protein. It cir-
culates and, when activated, cross-links fibrin strands and protects 
fibrin from the lytic actions of plasmin. It has been known for some 
time that low levels of factor XIII are associated with increased hem-
orrhage after CPB. Factor XIII levels are reduced by hemodilution, 
but it also appears that there is active destruction in some patients 
with CPB. Several new studies have begun testing adding factor XIII 
to patients and assessing bleeding.76–78 The problem, however, is that 
currently there is no good way to assess factor XIII levels. Clearly, 
 factor XIII will be quite expensive, and using it for most patients may 
well be ill advised.

HEPARIN
In 1916, in the course of experiments to determine whether the phos-
pholipid component of cephalin caused clotting, a second-year medi-
cal student, Jay McLean, instead discovered a substance derived from 
liver that prolonged coagulation.79 His mentor, William Howell, named 
this substance heparin. Heparin has been used almost exclusively as the 
anticoagulant for CPB for more than 50 years.

Pharmacology
Chemical Structure
In the 1920s, Howell's group isolated heparin and identified it as a 
 carbohydrate containing glucuronic acid residues. In the 1930s, Jorpes 
demonstrated a hexosamine component to heparin (glucosamine, in 
particular) that is present in a ratio of 1:1 with glucuronic acid. Of 
greater importance, he discovered that heparin contains many sulfate 
groups—two per uronic acid residue—making it one of the strongest 
acids found in living things. In the 1950s, Jorpes' group identified the 
sulfate groups at the N-position on glucosamine, where solely acetyl 
groups previously were thought to reside. In the 1960s, they  corrected 
identification of the uronic acid as L-iduronic acid, an epimer of 
D-glucuronic acid, and refined its structural detail.80

The N-sulfated-D-glucosamine and L-iduronic acid residues of 
heparin alternate in copolymer fashion to form chains of varying 
length (Figure 31-10). As a linear anionic polyelectrolyte, the negative 
charges being supplied by sulfate groups, heparin demonstrates a wide 
spectrum of activity with enzymes, hormones, biogenic amines, and 
plasma proteins. A pentasaccharide segment binds to AT.81 Heparin is 
a  heterogenous compound; the carbohydrates vary in both length and 
side-chain composition, yielding a range of molecular weights from 
5000 to 30,000, with most chains between 12,000 and 19,000.82 Today, 
the standard heparin is called unfractionated heparin (UFH).

Heparin versus Heparan
Heparan, a glycosaminoglycan found in the connective tissue and the 
coating of the endothelial surfaces of nearly all species, can be distin-
guished from heparin by the following characteristics: (1) a predomi-
nance of glucuronic acid over iduronic acid; and (2) N-acetylation, rather 
than N-sulfation, of more than 20% of glucosamine residues. Bound to 
cellular proteins, heparan resides inside cells, on cell surfaces, and in the 
extracellular matrix.80–84

Source and Biologic Role
Heparin is found mostly in the lungs, intestines, and liver of mammals, 
with skin, lymph nodes, and thymus providing less plentiful sources.84 
Abundance of heparin in tissues rich in mast cells suggests these as the 
source of the compound. Its presence in tissues with environmental 
contact suggests a biologic role relating to immune function. Heparin 
may assist white blood cell movements in the interstitium after an 
immunologic response has been triggered. Mollusks have no coagu-
lation system yet possess heparin, arguing against a biologic role in 
hemostasis. It is clear that heparin, per se, was never intended biologi-
cally to be circulating in large dosages throughout the vascular tree.

Most commercial preparations of heparin now use pig intestine, 
40,000 pounds of which yield 5 kg heparin.80 Prevention of postop-
erative thrombosis constituted the initial clinical use of heparin in 
1935 by Best, Jaques, and colleagues in Toronto, and by Crafoord in 
Stockholm.80

Potency
Heparin potency is determined by comparing the test specimen against 
a known standard's ability to prolong coagulation.85 Current United 
States Pharmacopeia (USP) and British Pharmacopoeia (BP) assays use 
a PT-like method on pooled sheep's plasma obtained from slaughter-
houses. The plasma commonly is contaminated with tissue extracts or 
other hemostatically active substances. The European Pharmacopoeia's 
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Figure 31-9 The fibrinolytic pathway. Antifibrinolytic drugs inhibit 
fibrinolysis by binding to both plasminogen and plasmin. Intrinsic blood 
activators (factor XIIa), extrinsic tissue activators (tissue plasminogen 
activator, urokinase plasminogen activator), and exogenous activators 
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method, an aPTT on fresh sheep's plasma, is superior to that of the 
USP.86 Modern research assays use human FFP, an aPTT-like method, 
and require linear log versus log plots of standard and test samples.85

UFH dose should not be specified by weight (milligrams) because of 
the diversity of anticoagulant activity expected from so heterogenous a 
compound. Unfortunately, because of the flawed USP assay, even units 
of activity often do not reflect clinical effects. As originally defined, 
1 unit heparin prolongs the clotting of cat's blood for only 24 hours at 
0°C.87 Milligram usage, introduced in 1937 as a Swedish standard, was 
superseded by the first international standard, in which 130 units of 
activity corresponded to 1 mg. The fourth international standard uses 
a porcine mucosal preparation.85

One USP unit of heparin activity is the quantity that prevents 1.0 mL 
of citrated sheep's plasma from clotting for 1 hour after addition of cal-
cium.88 Units cannot be cross-compared among heparins of different 
sources, such as mucosal versus lung, or low-molecular-weight heparin 
(LMWH) versus UFH, or even lot to lot, because the assay used may 
or may not reflect actual differences in biologic activity. None of these 
measures has anything to do with the effect of a unit on anticoagula-
tion effect for human cardiac surgery.

Pharmacokinetics and Pharmacodynamics
The heterogeneity of UFH molecules produces variability in the rela-
tion of dose administered to plasma level of drug. In addition, the 
relation of plasma level to biologic effect varies with the test system. 
A three-compartment model describes heparin kinetics in healthy 
humans: rapid initial disappearance, saturable clearance observed 
in the lower dose range, and exponential first-order decay at greater 
doses89,90 (Figure 31-11). The rapid initial disappearance may arise 
from endothelial cell uptake.91,92 The reticuloendothelial system, with 
its endoglycosidases and endosulfatases, and uptake into monocytes, 
may represent the saturable phase of heparin kinetics. Finally, renal 
clearance via active tubular secretion of heparin, much of it desulfated, 
explains heparin's exponential clearance.

Male sex and cigarette smoking are associated with more rapid hep-
arin clearance.93 The resistance of patients with deep vein thrombo-
sis or pulmonary embolism to heparin therapy may be caused by the 
release from thrombi of PF4, a known heparin antagonist.94,95 Chronic 
renal failure prolongs elimination of high, but not low, heparin doses.93 
Chronic liver disease does not change elimination.96

Loading doses for CPB (200 to 400 U/kg) are substantially greater 
than those used to treat venous thrombosis (70 to 150 U/kg). Plasma 
heparin levels, determined fluorometrically, vary widely (2 to 4 units/
mL) after doses of heparin administered to patients about to undergo 
CPB.97 The ACT response to these doses of heparin displays even greater 
dispersion. Gravlee et al98 identified thrombocytosis and advanced age 

as causing a decreased ACT response to administered heparin. This 
effect may arise from alterations in pharmacokinetics, pharmacody-
namics, or both. Interpatient variability in heparin response (phar-
macodynamics) does affect the clotting time99,100; however, the clinical 
response to heparin administered to various patients is more consistent 
than suggested by in vitro measurements.

Although not substantiated formally, most clinicians would agree 
that hypothermia prolongs the effect of heparin. Precise docu-
mentation remains impeded by inability to warm the patient's 
blood immediately to 37° C for standardized measurement of its ACT. 
Delayed metabolism or excretion, or both, most likely account for 
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Figure 31-11 Decay of heparin anticoagulant activity (U/mL on a 
 logarithmic scale) after injections of 75, 150, and 250 U/kg to a single 
healthy volunteer. Note the rapid initial decline in all curves and non-
linearity at greater doses. (From deSwart CAM, Nijmeyer B, Roelofs 
JMM, Sixma JJ: Kinetics of intravenously administered heparin in nor-
mal humans. Blood 60:1251, 1982.)
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the  prolongation of  heparin presence during systemic hypothermia, 
whereas prolongation of the ACT more likely relates to decreased activ-
ity of coagulation enzymatic processes (see later).

Actions and Interactions
Heparin exerts its anticoagulant activity via AT III, one of the many 
 circulating serine protein inhibitors (serpins), which counter the 
effects of circulating proteases.101 The major inhibitor of thrombin and 
factors IXa and Xa is AT III; that of the contact activation factors XIIa 
and XIa is 

1
-proteinase inhibitor; kallikrein inhibition arises mostly 

from C1 inhibitor. AT activity is greatly decreased at a site of vascu-
lar damage, underscoring its primary role as a scavenger for clotting 
enzymes that escape into the general circulation.

AT inhibits serine proteases even without heparin. The extent to 
which heparin accelerates AT inhibition depends on the substrate 
enzyme; UFH accelerates the formation of the thrombin-AT complex 
by 2000-fold, but accelerates formation of the factor Xa-AT complex 
by only 1200-fold102 (Table 31-5). In contrast, LMWH fragments pref-
erentially inhibit factor Xa. Enzyme inhibition proceeds by formation 
of a ternary complex consisting of heparin, AT, and the proteinase to 
be inhibited (e.g., thrombin, factor Xa). For UFH, inhibition of throm-
bin occurs only on simultaneous binding to both AT and thrombin. 
This condition requires a heparin fragment of at least 18 residues.101,103 
A pentasaccharide sequence binds to AT (see Figure 31-10). LMWHs, 
consisting of chains 8 to 16 units long, preferentially inhibit factor Xa. 
In this case, the heparin fragment activates AT, which then sequentially 
inactivates factor Xa; heparin and factor Xa do not directly interact 
(Figure 31-12).104,105

Several investigators have demonstrated continued formation of 
fibrinopeptides A106,107 and B108 (Figure 31-13), as well as prothrombin 
fragment F1.2 and thrombin-AT complexes,109 despite clearly acceptable 
anticoagulation for CPB by many criteria. These substances indicate 
thrombin activity. The clinical significance of this ongoing thrombin 
activity has had limited study. The ACT must be more prolonged to 
prevent fibrin formation during cardiac surgery compared with dur-
ing extracorporeal circulation without surgery because surgery itself 
incites coagulation. UFH in conjunction with AT appears to work in 
plasma only on free thrombin. When considering what is known today 
about thrombin burst and thrombin activity, heparin appears to be rel-
atively inefficient because there is not much free thrombin. Thrombin 
is held on the surface of activated platelets at various GP binding sites 
including the GPIIb/IIIa site. Most thrombin is fibrin bound, and hep-
arin-AT complexes do not bind at all to this thrombin unless the level 
of heparin is pushed far above what is used routinely for CPB. The idea 
behind using heparin for CPB is that by creating a large circulating 
concentration of activated AT, whenever a thrombin molecule is pro-
duced, an available AT molecule will be there to immediately bind to 
it before it can have any further activating effect. Clearly, that is unre-
alistic with the knowledge that thrombin exerts its main activity by 
 binding to the surface of platelets.

Bovine versus Porcine Preparations
Bovine lung heparin contains greater amounts of iduronic acid and 
sulfoamino groups than pork mucosal heparin. Because endothelial 
endoglycosidases degrade heparin at sulfoamino groups, elimination 

of beef lung heparin proceeds more quickly than that of pork mucosal 
heparin. Its AT III affinity and anticoagulant activity are less than those 
of porcine heparin. Either preparation can establish suitable anticoagu-
lation for CPB. Beef lung heparin may be more amenable to protamine 
neutralization than the pork mucosal preparation because it exerts less 
anti–factor Xa activity.110 HIT is less common with pork heparin (see 
later). This information may be of historic value only because bovine 
heparin is no longer available in the United States.

Heparin Resistance
In the course of continuous infusions of UFH to treat venous 
thrombosis, some patients experience development of tachy-
phylaxis, requiring increasing amounts of heparin to maintain 
the laboratory measurement of anticoagulation, the aPTT, at its 
 designated therapeutic level. In some reports, up to 22% of patients 
do not  adequately respond to heparin and are termed heparin resis-
tant.111–114 To most practitioners, that number seems high, but the 
definition of what constitutes heparin resistance is highly variable 
from institution to institution. Likewise, patients receiving UFH 
infusions exhibit a much diminished ACT response to full anti-
coagulating doses of UFH for CPB (200 to 400 U/kg). With wide-
spread use of heparin infusions to treat myocardial ischemia and 
infarction, heparin resistance or, more appropriately, “altered hepa-
rin responsiveness” has become more problematic during cardiac 
surgery (Box 31-2).115,116
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Figure 31-12 Antithrombin interaction with factor Xa may occur with 
either low-molecular-weight heparin (A) or standard unfractionated hep-
arin (B). Inhibition of thrombin (factor IIa), however, requires simultane-
ous binding of the heparin molecule to both antithrombin and thrombin 
(C). (From Holmer E, Soderberg K, Bergqvist D, Lindahl U: Heparin and 
its low-molecular-weight derivatives. Anticoagulant and antithrombotic 
properties. Haemostasis 16[Suppl 2]:1, 1986.)

Some Coagulation Factor Inhibitors and the  
Effects of Heparin

 
Factor

 
Major Inhibitor

Acceleration of Antithrombin 
Activity by Heparin

Kallikrein C1 inhibitor —
XIIa

1
-Proteinase inhibitor —

Xia
1
-Proteinase inhibitor 40-fold

Xa Antithrombin 1,200-fold
IXa Antithrombin 10,000-fold
IIa Antithrombin 2,000-fold

TABLE  
31-5
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Mechanism
Although several observations suggest that decreased levels of AT III 
mediate heparin resistance, these observations lack sufficient evi-
dence to establish this relation.116 In one study of 500 CABG patients, 
21% demonstrated heparin resistance, and 65% of these responded to 
added AT III; this translates into 35% being nonresponders.112 First, 
a patient with congenital AT III deficiency displayed heparin resis-
tance117; this hardly proves that all heparin resistance stems from AT 
III deficiency. Second, of six patients with venous thrombosis, three 
receiving heparin infusions displayed a 25% shorter half-life for AT III 
compared with the three untreated patients.118 Accelerated AT III con-
sumption could have resulted from the thrombotic process rather than 
the heparin infusion. Third, plasma levels of AT III decreased by 17% 
to 33% during heparin administration by intravenous or subcutane-
ous routes.119–124 It is possible that this measurement resulted merely 
from formation of heparin-AT complexes. Perhaps accelerated elimi-
nation of AT III arises from some modification of the protein during 
or after its interaction with heparin.123 Also, it has been postulated that 

excesses of platelet activity, releases of PF4, could neutralize heparin in 
these patients. That has yet to be studied, as has a great deal to do with 
hypercoagulable states in cardiac surgery.125

Hemodilution accompanying CPB decreases AT levels to about half 
of normal levels.97 There are, however, outlier patients who have pro-
foundly low AT levels. It is possible to see AT III levels as low as 20% 
of normal, and these levels correspond to levels seen in septic shock 
and diffuse intravascular coagulation.15 However, supplemental AT 
may not prolong the ACT, which means that the heparin available has 
been bound to sufficient or available AT. The only way that the ACT 
would be prolonged is if there is excess heparin beyond available AT. 
Reports of heparin resistance for CPB ascribe its occurrence variously 
to the use of autotransfusion,124 previous heparin therapy,126–129 infec-
tion,130,131 and ventricular aneurysm with thrombus.128,130 The differ-
ential diagnosis also includes hypereosinophilia, oral contraceptive 
therapy, consumptive coagulopathy, thrombocytosis, and congenital 
AT deficiency.128 Heparin resistance also might occur in patients with 
subclinical thrombotic processes releasing PF4.

The individual anticoagulant response to heparin varies tremen-
dously.132 Some presumed cases of heparin resistance may represent 
nothing more than this normal variation. Regardless of cause, mea-
surement of each individual's anticoagulant response to heparin ther-
apy for CPB is warranted.133 Heparin resistance helps focus the debate 
regarding whether anticoagulation monitoring should measure hep-
arin concentrations or heparin effect; the goal of anticoagulation is 
not to achieve heparin presence in plasma but to inhibit the action of 
thrombin on fibrinogen, platelets, and endothelial cells (see Chapter 17). 
Therefore, the effect of heparin usually is measured.

Treatment
Most commonly, additional heparin prolongs the ACT sufficiently for 
the conduct of CPB. Amounts up to 800 U/kg may be necessary to obtain 
an ACT of 400 to 480 seconds or longer. Although administration of 
FFP, which contains AT,134 should correct AT depletion (Figure 31-14) 
and suitably prolong the ACT,135 such exposure to transfusion-borne 
infectious diseases should be avoided whenever possible. Today, the 
risks of blood transfusion have shifted away from blood-borne viral 
transmission, with transfusion-related acute lung injury being noted 
as the greatest mortality-associated event with transfusion. FFP and 
platelet transfusions carry the greatest risk for transfusion-related acute 
lung injury.136,137 Although transfusion-related acute lung injury has not 
been studied in relation to use of FFP for heparin  resistance, it makes 
great sense to use one of the AT products. This modality is reserved for 
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Figure 31-13 Serial measurements of fibrinopeptides A (top) and B 
(bottom) during cardiopulmonary bypass (CPB) in 20 patients. Asterisks 
denote statistically significant changes compared with the preoperative 
measurement. Note continued presence of these markers of thrombin 
activity despite heparin administration. (From Tanaka K, Takao M, Yada I,  
et al: Alterations in coagulation and fibrinolysis associated with cardio-
pulmonary bypass during open heart surgery. J Cardiothorac Anesth 
3:181, 1989.)
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Figure 31-14 Activated coagulation time response in seconds (verti-
cal axis) to heparin administered in units per kilogram (horizontal axis) 
to a single patient. A, Baseline measurement; (B) after 300 U/kg; (C) after 
an additional 300 U/kg; (D) soon after C; (E) after 2 units of fresh frozen 
plasma. (From Sabbagh AH, Chung GKT, Shuttleworth P, et al: Fresh 
frozen plasma: A solution to heparin resistance during cardiopulmonary 
bypass. Ann Thorac Surg 37:466, 1984.)

BOX 31-2. PROBLEMS WITH HEPARIN AS AN 
ANTICOAGULANT FOR CARDIOPULMONARY 
BYPASS
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the rare refractory case. Rather than administer FFP, centers normally 
accepting only ACTs of 480 seconds or longer for CPB might consider 
accepting 400 seconds or less, or administering AT III concentrate.135,138

AT concentrate specifically addresses AT deficiency.15–18,134 Two prod-
ucts are available for utilization. One is a recombinant DNA engineered 
product made from goat's milk and the other is a purified human 
plasma harvest derivative. There are currently no head-to-head stud-
ies to recommend one over the other at this time. The literature sup-
ports success in treating heparin resistance during cardiac surgery.116,139 
A multicenter study on the efficacy of using a recombinant human 
antithrombin in heparin-resistant patients undergoing CPB was pub-
lished.140 The patients received 75 U/kg recombinant human AT, which 
was effective in restoring heparin responsiveness in most patients. 
However, some patients still required FFP, and the patients bled more 
than did a control group after surgery.

Heparin Rebound
Several hours after protamine neutralization for cardiac surgery, some 
patients experience development of clinical bleeding associated with 
prolongation of coagulation times. This phenomenon is often attrib-
uted to reappearance of circulating heparin. Theories accounting 
for “heparin rebound” include late release of heparin sequestered in 
 tissues, delayed return of heparin to the circulation from the extra-
cellular space via lymphatics, clearance of an unrecognized endoge-
nous heparin antagonist, and more rapid clearance of protamine in 
relation to heparin.141,142 Studies demonstrating uptake of heparin into 
endothelial cells suggest that these cells may slowly release the drug 
into the circulation once plasma levels decline with protamine neutral-
ization.92 It is questionable how much heparin rebound contributes to 
actual bleeding. This phenomenon may be caused by TFPI release from 
the surface of endothelial cells or other causes of bleeding.

Incidence and Timing
Although initial reports placed the incidence of heparin rebound after 
cardiac surgery at about 50%, modifications in the timing and amount 
of protamine administration decreased the incidence.143,144 Heparin 
rebound can occur as soon as 1 hour after protamine neutralization.127 
When present, prolonged coagulation times or more direct evidence of 
circulating heparin may persist for 6 hours or longer.97,144–147

Treatment and Prevention
Although still debated by a few, most clinicians accept heparin 
rebound as a real phenomenon. However, clinical bleeding does not 
always accompany heparin rebound. When it does,  administration 

of supplemental protamine will neutralize the remaining heparin 
(Box 31-3). Can the initial protamine dose be adjusted to prevent 
heparin rebound? Available studies yield conflicting results. All six 
patients who received protamine based on the estimated amount of 
remaining heparin developed heparin rebound, compared with none 
of six who received protamine based on the total administered dose 
of heparin.144 However, 42% of patients receiving large, fixed doses 
of both drugs experienced heparin rebound and increased bleed-
ing compared with patients whose doses were titrated to clotting 
assays145 (Figure 31-15). Likewise, patients receiving smaller doses of 
protamine bled less than those receiving protamine doses based on the 
total amount of heparin administered.147 In contrast, a fourth study 
recommended that the ratio of protamine given to heparin remaining 
be as much as 1.6 mg/100 units.97

It should be noted that in vitro work shows that as little as one-third 
the heparin dose is all the protamine that is actually required to reverse 
the heparin in a test tube. It is still difficult to know exactly what the 
best heparin reversal dose is by protamine. Some effort at titration with 
a heparin dose–response curve seems worthwhile.

Although larger initial doses of protamine may decrease the likeli-
hood of heparin rebound, two potential complications of protamine 
overdosage must be considered: adverse cardiovascular sequelae of 
protamine administration and the anticoagulant effects of protamine 
itself. Although protamine is an in vitro anticoagulant, doses up to 
6 mg/kg in volunteers, in the absence of heparin, do not prolong the 
clotting time.148 However, doses four times in excess of a neutralizing 
dose doubled the ACT in dogs.149 The dose after CPB that causes anti-
coagulation in patients remains unknown. Clinical studies compar-
ing fixed-ratio protamine doses with protocols that gauge protamine 
dose to remaining heparin activity and protamine drug lot potency 
 demonstrated decreased doses of protamine, decreased chest tube 
drainage after surgery, and fewer transfusions.150,151

BOX 31-3. CONSIDERATIONS IN DETERMINING 
THE PROPER DOSE OF PROTAMINE TO REVERSE 
HEPARIN
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Heparin Effects Other Than 
Anticoagulation
UFH was never biologically intended to circulate freely in plasma.152,153 
As such, it has a number of underappreciated and untoward effects. 
All too often the effects of CPB have been asserted as causing a 
 coagulopathy; however, the effect of heparin contributing to this 
has not been widely studied. This is because there has not been an 
alternative anticoagulant to compare with heparin until now. In 
the future, there may be better anticoagulants to use during cardiac  
surgery (see later).

Heparin exerts its anticoagulant activity by activating a binding site 
on AT III, and without AT, heparin has no intrinsic anticoagulation 
effect. AT does have anticoagulant effects of its own, but its ability to 
bind to thrombin is increased 100- to 2000-fold by the presence of the 
pentasaccharide sequence of heparin. Less than one third of all muco-
polysaccharides present in a dose of heparin contain the active pen-
tasaccharide sequence. The other molecules may have a number of 
adverse properties.

Heparin binds AT III during CPB, and through ongoing throm-
bin generation, the AT III levels are decreased over time, as well as 
via hemodilution. Thus, the AT III levels may become quite low, in 
the range seen during disseminated intravascular coagulopathy, sep-
tic shock, and eclampsia.15,154–156 AT III is not able to be constitutively 
increased by production. Therefore, the level at the beginning of a CPB 
case is all that is available. The liver will manufacture more AT III, but 
it may take 1 to 3 days to return to normal after cessation of CPB. In 
at least one study in which AT III was repleted to normal, the levels of 
coagulation proteins were much improved after CPB in patients who 
received exogenous AT III.15,134

UFH chelates calcium.157 When a large bolus dose of heparin is 
given, there is a slow and steady decline in blood pressure, prob-
ably because of decreased vascular resistance and decreased preload. 
Both arterial and venous vessels are dilated by the decrease in the 
calcium level. The heparin is given while patients are being prepared 
for CPB, and there are numerous mechanical events (i.e., catheters 
being inserted into the right atrium and vena cava and arrhythmias) 
that can be blamed for the hypotension, rather than the heparin 
itself.

Heparin, even in very small doses, partially and reversibly activates 
platelets and forces them to express many, if not all, of their GP bind-
ing sites.158–160 This fact alone makes clinicians wonder if there is not a 
better anticoagulant that might not do this. Heparan, the endothelial 
analog of heparin, does not break off freely into the circulation; and if 
it does, it is immediately neutralized by platelets through expression 
of PF4 and adsorption. Thus, it makes sense that platelets seeing loose 
heparin would suspect a site of tissue injury nearby and, therefore, an 
evolutionary advantage would be created by making these cells react 
and get ready to create a thrombus. Every coagulation activation is also 
an inflammatory signal. The fact that platelets take this reactive step 
means that they are now primed to either become highly reactive or 
contribute to the inflammatory events, or have their receptors targeted 
by other subsequent events. After CPB, platelets have many of their 
membrane GPs either destroyed or competitively occupied by a num-
ber of products of inflammation produced during CPB. The expres-
sion of binding sites in response to heparin, therefore, is important and 
probably has profound implications.

Heparin causes the competitive release of some heparan from 
endothelial cells and the release of TFPI.25,26 Endothelial cells all over 
the body change from being anticoagulant producing to rapidly pro-
ducing tissue factor. What role large doses of heparin have in this 
whole-body event is hard to define, but it is known that heparin also 
causes the release of single-chain urokinase from endothelial cells.161 
The amount of fibrinolysis caused by heparin infusion is not as great 
as the release of t-PA, which probably is mediated by cytokines as a 
result of the inflammatory reactions. When released from mast cells, 
heparin promotes leukocyte chemotaxis and movement through the 

interstitium.152,153 However, it is unclear whether heparin upregulates 
or decreases white cell activations.153

Heparin is important for a number of angiogenesis and repair activ-
ities of tissue,153 and these effects may have something to do with its 
antineoplastic effect.153 Heparin also affects lipid, sodium and potas-
sium, and acid-base metabolism. These effects are not usually seen 
acutely but come into play when patients have been on heparin infu-
sions for days in the ICU.

The immunologic effects of heparin are profound. The next  section 
discusses HIT, but recent work shows that 30% to 50% of cardiac 
 surgery patients have heparin antibodies present in their blood by the 
time of hospital discharge.162 The clinical implications of these preva-
lent antibodies remain unknown and are the subject of investigation.

Heparin-Induced Thrombocytopenia
Heparin normally binds to platelet membranes at GPIb and other sites, 
and aggregates normal platelets by releasing ADP.162,163 A moderate, 
reversible HIT, now termed type I, has been known for half a century.164 
The fact that heparin actually triggers an acute decline in platelet count 
should be considered a biologic event, because heparin, even in trace 
amounts, triggers the expression of many different platelet GPs. This 
has been termed “activation of platelets,” but it is not total activation. 
Heparin's prolongation of the bleeding time probably is related to acti-
vation of the platelets, as well as heparin binding to the GPIb surface. 
It may be that a number of platelets adhere to endothelial cells sim-
ply because of their expression of these GP binding sites. Margination, 
particularly within the pulmonary vasculature, may be an event of HIT 
type I.

In contrast with these predictable effects of heparin, occasional 
patients experience development of progressive and severe thrombo-
cytopenia (< 100,000/mm3), sometimes accompanied by a debilitating 
or fatal thrombosis. This syndrome is termed type II heparin-induced 
thrombocytopenia (HIT II). A platelet count in excess of 100,000/mm3 
does not mean that HIT II is not present. A decline in platelet count in 
excess of 30% to 50% over several days in a patient who is receiving or 
who has just finished receiving heparin is probably caused by HIT II.

Mechanism
These patients with HITT demonstrate a heparin-dependent antibody, 
usually IgG, although others are described, which aggregates platelets in 
the presence of heparin.161,162 During heparin therapy, measured anti-
body titers remain low because of antibody binding to platelets. Titers 
rise after heparin therapy ceases; but paradoxically, antibody may be 
undetectable a few months later.165 Two other features are unexpected: 
First, the antibody does not aggregate platelets in the presence of excess 
heparin; and second, not all re-exposed patients experience develop-
ment of thrombocytopenia.166–168

The platelet surface contains complexes of heparin and PF4. Affected 
patients have an antibody to this complex. Antibody binding acti-
vates platelets via their Fc II receptors and activates endothelium169–171 
(Figure 31-16). The activation of the platelet surface triggers a second-
ary thrombin release. Platelets can attach to each other creating what 
is known as a white-clot syndrome; but if secondary thrombin gen-
eration is created through antibody activation of the platelets, then a 
fibrin clot can be the result. In the absence of heparin, the heparin-PF4 
antigen cannot form. However, there seems to be some sort of contin-
uum between idiopathic thrombocytopenia and HIT.

In the absence of an endothelial defect, the only responses to the 
antibody-antigen interaction are platelet consumption and thrombo-
cytopenia. Atheroma rupture, endovascular interventions such as bal-
loon angioplasty, vascular surgery, and other procedures that disrupt 
endothelium can provide a nidus for platelet adhesion and subsequent 
activation. PF4, released with platelet activation, binds to heparin 
locally, thus not only removing the inhibition of coagulation but also 
generating additional antigenic material (Figure 31-17). Clumps of 
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aggregated platelets thrombose vessels, resulting in organ and limb 
infarction. Amputation, death, or both often occur with established 
HIT with thrombosis (HITT). The presence of heparin-PF4 antibodies 
recently has been associated with other adverse effects. It appears that 
if a patient undergoes cardiac surgery with positive antibodies, the risk 
for mortality or myocardial infarction, or both, may at least double.

Incidence and Diagnosis
Estimates of the true incidence of HIT are confounded by differ-
ent diagnostic thresholds for platelet count, varying efforts to detect 
other causes, and incomplete reports.172,173 After 7 days of therapy 
with UFH, probably 1% of patients experience development of HIT; 
after 14 days of therapy, the prevalence rate is 3%.171 Using a plate-
let count of 100,000/mm3, multiple reports comprising more than 
1200 patients revealed an overall incidence rate of HIT of 5.5% 
with bovine heparin and 1.0% with porcine heparin.161 Other recent 
research has found the preoperative incidence rate of enzyme-linked 
immunosorbent assay (ELISA)–positive patients to be between 6.5% 
to 10%. This means that antibodies are present, and that may not 
mean that thrombocytopenia is occurring. Of great interest is that 
many more patients develop positive tests for ELISA antibodies by 
days 7 to 30 after cardiac surgery. Somewhere between 25% and 50% 
of patients develop these antibodies.162 In a study of patients after car-
diac surgery wherein all patients were screened for HIT antibodies, 
the group also looked for platelet counts well less than the patient's 
baseline174; 21 of 153 patients (14%) tested positive for antibodies  
by heparin induced platelet activation (HIPA)  testing. Those patients 
with a low platelet count and a high HIT antibody titer after sur-
gery were at very high risk for mortality (59%). Therefore, a decline 
in platelet count or persistence of a low platelet count after cardiac 
surgery should be considered HIT until proved otherwise and taken 
very seriously. Anticoagulation with alternative nontriggering antico-
agulants is imperative.174 Warfarin should be avoided until such time 
as the platelet count is recovered and vitamin K therapy can be insti-
tuted; this is because the use of warfarin compounds will decrease 
protein C, which has been known to trigger an HITT crisis.

In the bivalirudin trials, wherein patients thought to have HIT were 
given an alternative anticoagulant, the presence of antibodies after 
 surgery was associated with adverse events. Particularly worrisome 
were the presence of a low platelet count or a blunted return toward a 
normal platelet count after surgery.175–177

Some particular lots of heparin may be more likely to cause HIT 
than others.178 HIT can occur not only during therapeutic heparin 
administration but with low prophylactic doses, although the inci-
dence is dose related. Even heparin flush solution or heparin-bonded 
intravascular catheters can incite HIT.179–182 Cases of platelet-to- platelet 
adhesion creating a “white clot” in otherwise normal patients have 
been observed in the oxygenator and the reservoir of CPB machines. 
The fact that such events have been reported even when all other tests 
appeared normal signals the unpredictable nature of the heparin-PF4 
antibody, as well as the biologic activity of UFH.

Although HIT usually begins 3 to 15 days (median, 10 days) after 
heparin infusions commence, it can occur within hours in a patient 
previously exposed to heparin. Platelet count steadily decreases to a 
nadir between 20,000 and 150,000/mm3. Absolute thrombocytopenia 
is not necessary; only a significant decrease in platelet count matters, 
as witnessed by patients with thrombocytosis who experience devel-
opment of thrombosis with normal platelet counts after prolonged 
exposure to heparin. Occasionally, thrombocytopenia resolves sponta-
neously despite continuation of heparin infusion.183

Clinical diagnosis of HIT requires a new decrease in platelet count 
during heparin infusion. Laboratory confirmation is obtained from 
several available tests. In the serotonin release assay, patient plasma, 
donor platelets, and heparin are combined. The donor platelets con-
tain radiolabeled serotonin, which is released when donor platelets are 
activated by the antigen-antibody complex. Measurement of  serotonin 
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Figure 31-16 Presumed mechanism of the interaction among hep-
arin, platelets, and antibody in heparin-induced thrombocytopenia. 
Top, Platelet factor 4 (PF4) released from platelet granules is bound to 
the platelet surface. Middle, Heparin and PF4 complexes form. Bottom, 
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Figure 31-17 Mechanism of thrombosis accompanying heparin-
induced thrombocytopenia. Normally, heparin and antithrombin (AT) 
form a complex that inhibits coagulation. Platelet factor 4 (PF4), released 
from platelets on activation, binds heparin and drives the dissociation 
reaction of the AT-heparin complex to the right, restoring coagulation 
locally. Restored coagulation mechanisms and activated platelets form 
thrombus in the presence of vascular injury. (Adapted from Parmet JL, 
Horrow JC: Hematologic diseases. In Benumof J [ed]: Anesthesia and 
Uncommon Diseases, 3rd ed. Philadelphia: WB Saunders Company, 
1997.)
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release during platelet aggregation at both low and high heparin 
 concentrations provides excellent sensitivity and specificity.166

A second assay measures more traditional markers of platelet degran-
ulation in a mixture of heparin, patient plasma, and donor platelets.184 
The most specific test is an ELISA for antibodies to the heparin-PF4 
complex.160,161,185,186

The type, source, and lot of heparin used affect the outcome of these 
tests. The heterogenous nature of heparin demands that a lot- specific 
drug be used in serotonin release assays, especially when used to deter-
mine suitability of future administration. For example, if LMWH 
administration is planned for a patient who experienced development 
of HIT II with UFH, testing of patient plasma with the lot of LMWH 
to be given should precede its administration.

Measurement of platelet-associated IgG is poorly specific for HIT 
because of numerous other causes of antiplatelet IgG. This test should 
not be used in the diagnosis of HIT.

Heparin-Induced Thrombocytopenia 
with Thrombosis
The incidence rate of HITT is 1.7% with bovine heparin and 0.3% 
with porcine heparin; thus, thrombosis accompanies more than one 
in five cases of HIT.161,162 It is clear that the longer patients are on hepa-
rin, the more likely it is that they will develop antibody; and with the 
knowledge that today close to 50% of cardiac patients develop anti-
bodies, it is possible that a significant number of long-term or early 
mortalities might be because of undiagnosed HITT.162 In several stud-
ies in the catheterization laboratory, it has been shown that if HITT 
antibodies are present before the performance of angioplasty, the mor-
tality and combined morbidity are greatly increased, perhaps double 
or more.187,188 One study has been conducted in almost 500 patients 
undergoing CABG surgery looking for the presence of antibodies and 
outcome. The incidence rate of antibody-positive patients was approx-
imately 15%, and their length of stay in the hospital and mortality 
were more than doubled. Occasional rare situations in which the CPB 
 circuit suddenly clots or when there is early graft thrombosis or whole-
body clotting may all be variants of HITT, but none of these cases can 
be readily studied because they are so rare.187 If such an occurrence 
does happen, HITT should be in the differential diagnosis. The occur-
rence of thrombosis at first seems paradoxic. However, HITT has as 
its  hallmark a huge thrombin burst that can occur all over the body. 
With such massive thrombin generation, the triggering of  thrombosis 
is  natural. Thrombosis may then activate the fibrinolytic system to 
 produce a picture of consumptive coagulopathy.179

From 15% to 30% of patients who experience development of HITT 
will have severe neurologic complications, require amputation of a 
limb, or die. Lower limb ischemia constitutes the most frequent pre-
sentation. Venous clots occur probably as frequently as arterial ones 
but are not detected as often. Unfortunately, no test predicts the throm-
bosis component of HIT; thrombosis should be anticipated in the pres-
ence of vascular injury, such as puncture sites for catheterization.

Warkentin and others189 have stressed the use of the 4Ts system 
(Thrombocytopenia, Timing, Thrombosis, and oTher [lack of other 
reasons]) to increase the index of suspicion with regard to HIT. The 
use of this scoring system is quite effective, but after cardiac surgery, 
the decline in platelet count is expected for at least 24 hours. If platelet 
count stays down after that time, then a high index of suspicion should 
be for HIT. A study of critically ill patients (noncardiac) using the 4Ts 
showed an incidence rate of 4.1% for HIT. Low scoring appears to be 
reliable, whereas high and intermediate scoring showed patients with 
antibody-positive tests.

Treatment and Prevention
In the absence of surgery, bleeding from thrombocytopenia with HIT is 
rare. In contrast with other drug-induced thrombocytopenia, in which 
severe thrombocytopenia commonly occurs, more moderate platelet 

count nadirs characterize HIT. Platelet transfusions are not indicated and 
may incite or worsen thrombosis. Heparin infusions must be discontin-
ued, and an alternative anticoagulant should be instituted. LMWHs can 
be tested in the laboratory using serotonin release before patient admin-
istration. Although thrombosis may be treated with fibrinolytic ther-
apy,190 surgery often is indicated. No heparin should be given for vascular 
surgery. Monitoring catheters should be purged of heparin flush, and 
heparin-bonded catheters should not be placed. Antiplatelet agents, such 
as aspirin, ticlopidine, or dipyridamole, which block adhesion and acti-
vation and, thus, PF4 release, provide ancillary help (see Table 31-4).

The patient presenting for cardiac surgery who has sustained HIT 
in the past presents a therapeutic dilemma. Antibodies may have 
regressed; if so, a negative serotonin release assay using the heparin 
planned for surgery will predict that transient exposure during surgery 
will be harmless. However, no heparin should be given at catheteriza-
tion or in flush solutions after surgery.162,163

Patients with HIT who require urgent surgery may receive 
 heparin once platelet activation has been blocked with aspirin and 
 dipyridamole156–193 or, in the past, the prostacyclin analog  iloprost.194–197 
Unfortunately, iloprost is no longer available. The problem with this 
strategy is obtaining sufficient blockade of platelet activity. In the 
future, there may be ultra-short-acting platelet surface blocking 
agents available, and these would then seem perfect to create “platelet 
anesthesia.”

Another alternative, delaying surgery to wait for antibodies to 
regress, may fail because of the variable offset of antibody presence and 
the unpredictable nature of platelet response to heparin rechallenge. 
Plasmapheresis may successfully eliminate antibodies and allow benign 
heparin administration.198 Finally, methods of instituting anticoagu-
lation without heparin may be chosen (see later). Of these, the alter-
native thrombin antagonists pose the greatest risk for uncontrolled 
bleeding, whereas LMWHs and heparinoids afford the greatest chance 
of success.199,200

LMWH heparin, as an alternative to UFH, has been used for urgent 
surgery.201–203 Although LMWHs also can induce thrombocytope-
nia,204–206 by displaying different antigenic determinants, they may 
prove acceptable alternatives for patients who experience development 
of HIT from UFH. Table 31-6 summarizes the therapeutic options 
available for urgent cardiac surgery in patients with HIT. For addi-
tional information on HIT, see reviews by Warkentin and Greinacher,162 
Godal,163 and Chong.207

New Modes of Anticoagulation
The hemostatic goal during CPB is complete inhibition of the coagula-
tion system. Unfortunately, even large doses of heparin do not provide 
this, as evidenced by formation of fibrinopeptides during surgery.107–109 
Despite being far from the ideal anticoagulant, heparin still performs 
better than its alternatives. Heparans, dermatans, and other glycosamin-
oglycans with minimal antihemostatic properties may replace heparin 
in the future. Current substitutes for heparin include ancrod, a pro-
teinase obtained from snake venom that destroys fibrinogen;  heparin 

No agent is currently indicated for anticoagulation in cardiopulmonary bypass.
RGD, receptor glycoprotein derived.

Therapeutic Options for Anticoagulation for Bypass 
in Patients with Heparin-Induced Thrombocytopenia

 1. Ancrod
 2. Low-molecular-weight heparin or heparinoid (test first!)
 3. Alternative thrombin inhibitor (hirudin, bivalirudin, argatroban)
 4. Use a single dose of heparin, promptly neutralize with protamine, and
 a. Delay surgery so antibodies can regress; or
 b. Use plasmapheresis to decrease antibody levels; or
 c. Inhibit platelets with iloprost, aspirin and Persantine, abciximab, or RGD 

blockers
In all cases:

 1. No heparin in flush solutions
 2. No heparin-bonded catheters
 3. No heparin lock intravenous ports

TABLE  
31-6
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fragments, which provide less thrombin inhibition than the parent, 
unfractionated molecule; direct factor Xa inhibitors; and direct throm-
bin inhibitors (Box 31-4).

Ancrod
Ancrod abnormally cleaves fibrinogen, resulting in its rapid clearance 
by the reticuloendothelial system. Thrombin, thus, has no substrate on 
which to act. Proper patient preparation for CPB (plasma fibrinogen, 
0.4 to 0.8 g/L) requires more than 12 hours. Figure 31-18 demonstrates 
the extent of fibrinogen depletion (from normal value of 1.5 to 4.5 g/L) 
and repletion for cardiac surgery using ancrod.208 Replenishment of 
fibrinogen via hepatic synthesis is slow; cryoprecipitate or FFP admin-
istration, or both, will speed restoration of coagulation. Patients anti-
coagulated in this fashion bleed more and require more cryoprecipitate 
and FFP compared with heparin-anticoagulated patients.208 One case 
was done with ancrod in which the coagulation activation was care-
fully studied.209 Unbridled thrombin production led to massive plate-
let activation with a secondary precipitous decline in platelet count. 
No clot formed, but a gray slime of platelets adhered to the wall of 
the oxygenator and the reservoir. The platelet count declined to less 

than 1000/mm3. However, transfusion with platelet concentrates and 
 cryoprecipitate reestablished normal coagulation, and the patient had 
less than 500 mL of blood loss for the first 24 hours. No neurologic 
deficits occurred. However, ancrod is not commercially available in the 
United States.209

Low-Molecular-Weight Heparins
Figure 31-19 displays the effect of polysaccharide chain length on the 
inhibition of thrombin and factor Xa. Note that thrombin inhibition 
requires chains longer than 18 saccharide units and aPTT activity fol-
lows anti–factor IIa activity more closely than it does anti–factor Xa 
activity.103 Thrombin must bind to a portion of the heparin chain for 
AT to inhibit it. In contrast, factor Xa inhibition by AT does not require 
interaction of factor Xa with the heparin molecule. Only about 1% to 
2% of standard heparin consists of low-molecular-weight (molecular 
weight, 6000 to 7000) fragments.93 Short polysaccharide chains of hep-
arin can be synthesized, or extracted from standard heparin, but both 
processes cost much more than depolymerization of standard heparin 
utilizing nitric acid, peroxides, or the enzyme heparinase. Preparations 
of LMWH formed by these methods include Fraxiparine, dalteparin, 
and enoxaparin.

Standard heparin can inhibit thrombus formation in vivo (anti-
thrombotic activity) and prolong in vitro clotting tests (anticoagu-
lant activity). It also leads to clinical bleeding (antihemostatic activity). 
Table 31-7 highlights these definitions. LMWHs may dissociate these 
activities, displaying greater antithrombotic activity and less antihe-
mostatic activity.93 Unfortunately, coagulation tests sensitive to throm-
bin inhibition and insensitive to inhibition of factor Xa, namely, the 
aPTT and ACT (see Figure 31-19), do not adequately monitor the anti-
thrombotic effects of LMWHs. For additional information regarding 
LMWHs, there are several good reviews.210–212

BOX 31-4. POTENTIAL REPLACEMENTS AS AN 
ANTICOAGULANT FOR CARDIOPULMONARY 
BYPASS
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Figure 31-18 Plasma fibrinogen concentrations (normal, 1.5 to 
4.5 g/L) in 20 patients who received snake venom (Ancrod; squares) 
and 20 patients who received heparin (control; circles) for anticoagu-
lation during cardiopulmonary bypass (CPB). Note the slow return of 
plasma fibrinogen, despite administration of 9.3 ± 16.3 SD units of cry-
oprecipitate and 5.6 ± 3.1 units of fresh frozen plasma to the Ancrod 
group. (From Zulys VJ, Teasdale SJ, Michel ER, et al: Ancrod [Arvin] as 
an alternative to heparin anticoagulation for cardiopulmonary bypass. 
Anesthesiology 71:870, 1989.)
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Figure 31-19 Heparin activity as a function of chain length. 
Oligosaccharides containing 8 to 16 units exhibit strong anti–factor Xa 
(FXA) activity, whereas anti–factor IIa (FIIA) activity requires 20 or more 
units. Note that prolongation of the activated partial thromboplastin 
time (APTT) tracks anti–factor IIa activity. (From Holmer E, Soderberg K, 
Bergqvist D, Lindahl U: Heparin and its low-molecular-weight deriv-
atives. Anticoagulant and antithrombotic properties. Haemostasis 
16[Suppl 2]:1, 1986.)

*Properties of an ideal agent.

Properties of Unfractionated Heparin

 1. Antithrombotic*—prevents thrombus formation in vivo
 2. Anticoagulant*—prolongs clotting time in vitro
 3. Antihemostatic—promotes bleeding
 4. Antiplatelet—activates platelets

TABLE  
31-7
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LMWHs have undergone clinical trials for antithrombosis after 
orthopedic procedures and for prevention of deep vein thrombo-
sis.213–215 The traditional LMWHs, such as enoxaparin, have not been 
used for CPB cases because of a limited ability of protamine to neutral-
ize them.216,217

Heparinoids
Danaparoid (Orgaran), a mixture of LMWHs and dermatans, can pro-
vide anticoagulation for CPB, but lack of readily available monitor-
ing and sure neutralization limit its application to cases in which UFH 
clearly is contraindicated.217,218 Dermatans alone might prove suitable, 
but much more investigative work must first occur.7,218 Case reports of 
these agents have shown severe bleeding and, in some cases, death from 
hemorrhage after cardiac surgery. It appears at this point that derma-
tan sulfate will not be used for cardiac surgery, and danaparoid was 
removed from the U.S. market.

Fondaparinux (Arixtra) is a synthetic pentasaccharide identical to 
that in heparin. It is a primary factor Xa inhibitor that requires AT 
III, which does not affect thrombin, platelets, or fibrinolytic activ-
ity. It is being used for prophylaxis of deep vein thrombosis after sur-
gery, but it does not alter routine coagulation tests (requires a factor 
Xa assay).219 Since 2008, there have been some reports of patients with 
HIT not responding successfully to therapy with fondaparinux.220,221 
Supratherapeutic dosages for fondaparinux were required to inhibit 
binding of antibodies to platelets. Danaparoid in very low concen-
trations increased PF4 antibodies; however, in therapeutic concen-
trations, it decreased production of antibodies.221 There is no direct 
antidote for either of these agents, but patients may respond to factor 
VIIa (see later).

Direct Thrombin Inhibitors
Hirudin, a single-chain polypeptide containing 65 amino acids with a 
molecular weight of 7000 and produced by the medicinal leech Hirudo 
medicinalis, binds directly to thrombin without need of a cofactor 
or enzyme, inhibiting all the proteolytic functions of thrombin. This 
inhibition includes actions on fibrinogen; factors V, VIII, and XIII; and 
platelets.

Modifications of hirudin include hirugen, a synthetic peptide con-
taining residues 53 to 64 of the native hirudin, and Hirulog, formed 
by attaching the amino acid sequence d-phe-pro-arg-pro-(gly) to the 
amino-terminal end of hirugen. Hirugen inhibits the action of throm-
bin on fibrinogen, but not on factor V. Hirulog has full inhibitory 
properties but is slowly cleaved by thrombin itself to a hirugen-like 
molecule.

Hirudin depends on renal excretion; renal failure prolongs its elimi-
nation half-life of 0.6 to 2.0 hours. Although there are no known direct 
neutralizing agents for these drugs, administration of prothrombin 
complex may partially restore coagulation by enhancing thrombin 
generation. Clinical trials of hirudin compounds have yielded mixed 
results. It has been used for patients with HITT, but the longer half-
life of approximately 90 minutes means that many of these patients 
bleed after cardiac surgery.222 Hirudin is highly antigenic and will lead 
to immune complexes being created to itself in about 40% of patients. 
If it is used a second time, the overall incidence rate of anaphylaxis 
may be as high as 10% of all patients who have received it before.222 
Currently, it is not recommended to turn to hirudin as a primary agent 
to perform CPB even if a patient has HIT antibodies.

New direct thrombin inhibitors are now available (Figure 31-20). 
These include argatroban and bivalirudin. Argatroban is a derivative 
of L-arginine, is a relatively small molecule, and functions as a univa-
lent direct thrombin inhibitor.223,224 It binds at the active cleavage site 
of thrombin and stops thrombin's action on serine proteases. It is com-
pletely hepatically cleared and has a reported half-life of 45 to 55 min-
utes with prolongation when liver function is depressed or liver blood 
flow is decreased. One case report examined argatroban's half-life after 
CPB. It was found to be prolonged to 514 minutes in a patient undergo-
ing heart transplantation.225 This led to the use of massive transfusion 

(55 units of RBCs, 42 units of FFP, 40 units of cryoprecipitate, 40 units 
of platelets, as well as 3 doses of factor VIIa).

There is no reversal agent for argatroban, although factor VIIa has 
been given to increase thrombin generation. It has been U.S. Food and 
Drug Administration (FDA)–approved for anticoagulation in the face 
of HITT, but there has not been, to date, a large-scale, prospective, 
randomized trial for cardiac surgery or any type of comparison with 
heparin/protamine. Some case reports do exist of successful usage of 
argatroban in patients with HITT both on- and off-pump with accept-
able amounts of postoperative bleeding.226–230 The dosing for off-pump 
cases has been reported to be about 2 to 3 g/kg/min, with a goal of 
an ACT longer than 200 seconds. For on-pump cases, the dose is at 
least doubled (5 to 10 g/kg/min), with an effort to achieve an ACT of 
300 to 400 seconds.229 There is no safe and effective dose that has been 
clinically studied, so any use of this drug for cardiac surgery is off-label 
and based on experience, as well as case reports. Successful case com-
pletions have been noted without undue excess bleeding. However, as 
noted earlier in the transplant case, some very large bleeds have been 
encountered. Some cases of thrombosis also have occurred.231–236 It has 
been more commonly used in the ICU for patients with hypercoagu-
lable syndromes and HITT.237,238 Argatroban is a viable direct thrombin 
inhibitor for use in the cardiac catheterization laboratory. It is far more 
likely that anesthesiologists will encounter the drug either in the ICU 
being used for patients with HIT or in patients who have come from 
the catheterization laboratory directly to the operating rooms.

Bivalirudin is a bivalent synthetic 20-amino acid peptide based on the 
structure of hirudin (previously called Hirulog).239–248 Pharmacologists 
have taken the active amino acids at either end of the hirudin molecule 
and biosynthesized them. One active site competitively binds to the 
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fibrinogen-binding site of thrombin; and the other end of the mol-
ecule, the amino-terminal sequence, binds to the active serine cleav-
age site of thrombin. The two sequences of amino acids are connected 
together by a tetraglycine spacer. This fully manufactured molecule is 
highly specific for thrombin and has the unique property that it binds 
to both clot-bound and free thrombin. Heparin binds only to free 
plasma thrombin. Bivalirudin has a shorter half-life than argatroban 
and  hirudin; the t

1/2
 is approximately 20 to 25 minutes (with normal 

renal function and not on CPB). One of the most unique  features 
of bivalirudin is that its binding to thrombin is reversible and the 
 molecule itself is cleaved by thrombin.

Like the other direct thrombin inhibitors, it also has no reversal 
agent analogous to protamine; so when it is used, it must wear off. 
Bivalirudin undergoes destruction by the molecule to which it binds 
and deactivates, thrombin; it is destroyed by thrombin (proteolytic 
cleavage). The more thrombin activation that is present (i.e., the less 
bivalirudin that is present), the shorter is the half-life. Only about 20% 
of the molecular activity is eliminated by renal clearance.240 In mild- 
to-moderate renal failure, the effect on bivalirudin clearance is thought 
to be small, but bleeding in patients with renal failure has been noted.

Several clinical trials of bivalirudin for cardiology procedures or car-
diac surgery have been completed and published.240–248 Two pivotal trials 
aiming for FDA approval of bivalirudin for cardiac surgery with known/
suspected HIT were conducted several years ago.175,176 In trials compar-
ing bivalirudin with either heparin/protamine alone or heparin plus 
the use of a GP IIb/IIIa inhibitor for percutaneous interventions, biva-
lirudin was found to have at least equal or better safety and less bleed-
ing than either of the other therapies. When compared with heparin/
protamine alone in percutaneous coronary intervention, bivalirudin was 
found to be superior, not just in bleeding, but also in terms of morbidity 
and mortality (as a combined end point).247 In a trial of 100 off-pump 
routine CABG patients without suspected HIT, patients were random-
ized to receive either bivalirudin or heparin/protamine, and bleeding 
and outcome were equal between the groups.240 These patients under-
went recatheterization at 3 months, and it was found that the bivalirudin 
patients had overall better flow down their grafts than did the patients 
who had received heparin/protamine. That finding is consistent with the 
work noted in the HIT section earlier wherein the presence of antibod-
ies bodes poorly for postoperative complications. It also suggests that 
heparin-protamine in the face of ischemia and reperfusion may lead to 
adverse thrombotic outcomes with or without heparin-PF4 antibodies. 
This trial, in conjunction with subsequent trials, raises questions with 
regard to heparin-protamine and suggests that for off-pump CABG, a 
more routine usage of bivalirudin might produce improved outcomes.

A phase I/II safety trial of bivalirudin in 30 on-pump CABG patients 
has also shown good safety, but no comparison was conducted to look 
at advantages against heparin/protamine. When used, the doses for CPB 
have been a 0.50- to 0.75-mg/kg bolus followed by an infusion at 1.75 to 
2.5 mg/kg/hr titrated to the ACT (target, 2.5 times baseline). The CPB sys-
tem also was primed with 50 mg, and no stasis can be allowed in the CPB 
circuit because of metabolism of bivalirudin during CPB. The infusion is 
stopped about 15 to 30 minutes before CPB is discontinued, and patients 
bleed for up to 4 to 6 hours. OPCAB cases have used similar doses to ACT 
targets of 350 to 450 seconds.240 There certainly are some tricks to using 
bivalirudin for cardiac cases. The drug itself is broken down by thrombin, 
and thrombin is produced by CPB, as well as through tissue destruction. 
Any blood left alone without a continuous infusion of bivalirudin will, 
because of its generation of thrombin, overcome the anticoagulation of 
bivalirudin in time. Therefore, it is expected that stagnant blood in the 
mediastinal or the chest cavities, or both, will clot. This is alarming to 
the first-time user of bivalirudin and completely different from what is 
seen in cases with heparin anticoagulation. Also, the use of mediastinal 
suction during bypass is not recommended because the mediastinum is 
a source of a great deal of thrombin activity. Suctioning that back into 
the CPB reservoir has led to clots being present in a hard-shell reser-
voir wherein there is stasis or incomplete mixing of bivalirudin. Once the 
patient is separated from CPB, it is important to make a decision regard-
ing whether the patient is likely to need to return to bypass. The bypass 

system, if left stagnant, will have ongoing production of thrombin. Over 
time, that thrombin will overcome the bivalirudin present in the plasma. 
Therefore, within 10 minutes of separation from CPB, it is wise to decide 
to either drain the blood from the pump, process it through a cell-saver 
machine, or reestablish flow and have a slow infusion of bivalirudin into 
the pump. The reestablishment of flow can be easily accomplished by 
reattaching the ends of the venous and arterial cannulae. If it is necessary 
to reestablish CPB, the system should be maintained warm and either a 
bolus (25 to 50 mg) of bivalirudin should be put into the pump or the 
infusion that had been running to the patient should be switched to the 
pump.241 Furthermore, some surgeons have suggested that in areas of 
stasis, such as in an internal mammary artery, it is important to flush the 
artery every 10 to 15 minutes to allow for new bivalirudin to be perfused, 
or clot could build up in the “dead end” if it is clamped. The other option 
is to not completely clamp off the internal mammary artery until just 
before it is to be anastomosed.

There has been some confusion regarding how best to monitor antico-
agulation with bivalirudin for cardiac surgery. Originally, Koster et al 222  
utilized the ecarin clotting time (ECT) to follow circulating levels of 
bivalirudin. The ECT has a straight-line dose-response relation in the 
critical range between 300 and 550 seconds. The ACT has a less spe-
cific and more variable relation. With circulating bivalirudin concen-
trations of 10 to 15 g/mL, the ECT will be 400 to 450 seconds. It is 
known that clot will not be able to be generated with a bivalirudin con-
centration greater than 3 to 5 g/mL, so a level of 10 to 12 will be well 
greater than a therapeutic threshold to ensure that fibrin formation 
does not occur on bypass. The dose-responsiveness of bivalirudin is 
highly predictable. There is no secondary reaction necessary such as 
with AT III and UFH. Therefore, when bivalirudin is given, there is 
an absolute amount of AT available. Debates among researchers have 
gone forward as to whether ACT or ECT monitoring is even necessary 
at all. The consensus is that ACT will work (the ECT is no longer com-
mercially available). The other reason for using an ACT is that during 
CPB, if a drug pump malfunctions or the infusion is somehow discon-
nected, it is important to know that earlier rather than later. If the ACT 
begins to elevate to more than 500 seconds, then the team really does 
not know whether to back off on the bivalirudin infusion, stop it alto-
gether, or attribute the effect to some other ACT-prolonging situation 
such as hemodilution or hypothermia. It is known that hypothermia 
retards the production of thrombin, but no studies have been done of 
bivalirudin half-lives in the face of mild-to-moderate hypothermia.

The two trials of bivalirudin in the face of known or suspected 
HIT antibodies did show effectiveness and safety.176,177 The CABG Hit 
On and Off-pump Safety and Efficacy (CHOOSE) and Evaluation of 
patients during coronary artery bypass Operation: Linking UTilization 
of bivalirudin to Improved Outcomes and New anticoagulant strat-
egies (EVOLUTION) trials were performed as parts of a program to 
get bivalirudin approved for patients undergoing cardiac surgery with 
known or suspected HIT. EVOLUTION (ON and OFF) trials random-
ized patients to receive either heparin-protamine or bivalirudin as 
the  primary anticoagulant regimen for either on- or off-pump CABG 
 surgery. In EVOLUTION-OFF, 157 patients were scheduled for OPCAB 
at 21 centers. The dosing of bivalirudin was 0.75 mg/kg as a bolus and 
1.75 mg/kg/hr while the grafts were being prepared and anastomosed. 
Heparin was dosed to reach an ACT target of 300 seconds and reversed 
with protamine. There were no differences in death, myocardial infarc-
tion, or need for repeat revascularization. However, there was a sig-
nificant reduction in strokes seen with the use of bivalirudin. Bleeding 
was about the same with both groups. In the EVOLUTION-On trial, 
150 patients underwent a number of cardiac procedures at the 21 sites. 
There were, again, no major differences in procedural success (death, 
MI, need for redo) in the heparin versus bivalirudin groups. There was 
a statistically, but clinically insignificant, difference (78 mL) in blood 
loss at 2 hours and not at 24 hours with bivalirudin.

The CHOOSE trials undertook to use bivalirudin in patients with 
known or suspected HIT. In the CHOOSE-On trial, 50 patients were 
enrolled. Immediate success of surgery was achieved in 94% of patients 
(treated with bivalirudin); at 30 days, success was 86%, and at 12 weeks 
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that had decreased to 82%. Unfortunately, only historic controls could 
be examined to compare, and conjecture comes into play as to what 
might happen in such a high-risk group with known/suspected HIT. 
Bleeding and transfusion were greater in patients who received biva-
lirudin. In a single German center with a large experience using biva-
lirudin, 40 patients had heparin antibodies.242 These investigators 
noted that their procedural success rate was 99.4%; however, they did 
have an increased use of transfusion in those patients who received 
bivalirudin.

In the face of HITT syndrome, case reports continue to show 
 effectiveness and utility of bivalirudin.244,245,248 This is an off-label use 
of the drug because it has not been FDA approved. In animal stud-
ies, bivalirudin does not activate platelets, and those animals that have 
received the drug for CPB have a better platelet count at the end of 
surgery. Other inflammatory mediators such as cytokines also may be 
decreased with bivalirudin administration as compared with  heparin/
protamine administration. Heparin, even in small doses, activates 
platelets to express their binding sites, whereas bivalirudin seems to 
leave the platelets quiescent. It also has no cross-reactivity with any 
immunoglobulin that is present to heparin/PF4 and does not produce 
an immune response of its own, which can be seen with hirudin.

The latest direct thrombin inhibitors being developed are for long-
term oral use. Ximelagatran was in active phase III clinical trials, but 
they have been stopped. This is a prodrug that is rapidly biotrans-
formed into the active drug Melagatran. The drug produces a predict-
able anticoagulant response, and no laboratory monitoring is required. 
This drug may be able to replace warfarin, which is a difficult drug to 
manage. Unfortunately, the FDA turned down ximelagatran in 2004 
because of increased ALT levels in 6% of patients. It is approved in 
Europe for short-term use, and the FDA will reevaluate it after further 
clinical trials.249–252

Nonthrombogenic Surface
Considered the “Holy Grail” of extracorporeal circulation, an artificial 
surface that does not incite thrombus formation remains undiscov-
ered. The endothelial surface, which the artificial one should mimic, 
performs a host of biochemical functions related to antithrombosis. 
Two that appear crucial are (1) secretion of substances that inhibit both 
platelet activation and aggregation and (2) surface and matrix adsorp-
tion of heparin and heparan, which may locally potentiate AT.253

Heparin may be immobilized onto surfaces by ionic bonding onto 
cationic surfactants. Unfortunately, both heparin and surfactant leach 
off the coated surface on exposure to blood. Covalent binding or sur-
face grafting of heparin provides a more stable preparation. A properly 
heparin-bonded surface should bind AT sufficiently to prevent fibrin-
ogen-induced platelet adhesion. Heparin-coated CPB tubing reduces 
the need for systemic heparin but has not been sufficiently effective 
to replace systemic anticoagulation.254–256 Other approaches include 
increasing surface hydrophilicity with polyethylene oxide and seques-
tration of the thrombogenic surface by endothelialization, albumin 
activation, or phospholipid mimicking.257 New materials might permit 
cardiac surgery with minimal doses of heparin or even without it (see 
Chapter 29).

PROTAMINE
Pharmacology

Protamine neutralizes heparin-induced anticoagulation. This section 
considers the history, pharmacology, and clinical use of protamine dur-
ing cardiovascular surgery, including toxic and idiosyncratic adverse 
effects. Alternatives to protamine complete the discussion.

History
Miescher, investigating cell nuclei in 1868, discovered and named 
protamine, a nitrogenous alkaline substance in sperm heads of salmon.258 
Composed of nearly two-thirds arginine, protamines contain many 

 positive charges (Figure 31-21). Their biologic role is to associate with the 
negatively charged phosphate groups of nucleic acids259 (Figure 31-22).

In 1936, Hagedorn and colleagues used protamine to delay the 
absorption of insulin administered subcutaneously. They (correctly) 
chose protamine, hoping that its alkaline pH would maintain insulin 
in an ionized, slowly absorbed state. When others attempted to mix 
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Figure 31-21 The complete amino acid sequence of protamine from 
steer. Note the abundance of arginine residues (50% for this species). 
(Modified from Coelingh JP, Monfoort CH, Rozijn TH, et al: The com-
plete amino acid sequence of the basic nuclear protein of bull sperma-
tozoa. Biochim Biophys Acta 285:1, 1972.)

Deep
groove

Small
groove

Arginine
side-chains

Polypeptide
chain

DNA
helix

Figure 31-22 The polypeptide chain of protamine with its arginine resi-
dues seen residing in the small groove of the DNA helix. (From Wilkins 
MHF: Physical studies of the molecular structure of deoxyribonucleic acid 
and nucleoprotein. Cold Spring Harbor Symp Quant Biol 21:83, 1956.)
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protamine with heparin to make a long-acting subcutaneous prepa-
ration for thrombosis prophylaxis, they obtained a white precipitate 
instead of a useful mixture.260 Chargaff and Olson261 recognized that 
this precipitate represented the salt of polycationic protamine and 
polyanionic heparin. They established protamine as the neutralizing 
drug for heparin's anticoagulant effect. Jaques262,263 developed the in 
vitro protamine titration test for blood heparin levels and documented 
adverse circulatory effects from protamine.

Source and Preparation
Most vertebrate species synthesize a protamine residing in the heads 
of sperm. Human protamine closely resembles that of other  species.264 
Salmon milt provides the pharmaceutical source of protamine. The 
crushed gonads of male salmon undergo a crude extraction and 
 filtration process using salt and alcohol. The final product, a dried 
powder, commonly is reconstituted as a 10-mg/mL solution. Like insu-
lin and some other protein products, it is stable without refrigera-
tion for several weeks. Protamine is available as sulfate and chloride 
salts. Protamine chloride may have a more rapid onset compared with 
protamine sulfate.265 Nevertheless, clinical study reveals no superiority 
of one preparation over the other.266

Uses and Actions
Two long-acting insulin preparations contain protamine. Protamine-
zinc insulin contains 10 to 15 g protamine per unit of insulin, whereas 
NPH (neutral protamine Hagedorn) insulin contains 3 to 6 g/unit. 
The former compound, with more protamine, exhibits a 36-hour 
duration, compared with 24 hours for the NPH insulin. Both heparin 
and protamine alter cell division and influence angiogenesis and tumor 
size.267,268 However, these effects have not yet developed into therapeu-
tic modalities. In addition, both protamine and its substitute polyca-
tion, hexadimethrine, possess broad antimicrobial activity, suggesting 
application as a topical antibiotic.269

Neutralization of heparin-induced anticoagulation remains the pri-
mary use of protamine. Formation of complexes with the sulfate groups 
of heparin forms the basis for this “antidote” effect. Protamine neutral-
izes the AT effect of heparin far better than its anti–factor Xa effect.110 
This distinction may arise from the need for thrombin, but not fac-
tor Xa, to remain complexed to heparin for AT to exert its inhibitory 
effect. Because porcine mucosal heparin has more potent anti–factor 
Xa activity than bovine lung heparin,270 today's available heparin may 
prove to be more difficult to neutralize with protamine. Protamine's 
poor efficacy in neutralizing anti–factor Xa activity limits the utility of 
LMWH compounds as anticoagulants for CPB.

Protamine exhibits antihemostatic properties by affecting platelets 
and by releasing t-PA from endothelial cells.110 Thrombocytopenia 
follows protamine administration in dogs263,271 and in humans.271,272 
Heparin-protamine complexes inhibit thrombin-induced platelet 
aggregation.273–275 In addition, protamine appears to bind to thrombin, 
inhibiting its ability to convert fibrinogen to fibrin.276 Initial attempts to 
document an in vivo antihemostatic effect of protamine proved unsuc-
cessful.148 Rapid degradation of protamine by circulating  proteases 
may account for this discrepancy.

Administration, Distribution, and Fate
Neutralization of heparin occurs by intravenous injection of protamine. 
Subcutaneous administration is limited to prolongation of insulin 
absorption. Presumably, these highly charged polycations distribute 
only to the extracellular space.

In the presence of circulating heparin, protamine forms large com-
plexes with heparin.277 Excess protamine creates larger complexes. 
The reticuloendothelial system may then dispose of these particles by 
endocytosis. Although this action has not been proved, macrophages 
in the lung may constitute the site for elimination of these complexes 
because intravenous administration of protamine permits forma-
tion of  heparin-protamine complexes in the pulmonary circulation 
first. Protamine also may bind to circulating plasma proteins, the 

 significance of which remains unclear.278 Proteolytic degradation of 
the protamine complexed to heparin conceivably results in free hepa-
rin. Protamine degradation in vivo proceeds by the action of circulat-
ing proteases, among them carboxypeptidase N, an enzyme that also 
clears anaphylatoxins and kinin pathway products.279 The time course 
of protamine disappearance from plasma in patients remains poorly 
investigated.

Dosage
The recommended dose of protamine to neutralize heparin varies 
widely. Table 31-8 lists factors accounting for this variability. The first 
factor is the proper ratio of protamine to heparin. Reports of the opti-
mal ratio of milligrams of protamine to units of heparin cite values 
as low as zero (i.e., they do not neutralize heparin)280 to as much as 
4 mg/100 units.158 This variability has been accounted for by differ-
ences in timing, temperature, and other environmental factors; choices 
for coagulation tests and outcome variables; and speculation and 
unproven assumptions. Second, the basis for calculating protamine 
dose, the total amount of heparin given or the amount remaining in 
the patient, must be determined. Protamine titration tests at the con-
clusion of CPB can determine the amount of heparin remaining in the 
patient. With automated versions of this test and simple assumptions 
regarding the volume of distribution of heparin, the amount needed 
to neutralize the heparin detected in the patient's vasculature can be 
calculated. However, this technique may invite heparin rebound, the 
third concern (see Chapter 17).

An alternative regimen splits a 1 mg/100 units calculated dose of 
protamine into two separate doses: an initial dose (75% of the total) 
after CPB, with the remainder after reinfusion of blood from the 
bypass circuit. This regimen prevented increased plasma heparin lev-
els and prolongation of the aPTT, compared with a control group.281 
The ACT remained unchanged, perhaps a reflection of its insensitivity 
to small amounts of circulating heparin. Protamine chloride did not 
prove superior to protamine sulfate in preventing the occurrence of 
heparin rebound.266

A system using coagulation test tubes that contain lyophilized hepa-
rin and protamine matched by lot to that administered to the patient 
permits calculation of dosages to account for variations arising from 
patient and pharmaceutical factors. It results in increased doses of hep-
arin and decreased doses of protamine compared with those calculated 
by weight alone. Nevertheless, decreased bleeding and less use of allo-
geneic blood products result.150

Finally, lest fear of heparin rebound prompt the clinician to 
administer protamine in excess, gross overdosage may likely anti-
coagulate patients. Dogs given excess protamine exhibited a dose-
dependent prolongation of the ACT, with the ACT nearly doubling 
after a protamine dose four times that needed to neutralize heparin. 
At a 10-fold dose, the aPTT prolonged and thrombocytopenia devel-
oped149 (Figure 31-23). Without prior heparin, the coagulation test 
abnormalities occurred at lower protamine doses. The cautious clini-
cian realizes that the protease enzyme system that degrades protamine 
can be saturated. Prolongation of coagulation times may conceivably 
result from protamine overdose, as well as from unneutralized hepa-
rin. Fortunately, the safe range of protamine dose regarding neutral-
ization of anticoagulation is large; therefore, the prudent clinician 
will not hesitate to administer a small additional dose of protamine 
should incomplete neutralization or heparin rebound be suspected, 
while limiting administration so as not to overwhelm the proteases 
that degrade protamine.

Basis for Variability in Protamine Dose

Ratio of protamine to heparin
Amount of heparin to neutralize
Heparin rebound
Protamine overdose

TABLE  
31-8
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Adverse Reactions
The potential for a deleterious response to protamine administra-
tion raises serious questions and difficult choices in clinical care 
before, during, and after cardiac operations. This section presents the 
spectrum of adverse reactions, the presumed mechanism for each, 
and treatment options. These adverse events can be reduced with 
proper clinical technique. Thus, a clinical perspective at the end of 
this section discusses preventive measures to guard against untoward 
responses. The causes of hypotension after protamine (rapid admin-
istration, anaphylactic reaction, and pulmonary vasoconstriction) are 
 considered in turn.

Rapid Administration
Peripheral Cardiovascular Changes
Jaques determined initially that systemic hypotension from protamine 
administered to dogs required a rapid (15-second) injection. Sub-
sequent studies confirmed that hypotension accompanies intrave-
nous protamine.263,282–289 However, repeat doses are benign when given 
slowly or rapidly within 4 to 6 hours of an initial reaction unless 
 heparin is given before the second dose.283,290 Pulmonary arterial pres-
sures also increase.283,291 Although increased pulmonary arterial  
pressure and  pulmonary vascular resistance follow protamine pre-
dictably in dogs, pigs, and sheep, humans respond in a more idiosyn-
cratic fashion. Decreased systemic vascular resistance accompanies the 

 systemic hypotension,271,286,287 whereas venous return and cardiac filling 
pressures decrease.286,287 Rapid volume administration may avert sys-
temic hypotension in both dogs and humans.286,292

Slow administration of a neutralizing dose over 5 minutes or longer 
rarely will engender cardiovascular changes.293 Systemic hypotension 
from rapid injection in humans has been ascribed to pharmaco-
logic displacement of histamine from mast cells by the highly alka-
line protamine, similar to the mechanism by which curare, morphine, 
and alkaline antibiotics (e.g., vancomycin and clindamycin) cause 
hypotension. However, protamine alone, in concentrations similar 
to those expected in vivo, fails to release histamine from minced ani-
mal lung tissue,294 or from dispersed human mast cells.295 More recent 
investigations linked hypotension to the release of nitric oxide from 
endothelium.296

Effects on Cardiac Inotropy
Cardiac output (CO) predictably decreases after rapid administration 
to animals when preload is allowed to decrease.271,282,284,285,289,291 Most 
human studies document no change in CO with rapid297–299 or slow 
administration.300–304 When volume infusion accompanies protamine, 
CO increases292; however, the effects of protamine on CO do not assess 
its impact on inotropy, which constitutes only one of many determi-
nants of CO.

Initial reports indicated a myocardial depressant effect.282,284,285,287 
Studies using strips of myocardium bathed in concentrated protamine 
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(ACT), thrombin clotting time (TCT), prothrombin time 
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solutions produced similar results305–308; clinically relevant bath con-
centrations yielded conflicting results regarding depressed myocardial 
mechanics.309,310 One study suggested that only concentrated noncom-
plex protamine would compromise patients clinically.308 Another sug-
gested that patients with established ventricular compromise might 
suffer further degradation of contractile performance on exposure to 
unbound protamine.311 The mechanism may relate to altered mem-
brane ion conductances that increase intracellular calcium.312 Well-
conducted studies in intact organisms revealed no effect of protamine 
on contractility in animals288,313 or humans283,313–319 (Figure 31-24).

Left-Sided Injection
Based on early reports claiming protection from adverse responses, 
injection of protamine directly into the left side of the circulation (left 
atrium or aortic root) became popular.316,317 Some subsequent animal 
investigations confirmed a left-sided advantage318,319; others demon-
strated no advantage313,320 or more compromised hemodynamics313 
compared with a control right-sided group. Left-sided injection pro-
vides no protection from pulmonary hypertension.321 In humans, the 
published evidence weighs against left-sided injection; three separate 
investigations in a total of 130 patients demonstrated more hypoten-
sion from left-sided than right-sided injection.299,322,323 The clini-
cian must consider that left-sided injection also increases the risk for 
 systemic particulate and air embolization.

Platelet Reactions
The most underappreciated reaction to protamine is thrombocytope-
nia. The heparin-protamine complex activates the microcirculation. 
For a quick graphic example, the reader should merely mix heparin 
and protamine in a well or syringe. A milky precipitate is observed that 
grows into larger beads of precipitate. It is clear that when protamine 
is administered, it binds heparin wherever it comes into contact with 
it. It may find heparin attached to the surface of platelets and then coat 
the surface of the platelets with heparin–protamine complexes. It also 
is possible that heparin and protamine could form cross-links between 
platelets because the protamine is polycationic and can bind a num-
ber of heparin molecules. The end result is a decrease in platelet count 
within 10 to 15 minutes of administration of protamine. The usual 
is roughly a 10% decline in platelet count, but it can be larger, when 
normalization of coagulation is expected. It appears that the platelets 
are sequestered by the reticuloendothelial and pulmonary vasculature. 
It is unclear whether those patients with the largest drop in platelets 
develop the worst bleeding or whether they are at the greatest risk for 

pulmonary vasoconstriction and pulmonary hypertension secondary 
to thromboxane release. The sequestered platelets come back into the 
circulation over the next few hours, and by 1 to 4 hours, the platelet 
count returns toward normal.

Anaphylactoid Reaction
Allergy, Anaphylaxis, and Adverse Responses
Not all adverse responses to protamine are allergic reactions. Rapid 
protamine injection decreases blood pressure just as morphine induces 
nausea; neither side effect is allergic. Immediate hypersensitivity 
 allergic reactions involve release of vasoactive mediators resulting from 
 antigen-antibody interaction. The broader term anaphylactoid reactions 
includes not only severe immediate hypersensitivity allergy, termed 
anaphylaxis, but also other life-threatening idiosyncratic responses of 
nonimmunologic origin324,325 (Figure 31-25). The initial classification 
of protamine reactions split the anaphylactoid category (type II) into 
three subsets: anaphylaxis (IIA), nonimmunologic anaphylactoid reac-
tion (IIB), and delayed noncardiogenic pulmonary edema (IIC).326 The 
last two are poorly defined phenomena. Complement-mediated non-
immunologic effects do occur but are not discussed here.327 This section 
deals mainly with allergic responses and polycation lung injury.326–328

Diabetes Mellitus
Patients receiving protamine-containing insulin develop antibodies to 
protamine. Between 38% and 91% of these patients demonstrate an 
antiprotamine IgG329–331; far fewer patients develop an antiprotamine 
IgE. Do these antibodies cause adverse responses to protamine admin-
istration? Few patients with diabetes actually experience development 
of hemodynamic compromise from protamine.331 The numerous case 
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reports of diabetic patients who had adverse responses to protamine 
reflected either a truly increased incidence of adverse response in this 
population or merely a reporting bias, because cases in nondiabetics 
are not published.332–343 Retrospective attempts to determine the risk 
for protamine reaction in diabetic patients yield diverse results.344,345 
A case-control study found a 95-fold increase in risk relative to patients 
taking NPH insulin,346 whereas prospective studies331,347 demonstrated 
no increased risk. Table 31-9 displays these data. If risk is increased, 
it remains quite small (0.6%).331

Prior Exposure to Protamine
Previous protamine exposure may occur at catheterization,334,348 at 
prior vascular surgery,332,335 at dialysis,349 or during blood component 
donation,350 although modern techniques for the latter two procedures 
no longer use heparin and protamine. Multiple exposures at intervals 
of about 2 weeks maximize the chance of an allergic response.351

A single intravenous exposure to protamine will engender an IgG 
or IgE antibody response in 28% of patients.352 Nevertheless, many 
thousands of patients each year receive protamine at both catheteriza-
tion and then later at surgery without sequelae. They offer evidence of 
the safety of this sequence and the rarity of intravenous exposure to 
protamine generating clinically significant antibodies.

Fish Allergy
Salmon is a vertebrate or true fish (also known as “fin” fish), as opposed 
to shellfish, which are invertebrates. Patients allergic to fin fish can 
respond to protamine with anaphylaxis. Several case reports support 
this statement.353,354 As with patients with diabetes, patients with fish 
allergy followed prospectively do not exhibit an adverse response to 
protamine challenge.331 One of the authors (J.H.) has documented neg-
ative skin tests in several patients with fish allergy in whom subsequent 
protamine administration was benign, as well as a positive skin test in 
one patient who did not receive protamine (unpublished data). Because 
skin tests have high sensitivity and poor specificity, negative results sug-
gest lack of allergy. No data link shellfish and protamine allergies.

Vasectomy
Within 1 year of vasectomy, 22% of men develop cytotoxic (IgG) 
antibody to human protamine, which may cross-react with salmon 
protamine because of similarity among protamines.355 These autoan-
tibodies exist in weak titers, however. Prospective studies demonstrate 
that patients with prior vasectomy receive protamine during cardiac 
surgery without adverse response.355,356 Case reports of vasectomy-
related protamine allergy357 display insufficient evidence to demon-
strate a causal relation326,358; thus, vasectomy remains only a theoretic 
risk for protamine allergy.

Noncardiogenic Pulmonary Edema
Systemic hypotension accompanied by massive pulmonary capillary 
leak, accumulation of alveolar fluid, decreased pulmonary compli-
ance, wheezing, and pulmonary edema can occur after CPB. Originally 
attributed to protamine, these rare responses occur sporadically at least 
20 minutes after protamine administration.338,359–362 Others have attrib-
uted the problem to administration of banked blood products363,364 or 
other substances.365 CPB itself activates complement via the alternate 
pathway, which can (but usually does not) result in leukocyte aggrega-
tion, free radical formation, and lung injury.324,366

Many polycations, including protamine, hexadimethrine, and 
polylysine, can directly induce delayed pulmonary vascular damage.366 
Verapamil may attenuate polycation injury via its inhibitory effects on 
calcium channels.367 The delayed noncardiogenic pulmonary edema 
seen clinically might arise from protamine, from administration of leu-
kocytes that accompany banked blood products,364 or from CPB.368,369 
Perhaps the marked decrease in occurrence of this phenomenon since 
2000 arises from less frequent use of FFP, more widespread administra-
tion of calcium channel blockers perioperatively, or both.

Pulmonary Vasoconstriction
Clinical Features
Several years after PACs achieved common usage and case reports sen-
sitized clinicians to adverse responses to protamine, Lowenstein et al370 
reported a series of patients in whom protamine caused systemic hypoten-
sion, decreased left atrial pressure, increased rather than decreased pul-
monary arterial pressure, and RV distention and failure. This syndrome 
resembles the predictable response seen in certain laboratory animals.370–374 
Unlike in anaphylaxis, plasma histamine levels do not change during this 
idiosyncratic, catastrophic pulmonary vasoconstriction,372 thus justifying 
a separate classification for this unusual response.373

The duration of pulmonary hypertension may vary substantially 
from brief episodes374 (Figure 31-26) to those requiring reinstitution 
of CPB.370,374,375 Rechallenge with protamine immediately after recovery 
from this type III reaction can be benign,374 similar to the results in lab-
oratory animals.225 However, because rechallenge could induce repeat 
pulmonary vasoconstriction, it is best avoided whenever possible.

Proposed Mechanism
Animal models of type III protamine responses demonstrate that hepa-
rin must precede the protamine,252,376 that heparin–protamine complexes 
activate the complement pathway,377 and that blockade of complement 
activation attenuates pulmonary damage.378 Furthermore, leukocytes 
respond to complement activation by forming free radicals, which stim-
ulate the arachidonate pathway.367,379 Blockade of this pathway mitigates 
the pulmonary response,380,381 whereas antihistamines do not.321,372

Unlike the immediate pulmonary damage induced by heparin–
protamine complexes, polycations alone (e.g., poly-L-lysine) induce pul-
monary damage in a more delayed fashion. Polycation-induced injury 
probably involves pulmonary macrophages and arachidonate metabo-
lites.367,377,382–385 Heparin-protamine complex size varies with the molar 
ratios of heparin and protamine present338; an excess of protamine forms 
larger complexes.277 Rapid protamine administration in humans may 
not predictably cause pulmonary hypertension because, unlike those of 
the pig and sheep, human lungs do not contain large numbers of mac-
rophages.338,367 Polycations can block nitric oxide synthetase, leading to 
speculation that this pathway also participates in the development of 
pulmonary vasoconstriction. Figure 31-27 summarizes the speculative 
mechanisms of various adverse responses to protamine.

Treatment and Prevention
Theoretically, slow administration should limit type III reactions 
because large heparin–protamine complexes would less likely form. 
Slow dilute infusion (see later) has decreased this adverse response to 
protamine.

*Nondiabetics who sustained an adverse response to protamine were 25 times more likely to demonstrate an antiprotamine IgG than nondiabetics who did not suffer an adverse 
protamine response.

†Diabetics taking NPH insulin who sustained an adverse response to protamine were 95 times more likely to demonstrate an antiprotamine IgE than NPH-taking diabetics who did 
not suffer an adverse protamine response.

Studies on the Incidence of Protamine Reactions (Type Unspecified)

Authors Type Size Situation Nondiabetics Diabetics, No Insulin Diabetics-NPH

Stewart et al344 Retrospective 651 Catheterization 0.50% 0.0% 27.0% (4/15)
Gottschlich et al345 Retrospective 2996 Catheterization 0.07% — 2.9% (2/68)
Levy et al294 Prospective 3245 Surgery 0.06% — 0.6% (1/160)
Weiss et al346 Case control 27 Various 25 × (IgG)* — 95 × (IgE)†

TABLE  
31-9
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Some have suggested routine administration of antihistamines to 
prevent protamine-induced circulatory changes. For type III reac-
tions, in which histamine has no mechanistic role, such a plan 
should fail. Indeed, antihistamines confer no advantage in general.386 
Hydrocortisone or aminophylline prophylaxis may lessen any circu-
latory changes with protamine administration, but for nonspecific 
reasons.387,388

On detection of sudden pulmonary hypertension and systemic 
hypotension, protamine infusion should cease, as should admin-
istration of any cardiovascular depressant. Administration of a 
heparin bolus should be considered in an attempt to reduce hep-
arin–protamine complex size.375 Excess heparin would theoretically 
attract protamine away from large complexes to yield a larger num-
ber of smaller size particles. If hemodynamics have not deteriorated 
sufficiently to warrant immediate reinstitution of CPB, 70 U/kg 
heparin should be tried first, then 300 U/kg if that fails. Inotropic 
support should be selected so as not to worsen the pulmonary 
hypertension; isoproterenol (0.1 to 0.2 g/kg bolus followed by 0.1 
to 0.3 g/kg/min) or milrinone appear best suited for this purpose. 
Milder cases may revert without intervention,374 merely by halting 
protamine administration,389 a highly desirable outcome insofar 
as the treatments outlined earlier all extract a price, whether it be 
arrhythmias from inotropes or bleeding from heparin. Rechallenge 
with protamine should be avoided.

Guidelines for Clinical Use
The most important principle in avoiding adverse responses to 
protamine is to administer the drug slowly. Dilution aids this goal by 
limiting the impact of an undetected rapid administration. A neutral-
izing dose (3 mg/kg, or 21 mL on average of 10 mg/mL solution) can be 
added to 50 mL clear fluid; then the diluted drug can be administered 
into a central vein by a small-drop infusion (60 drops/mL) over 10 to 
15 minutes. It is important to provide a carrier flow when adminis-
tering by peripheral vein so that the long tubing does not slowly fill 
with drug rather than the drug entering the patient. Additional doses 
of undiluted protamine are given from small syringes (5 mL) at a maxi-
mum rate of 20 mg/min to adults. Proper choice of materials (small 
syringes, small-drop administration sets, and use of diluent) helps 
 protect against too-rapid drug delivery.
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Figure 31-26 Example of a type III protamine reaction of brief 
duration. Compressed waveforms of radial arterial, pulmonary arterial, 
and central venous pressures (CVP; all in mm Hg) demonstrate sudden 
systemic hypotension and pulmonary hypertension soon after adminis-
tration of 10  mg protamine sulfate (arrow at 23 minutes after bypass). 
Note lack of adverse response to an additional 10  mg protamine sulfate 
5 minutes later. (From Horrow JC: Thrombocytopenia accompanying a 
reaction to protamine sulfate. Can Anesth Soc J 32:49, 1985.)
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Slow administration should decrease the likelihood of a type I and 
III adverse response. However, anaphylactic response (type IIA) may 
occur at any delivery rate. Preparation for groups at risk to receive 
protamine is discussed in the following sections.

Patients with Diabetes
No screening test predicts an adverse response to protamine; serum 
IgE levels are nonspecific; and skin tests do not correlate with anti-
protamine antibody measurements.390,391 Using too concentrated 
a protamine solution in performing skin tests may produce false-
 positive results.392,393 Antiprotamine antibody determinations, available 
by radio allergosorbent test or ELISA, appear equally nonspecific and 
are expensive.390,391 Although most patients with diabetes have anti-
protamine immunoglobulin (38% to 91%), most receive protamine 
without adverse sequelae (> 99.4%).

Vasectomy and Patients with Fish Allergy
Like patients with diabetes, vasectomy patients demonstrate antibodies 
but show a benign response to protamine. All skin tests on vasectomy 
patients by these authors have displayed negative results and benign 
responses to protamine after CPB, including one who demonstrated an 
anaphylactoid reaction at catheterization, probably arising from radio-
contrast administration.

Patients with strong evidence by history or laboratory tests of 
allergy to fin fish are uncommon. After CPB, these patients receive 
1 mg protamine diluted in 50 mL intravenous fluid over 10 minutes. 
If hemodynamics do not deteriorate, the neutralizing dose is admin-
istered as previously outlined. Otherwise, protamine is withheld. Skin 
testing may predict this allergy but would not change the approach, 
because false-positive skin tests are common, and too few reported 
cases of protamine–fin fish cross-allergy exist to warrant more aggres-
sive drug administration to those demonstrating negative skin tests. 
Heparin has been successfully neutralized in a patient with a history of 
fin fish anaphylaxis and positive skin tests to protamine by using the 
enzyme heparinase I (Neutralase). This case is unpublished.

Prior Reaction to Protamine
For patients with prior reaction to protamine, skin testing, radio aller-
gosorbent test, and ELISA are appropriate, because negative responses 
provide greater comfort in attempting a rechallenge. If the historic or 
laboratory evidence for protamine sensitivity is poor, then a challenge 
as described for patients with fish allergy may be attempted. Otherwise, 
an alternative to protamine should be chosen. Availability of a safe 
alternative would save the cost of these tests and any prolonged hospi-
talization that accompanies them.

Alternatives to Protamine
This section discusses techniques for neutralizing heparin other than 
with administration of protamine. Substitutes for protamine in long-
acting insulin preparations are not considered.

Hexadimethrine
This synthetic polycation (Figure 31-28) is 1.1 to 2.0 times more 
potent than protamine.394,395 Hexadimethrine (Polybrene)  engenders 
the same biologic responses as protamine when administered  rapidly: 

systemic hypotension, decreased systemic vascular resistance, and 
rapid disappearance from plasma.395,396 Pulmonary hypertension 
occurs after hexadimethrine neutralization of UFH.397 Patients allergic 
to protamine have received hexadimethrine without adverse effects.334 
The small group of patients with true anaphylaxis, as demonstrated by 
clinical history and antiprotamine IgE, may benefit from hexadime-
thrine insofar as this protamine substitute may not cross-react with the 
antibodies present.

After reports of renal toxicity, hexadimethrine was withdrawn 
from clinical use in the United States.398,399 Animal studies confirmed 
glomerular injury from hexadimethrine. Urinary excretion of lac-
tic dehydrogenase, aspartase aminotransferase, and other enzymes 
occurs.400 Binding of the polycation to the carboxyl groups of proteo-
glycans in the glomerular basement membrane probably mediates this 
injury.401 Although protamine also causes renal toxicity, larger doses are 
required.402,403 Hexadimethrine appears unlikely to replace protamine 
for routine clinical use.404

Platelet Factor 4
Platelets contain the potent antiheparin compound PF4. An early 
attempt to neutralize heparin by platelet concentrate transfusion in 
two patients produced poor results, however. Despite 18 units of plate-
lets and 400 mL FFP, 1 patient bled 4 L, whereas 12 units platelets and 
1100 mL FFP accompanied more than 2 L of blood loss in another.340

Rather than bind to heparin electrostatically, like protamine, PF4 
utilizes lysine residues at its C termini to neutralize heparin. Both 
native and recombinant PF4 effectively neutralize heparin in rats 
without adverse effects at one-fifth the potency of protamine, that is, 
5 mg/100 U heparin.94 In heparinized human blood, recombinant PF4 
was half as potent as protamine in restoring the ACT and whole-blood 
clotting time.405 Doses of 2.5 and 5.0 mg/kg recombinant PF4 neutral-
ized the 5000 units heparin given for cardiac catheterization.406 Doses 
of 5 mg/kg recombinant PF4 to a small number of patients successfully 
neutralized the 300 U/kg heparin given for CPB.407

Does PF4 avoid the adverse effects of protamine? Kurrek et al408 dem-
onstrated pulmonary hypertension in lambs when neutralizing hepa-
rin with PF4. The lamb, like the dog, responds predictably to protamine 
with increased pulmonary pressures, and thus serves as a model for 
predicting the idiosyncratic effects of protamine in humans. Those 
patients likely to respond to protamine with pulmonary hypertension 
might respond likewise to PF4.408 Another less likely explanation is that 
PF4 constitutes a foreign protein to the lamb, thus engendering the 
adverse pulmonary hemodynamic response.409 Further clinical work 
on PF4 as a protamine substitute appears to have slowed.

Interposed Filters
The enzyme, heparinase, bonded to an exit filter of an experimen-
tal bypass circuit and interposed at the conclusion of CPB, decreased 
blood heparin levels within two passes410; current filters achieve 90% 
heparin removal with a single pass.

A modification of this concept uses a hollow-fiber filter to which 
protamine has been immobilized. Although not a true alternative to 
protamine, the protamine filter traps heparin extracorporeally, limit-
ing tissue interaction with heparin-protamine complexes.411,412 This 
“protamine filter” attenuates both thrombocytopenia and leucopenia. 
The clinical efficacy and safety of this technique have not yet been clearly 
demonstrated. Heparin removal proceeds much too slowly, requiring 
10 minutes to remove half of circulating heparin; the  potential for 
clot formation in the circuit from return of unheparinized blood for 
successive passes through the filter remains an unresolved problem.

Methylene Blue
This positively charged chemical dye binds to heparin in an electro-
static fashion similar to that of protamine. Sloan et al413 administered 
2 mg/kg to a patient who had sustained a severe reaction to protamine, 
successfully restoring the ACT and aPTT, and decreasing chest tube 
output. Follow-up work ex vivo confirmed a potential benefit.414 
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Figure 31-28 Hexadimethrine, a synthetic polycationic polymer. 
(From Horrow JC: Protamine. A necessary evil. In Ellison N, Jobes 
DR [eds]: Effective Hemostasis in Cardiac Surgery. Philadelphia: WB 
Saunders Company 1988, p 15.)



 31 Transfusion Medicine and Coagulation Disorders 977

However, more rigorous laboratory testing415 and a clinical trial of 
ascending doses of methylene blue to neutralize heparin administered 
for elective CPB demonstrated no efficacy whatsoever in restoring the 
ACT to normal.416 Furthermore, doses greater than 6 mg/kg resulted 
in moderate-to-severe pulmonary hypertension, necessitating admin-
istration of inotropic support.417 Methylene blue, an inhibitor of nitric 
oxide synthetase, predictably increases pulmonary and systemic vascu-
lar resistances at greater doses. Methylene blue should not be used to 
neutralize heparin.

Omit Neutralization
Heparin activity will decay spontaneously with time because of 
drug elimination. Castaneda omitted heparin neutralization in 92 
patients280; despite lower doses of heparin and meticulous hemosta-
sis, most of those patients bled excessively. Another patient in whom 
heparin was not neutralized bled 5 L over 13 hours and required more 
than 15 units of blood products.417 Although this option avoids expo-
sure to protamine, hemodynamic instability and consumptive coagu-
lopathy may result from massive hemorrhage. Substantial exposure to 
transfusion-related viral disease also creates serious concern for the 
clinician.

Heparinase
Systemic administration of the enzyme heparinase I, produced by 
Flavobacterium, resulted in a return of the ACT to normal in an ex 
vivo model,418 animal models of CPB,418 and healthy volunteers.419 
Initial investigation in patients undergoing elective CABG operations 
confirmed the utility of heparinase in neutralizing heparin-induced 
anticoagulation.420

Because the enzyme remains in the vasculature for some time after 
administration (the half-life is 12 minutes in healthy subjects), should 
an immediate need arise to reinstitute CPB, patients would require not 
only repeat doses of heparin, but an infusion of heparin to counter 
the lingering effects of the enzyme. All work on the development of 
 heparinase has stopped after failure of initial clinical trials.

Designer Polycations
If the action of protamine is derived from its polycationic structure, 
could artificial polycations be developed to retain the heparin-neu-
tralizing property while minimizing or eliminating adverse effects? 
Wakefield et al421,422 have generated a series of designed molecules with 
this purpose in mind.

Unfortunately, adverse effects appear to correlate with the abil-
ity to neutralize UFH. However, some of the polycations developed 
can neutralize LMWH species without adverse sequelae, suggesting 
replacement of both UFH and protamine with a doubly superior reg-
imen for achieving anticoagulation for CPB.384 Much more investi-
gation must precede clinical trials. The future may be in using the 
new direct thrombin inhibitors and completely avoiding the need for 
protamine.

BLEEDING PATIENT
After cardiac surgery, some patients bleed excessively. Prompt diag-
nostic and therapeutic action will avoid impaired hemodynamics 
from hemorrhage, decreased oxygen-carrying capacity from anemia, 
and impaired hemostasis from depletion of endogenous hemostatic 
resources. The surgical act creates the potential for hemorrhage, some-
times aided by preoperative attempts to lyse intracoronary thrombo-
ses. Beyond that, however, many factors govern whether a particular 
patient will experience excessive bleeding after cardiac surgery. This 
section details the causes, prevention, and management of the bleeding 
patient (see Chapters 17, 28 to 30, and 34).

Although many different criteria can define excessive bleeding, chest 
tube drainage of more than 10 mL/kg in the first hour after operation 
or a total of more than 20 mL/kg over the first 3 hours after opera-
tion for patients weighing more than 10 kg is considered significant. 

Also, any sudden increase of 300 mL/hr or greater after minimal initial 
drainage in an adult usually indicates anatomic disruption warranting 
surgical intervention.421

Patient Factors
The medical history can reveal information relevant to hemostasis. 
Any patient with a personal or family history of abnormal bleeding 
after surgery deserves specific coagulation testing for an inherited dis-
order. Routine PT, aPTT, and bleeding times probably offer little as 
screening tests.423–425 The bleeding time has been investigated in a meta-
 analysis of more than 800 published articles, and it was concluded that 
it has no correlation with postoperative coagulopathic bleeding.426 The 
other routine tests have less than a 50% accuracy for predicting who 
will bleed and who will have normal chest tube outputs.

The thromboelastograph has been tested extensively both alone and 
in conjunction with a number of other tests including PT, platelet count, 
and fibrinogen. The TEG has been shown to have the best predictive 
accuracy for postoperative bleeding.427–435 In work using an algorithm 
based on the TEG and other tests, blood product utilization was cut con-
siderably.434 Chest tube bleeding was not different, but the TEG did pre-
dict which patients might bleed abnormally. Work with TEG monitoring 
has shown that it can detect both hypocoagulable and hypercoagulable 
states. New additives to the testing make it sensitive to the ADP-receptor 
platelet antagonists, as well as the IIb/IIIa inhibitors (see Chapter 17).

Concurrent systemic disease affects hemostasis during surgery as 
well. Uremia from renal failure results in platelet dysfunction. Severe 
hepatic compromise impairs every aspect of hemostasis: PK and most 
coagulation factors circulate in decreased concentration; additional 
sialic acid residues on fibrinogen and other coagulation factors impair 
clotting function; splenomegaly induces thrombocytopenia; maldis-
tribution of vWF multimers impairs platelet adhesiveness and aggre-
gation; impaired clearance of endogenous plasminogen activators 
accentuates fibrinolysis; and decreased levels of coagulation inhibitors 
induce a consumptive coagulopathy.436

Medications significantly affect surgical bleeding. Many patients 
taking aspirin or other platelet-inhibiting drugs regularly cannot halt 
that therapy within 7 days of surgery. No antidote can correct the 
 platelet defect. Fortunately, most patients taking aspirin within 7 days 
of  surgery do not exhibit excessive bleeding. The new antiplatelet drugs 
can all lead to postoperative bleeding (see Table 31-4).

Patients taking warfarin require 2 to 5 days without therapy for 
correction of the international normalized ratio. Patients for urgent 
surgery may receive parenteral vitamin K or FFP, which corrects the 
warfarin defect more quickly. Some patients may receive thrombolytic 
therapy for acute ischemic events just before surgery. Systemic fibrin-
ogenolysis resulting from use of nonspecific thrombolytic agents 
such as streptokinase should respond to antifibrinolytic therapy with 
-aminocaproic acid (EACA) or tranexamic acid (TA).

Insult of Cardiopulmonary Bypass
More so than patient factors, CPB itself acts to impair hemostasis. 
Bypass activates fibrinolysis, impairs platelets, and affects coagula-
tion factors. Hypothermia, used in most centers during CPB, adversely 
affects hemostasis as well.

Fibrinolysis
Numerous investigations support the notion that CPB activates 
the fibrinolytic pathway.437–439 Despite clinically adequate doses and 
blood concentrations of heparin, coagulation pathway activity per-
sists. Formation of prothrombin and fibrinopeptide fragments and 
 thrombin-AT complexes document continued thrombin activity in 
this setting (see Figure 31-13). The site of thrombin activity proba-
bly resides in the extracorporeal circuit, which contains a large surface 
of thrombogenic material. Thrombin activation results in fibrinolytic 
activity; activation of fibrinolysis may be localized to those exter-
nal sites of fibrin formation. Plasminogen activator concentrations 
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increase during CPB, whereas  levels of its inhibitor plasminogen acti-
vator inhibitor 1 remain unchanged. This scenario is consistent with 
activation of fibrinolysis during CPB. Neither of the labels “primary” 
or “secondary” applies to the fibrinolysis peculiar to CPB.

Does fibrin formation during CPB constitute a consumptive coagu-
lopathy? It is not a systemic event. Presuming that plasminogen activa-
tion occurs only where fibrin is formed (extracorporeally), a systemic 
fibrinogenolytic state should not ensue. Should 

2
-antiplasmin become 

overwhelmed by plasmin formation, however, systemic manifestations 
may result. Previous generations of oxygenators may have engendered 
systemic fibrinogenolysis more easily because of their more thrombo-
genic designs. In these (now more uncommon) instances of fibrinoly-
sis, the TEG may demonstrate clot lysis. Even when fibrinolysis remains 
limited to the sites of extravascular fibrin formation, the fibrin degrada-
tion products so formed might impair hemostasis. In many cases, the 
mild fibrinolytic state engendered during CPB resolves spontaneously 
with little clinical impact.

Platelet Dysfunction
Thrombocytopenia occurs during CPB as a result of hemodilution, 
heparin, hypothermia-induced splenic sequestration of platelets, and 
platelet destruction from the blood-gas and blood-tissue interfaces 
created by cardiotomy suction, filters, and bubble oxygenators.440–442 
Platelet count rarely declines to less than 50,000/mm3, however.

Not only does the number of platelets decrease during CPB, but 
remaining platelets become impaired by partial activation. Fibrinogen 
and fibrin, which adhere to artificial surfaces of the extracorporeal 
 circuit, form a nidus for platelet adhesion and aggregation. A reduced 
content of platelet -granules constitutes the evidence for partial 
 activation443; nearly one third of circulating platelets undergo -granule 
release during CPB.444 Bypass also depletes platelet GP receptors Ib and 
IIb/IIIa.444,445 These platelets cannot respond fully when subsequent 
hemostatic  stimuli call for release of granule contents. Use of frequent 
cardiotomy suction and bubble oxygenators aggravates the extent of 
platelet activation.

Activation of the fibrinolytic system may contribute to platelet dysfunc-
tion. Local formation of plasmin affects platelet membrane receptors.445 
Antifibrinolytic medications preserve platelet function and prevent some 
platelet abnormalities that occur during CPB446–449 (Figure 31-29).

Clotting Factors
Denaturation of plasma proteins, including the coagulation factors, 
occurs at blood-air interfaces. Liberal use of cardiotomy suction and 
prolonged use of bubble oxygenators potentially impair coagulation by 
decreasing coagulation factor availability. Hemodilution also decreases 
factor concentrations. However, rarely do coagulation factor levels 
decline to less than the thresholds for adequate formation of fibrin in 
adult surgery. In infants, however, the smallest achievable pump prim-
ing volumes can dilute factors to less than 30% of normal levels.

Hypothermia
Hypothermia potentially affects hemostasis in many ways. First, the 
splanchnic circulation responds to hypothermia with sequestration of 
platelets.450–452 After warming, the accompanying thrombocytopenia 
reverses over 1 hour. Second, transient platelet dysfunction occurs, evi-
denced by a platelet shape change, increased adhesiveness, inhibition 
of ADP-induced aggregation, and decreased synthesis of both throm-
boxane and prostacyclin.450,451 Third, a specific heparin-like inhibitor 
of factor Xa becomes more active452; protamine cannot neutralize this 
factor, which might be heparan. Fourth, hypothermia slows the enzy-
matic cleavage on which activation of coagulation factors depends. 
Many biologic phenomena display a 7% attenuation of activity for each 
decrease of 1° C in temperature.453 Although coagulation  factor struc-
ture remains unaltered, formation of fibrin may be sluggish when the 
patient is cold. Fifth, hypothermia accentuates fibrinolysis454; the fibrin 
degradation products so formed then impair subsequent fibrin poly-
merization. Cold-induced injury of vascular endothelium can release 
thromboplastin, which then incites fibrin formation and  activates 
fibrinolysis. Table 31-10 summarizes these effects.

Prevention of Bleeding
The possible transmission of serious viral illness and impairment of 
immune function during transfusion of blood products may generate 
great concern among clinicians and patients. Many techniques attempt 
to limit viral exposure, including donation of autologous blood or 
directed blood, blood scavenging during and after surgery, and efforts 
to limit perioperative hemorrhage (Table 31-11). Advances in blood 
banking have decreased infectious disease transmission.455 Blood 
 sterilization techniques may render such concerns moot.456

Preoperative Factors
What can be done before surgery to minimize the extent of bleeding 
during and after surgery? Existing disorders of hemostasis must be iden-
tified and treated. The bleeding diathesis of uremia responds to hemo-
dialysis, RBC transfusion, and administration of desmopressin.457,458 
Because impaired hemostasis from hepatic failure may respond to 
intravenous desmopressin, preoperative verification of an appropriate 
response will permit proper administration of this drug after protamine 
neutralization of heparin after CPB.459 Likewise, patients with hemato-
logic disorders potentially amenable to desmopressin therapy, such as 
hemophilia and vWD, should receive desmopressin before surgery to 
determine the extent of response, if any.460 When specific factor replace-
ment is indicated, withholding it until after neutralization of heparin 
will provide less extensive exposure to allogeneic blood products.

Antihemostatic Effects of Hypothermia

Hemostatic Component Effect of Hypothermia

Factors Increased anti–factor Xa activity; heparan?
Slows enzymes of the coagulation cascade

Platelets Splanchnic sequestration
Partial activation

Fibrinolysis Enhanced
Endothelium Tissue factor release

TABLE  
31-10
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Figure 31-29 Antifibrinolytics may aid hemostasis by platelet preservation. 
Here, blood loss appears as a function of platelet adenosine diphosphate 
(ADP), expressed as a ratio (after bypass/before bypass). Purple circles rep-
resent patients who received prophylactic tranexamic acid. Placebo-treated 
patients appear as green circles. Note that the antifibrinolytic afforded less 
bleeding after operation and greater platelet ADP. (From Soslau G, Horrow 
JC, Brodsky I: The effect of tranexamic acid on platelet ADP during extra-
corporeal circulation. Am J Hematol 38:113, 1991.)
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Administration of platelet-inhibiting drugs should cease before 
surgery. Two to 3 days should elapse for nonsteroidal anti-inflamma-
tory medications, which cause reversible inhibition of cyclooxygenase. 
Seven to 10 days are required for regeneration of platelets after admin-
istration of aspirin, which irreversibly acetylates cyclooxygenase and 
some other platelet inhibitors (see Table 31-4).

Physical Factors
Hypothermia still forms an essential component of organ protection 
during CPB in many centers. Sufficient rewarming with adequate dis-
tribution of heat from central to intermediate and peripheral zones 
should help prevent hypothermia-induced impairment of hemostasis.

Incomplete surgical hemostasis may occur from a slipped ligature, 
unclipped vessel branch, loose anastomosis, unattended open vessel at 
the wound edge, or sternal wire placed through the internal mammary 
artery. Because few fresh aortic suture lines fail to leak at high systemic 
pressures (systolic pressure > 180 mm Hg or mean arterial pressure 
> 120 mm Hg), control of hypertension after CPB promotes hemosta-
sis (see Chapter 34).

Limiting the intensity and frequency of use of the cardiotomy suc-
tion fosters platelet preservation during CPB and improves hemosta-
sis after surgery.461 Selection of a membrane rather than a bubble-type 
oxygenator for cases involving prolonged CPB limits platelet destruc-
tion and fibrinolysis, thus aiding hemostasis.462

A small priming volume of the extracorporeal circuit restricts the 
extent of hemodilution. Hemodilution engenders bleeding not only by 
providing decreased concentrations of clotting factors and platelets, it 
also decreases margination of platelets, making them less available for 
adhesion and aggregation. Other measures that help include regulat-
ing cardioplegia volumes, restricting intravenous fluids, administering 
mannitol or loop diuretics, and providing hemoconcentration with 
 filtration devices during CPB.

Removal of platelet-rich plasma at the induction of anesthesia for 
return to the patient after CPB by plasmapheresis supplies autologous, 
functional thrombocytes when they are most needed.463–468 Previously, 
some centers collected autologous whole blood from patients at the 
beginning of surgery, reinfusing it after CPB, with controversial 
benefit.

Speed of surgery receives less attention now than in the past, when 
the therapeutic index of available anesthetics was less favorable. 
However, patients undergoing short surgery enjoy several advan-
tages. Shorter CPB duration preserves platelet function and limits the 
coagulant stimulus for subsequent fibrinolysis; more rapid closure 
after CPB limits tissue exposure to the hypothermic operating room 
environment.

Pharmacologic Factors
Heparin and Protamine
The prudent clinician's admonition to administer no drug to excess 
applies well to this pair of essential drugs. Too little heparin invites 
active fibrin formation during CPB with consumption of clotting fac-
tors and platelets, and excessive activation of the fibrinolytic system; 
too much heparin risks postoperative heparin rebound. With too lit-
tle protamine, the remaining unneutralized heparin impairs hemosta-
sis by its anticoagulant action. Doses of protamine excessive enough 
to overwhelm the endogenous proteases may exert an anticoagulant 
effect, as well as invite polycation-induced lung injury and pulmonary 
vasoconstriction. The optimal approach utilizes coagulation testing to 
estimate the appropriate heparin and protamine doses, and confirm 
both adequate anticoagulation and its neutralization.

Desmopressin
Desmopressin, an analog of vasopressin (Figure 31-30), provides more 
potent and longer-lasting antidiuretic activity than vasopressin, with 
little vasoconstriction (Box 31-5). Like the parent compound and like 
epinephrine and insulin, desmopressin releases coagulation system 

*These maneuvers do not all apply to the treatment of excessive bleeding after operation.
†The entries in this column form a mnemonic device: the initial letters of each entry, 

when rearranged, form the words STOP BLEEDING.

Ways to Prevent* Excessive Bleeding in Decreasing 
Order of Importance

Intervention† Purpose

Ligatures Repair all vascular trespass
Neutralize Heparin fully neutralized
Blood pressure Avoid hypertension after aortotomy
Suction Limit cardiotomy suction
Drugs Cease platelet-inhibiting drugs in advance
Preoperative Diagnose and treat first
Oxygenator Membrane oxygenators for long cases
-Aminocaproic acid (EACA) Antifibrinolytic prophylaxis

Temperature Rewarm sufficiently
Go Act with deliberate speed (tardiness 

begets bleeding)
Intravenous Limit fluids, hemoconcentrate, 

and diurese
Extracorporeal circuit Minimize volume
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Figure 31-30 Molecular configurations of drugs used to decrease 
 surgical bleeding. For comparison, the amino acid lysine is also depicted. 
(Modified from Horrow JC: Desmopressin and antifibrinolytics. Int 
Anesthesiol Clin 28:230, 1990; and Fritz H, Wunderer G: Biochemistry 
and applications of aprotinin, the kallikrein inhibitor from bovine organs. 
Drug Res 33:479, 1983.)
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mediators from vascular endothelium. Factor VIII coagulant activity 
increases 2- to 20-fold and is maximal about 30 to 90 minutes after 
injection.458,469–489 Factor XII levels also increase.469 In response to des-
mopressin, endothelium releases the larger multimers of vWF, as well 
as t-PA and prostacyclin.470 The latter two compounds potentially 
thwart clot formation and stability. Nevertheless, the overall effect of 
desmopressin is procoagulant, perhaps because of the impact of factor 
VIII and vWF.

The optimal dose of desmopressin is 0.3 g/kg. Intravenous, subcu-
taneous, and intranasal routes are all acceptable. After plasma redistri-
bution with an 8-minute half-life, metabolism in liver and kidney and 
urinary excretion yield a plasma half-life of 2.5 to 4 hours.458 Levels 
of factor VIII persist in plasma long after desmopressin excretion 
because of the release of vWF. Depletion of vWF stores in endothelial 
cells accounts for the drug's tachyphylaxis. Rapid intravenous admin-
istration decreases systemic blood pressure and systemic vascular resis-
tance, possibly by prostacyclin release or stimulation of extrarenal 
vasopressin V

2
 receptors.472–476 The antidiuretic action of the drug poses 

no problem in the absence of excessive free water administration.477

Specific applications of desmopressin's hemostatic benefit include 
uremia, cirrhosis, aspirin therapy, and surgery of various types. 
Correction of prolonged bleeding times in patients with uremia  follows 
desmopressin administration, making desmopressin the treatment of 
choice for bleeding emergencies in uremia.458 Administration of des-
mopressin to patients with cirrhosis also shortens prolonged bleeding 
times.460 Desmopressin corrected the aspirin-induced prolongation 
in bleeding time in 2 patients and 10 healthy volunteers.478 It is also 
effective in some rare platelet disorders.469 Evidence of a hemostatic 
effect during surgery is varied. Early success in adolescents undergo-
ing Harrington rod placement was not confirmed with subsequent 
studies.479

Initial reports of a hemostatic effect during cardiac surgery were 
largely unsubstantiated by subsequent investigations.480–489 vWF 
activity increased in both control and desmopressin-treated patient 
groups, thus explaining the absence of a salutary effect of desmopres-
sin on blood loss485 (Figure 31-31). Desmopressin-induced release of 
t-PA does not overcome its hemostatic action during cardiac surgery 
because antifibrinolytic therapy fails to uncover an additional hemo-
static effect of desmopressin.487

Which subgroups of patients undergoing cardiac surgery might 
benefit from desmopressin? Certainly, those with uremia or cirrhosis. 
Those who display decreased maximum amplitude on TEG for what-
ever reason constitute a third group.489 The heparinase-augmented 
TEG permits timely identification of patients in this subgroup.

Desmopressin afforded no hemostatic benefit to patients taking 
aspirin before cardiac surgery,486,487 and the bulk of evidence currently 
points away from desmopressin as a prophylactic hemostatic agent for 
patients undergoing elective cardiac surgery.430

Synthetic Antifibrinolytics
Synthetic antifibrinolytics, simple molecules (see Figure 31-30) and 
analogs of the amino acid lysine, bind to plasminogen and plasmin, 
thus inhibiting binding of plasminogen at the lysine residues of fibrin-
ogen. Antifibrinolytics may be administered intravenously or orally 
and undergo renal concentration and excretion with a plasma half-
life of about 80 minutes. Effective fibrinolysis inhibition requires an 
intravenous loading dose of 10 mg/kg for TA followed by 1 mg/kg/hr or  

50 mg/kg of EACA followed by infusion of 25 mg/kg/hr.490,491 Infusion 
rates require downward adjustment when serum creatinine con-
centration is increased. Plasma concentrations of TA achieve greater 
 values with decreasing glomerular function. The author's practice is to 
administer only a loading dose of TA to patients with serum creatinine 
concentrations in excess of 2.0 mg/dL. Antifibrinolytics are not given to 
patients with significant upper urinary tract bleeding or consumptive 
coagulopathy because they prevent the clot lysis needed for continued 
 patency of the ureters or circulatory system, respectively. However, they 
can also halt ongoing consumption.492

Pharmacokinetic studies demonstrated a need to readminister 
a bolus of EACA on institution of CPB.491,493 This may not apply to 
TA,494 perhaps because of a larger volume of distribution of this drug, 
although definitive data are still lacking.

Antifibrinolytics aid clotting in patients with hemophilia and 
patients with vWD by blocking lysis of whatever clot can form.495,496 
Spontaneous bleeding after chemotherapy is decreased with oral TA.497 
Prostate surgery, well known for excessive bleeding from release of 
t-PA, responds beneficially to antifibrinolytic therapy.498 Fibrinolysis 
contributes to bleeding during the anhepatic phase of liver transplan-
tation; antifibrinolytic therapy proves useful in this setting.

Ongoing thrombin activity with varied activation of fibrinolysis 
plagues cardiac surgery. Figure 31-13 demonstrates thrombin  activity 
as reflected in continuing formation of fibrinopeptides despite ade-
quate heparin anticoagulation. For decades, antifibrinolytics have been 
proposed as potential hemostatic agents during cardiac surgery. Initial 
investigations of the efficacy of synthetic antifibrinolytics as hemostatic 
agents during or after cardiac surgery lacked blinding, randomiza-
tion, and control groups.499–507 Most subsequent studies administered 
EACA after CPB. One study demonstrated a salutary effect in cyanotic 
 children, but not in acyanotic children.502

Several investigations, using prophylactic antifibrinolytics, docu-
mented savings in blood loss, as well as in blood transfused in a 
 general population of cardiac surgery patients487,505–507 (Figure 31-32). 
By  commencing administration of TA before CPB, chest tube  drainage 
in the first 12 hours after surgery decreased by 30%, and the likelihood 

BOX 31-5. USEFUL DRUGS TO REDUCE 
BLEEDING DURING CARDIAC SURGERY 300

200

100

0
Baseline 90 min

*

*

24 hr

RISTOCETIN COFACTOR ACTIVITY
(PERCENT)

Figure 31-31 At 90 minutes and 24 hours after receiving desmopres-
sin (green bars), ristocetin cofactor (von Willebrand factor) activity was 
not different from a placebo-treated group (purple bars). However, in 
each group, ristocetin cofactor activity increased (asterisks) from base-
line values, possibly from surgical stress. Blood loss did not differ in the 
two groups. Error bars denote standard error of the mean. (Modified 
from Hackmann T, Gascoyne RD, Naiman SC, et al: A trial of desmo-
pressin [1-desamino, 8-D-arginine vasopressin] to reduce blood loss in 
uncomplicated cardiac surgery. N Engl J Med 321:1437, 1989.)
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of receiving banked blood within 5 days of operation decreased from 
41% to 22%.486 Prophylactic antifibrinolytics may spare platelet func-
tion by inhibiting the deleterious effects of plasmin,508 but adminis-
tration of very large doses of antifibrinolytics appears to offer no 
greater savings.509 Cardiac surgery patients undergoing repeat oper-
ation may benefit particularly from prophylactic antifibrinolytic 
administration.510

Some recent reports noted that TA is associated with increased risks 
for seizure. This has been known for some time in the neurosurgical 
 literature wherein it is considered unwise to place TA directly on the 
surface of the brain. The mechanism for this potential neurologic 
 toxicity is unknown.511–515

Aprotinin
Bovine lung provides the source of the 58-residue polypeptide serine 
protease inhibitor aprotinin.516 Aprotinin inhibits a host of proteases, 
including trypsin, plasmin, kallikrein, and factor XIIa activation of 
complement517 (Figure 31-33). The adult intravenous dose for surgi-
cal hemostasis is 2 million kallikrein inhibitor units (KIU) for both 

patient and CPB circuit, followed by 600,000 KIU/hr.518,519 The elimina-
tion half-life of aprotinin, 7 hours, is considerably longer than that of 
the synthetic antifibrinolytics; after 6 days, aprotinin continues to be 
excreted in the urine. Volume-loaded rats respond to aprotinin with 
decreases in glomerular filtration rate, renal plasma flow, and sodium 
and potassium excretion; however, no significant renal impairment 
follows routine clinical use.520

Decades ago, several investigations failed to show decreased bleeding 
after cardiac operations with moderate doses of aprotinin.521,522 After 
the serendipitous discovery of unusually dry surgical fields while inves-
tigating high-dose aprotinin for respiratory distress syndrome, Royston 
et al523 documented more than a fourfold reduction in blood loss during 
repeat cardiac surgery. Subsequent studies using high-dose aprotinin 
confirmed conservation of blood products and a reduction in bleeding, 
ranging from 29% to 50%.524–530 Figure 31-34 demonstrates the effi-
cacy of aprotinin in this regard. Although studies clearly demonstrated 
decreased fibrinolysis in aprotinin-treated patient groups, preservation 
of platelet GPIb or blockade of a plasmin-mediated platelet defect may 
better explain the hemostatic mechanism of aprotinin.439,446,447,528

High-dose aprotinin alone prolonged the celite ACT, leading some 
investigators to limit use of heparin during CPB.530 Reports of clot 
formation during CPB, however, mandated continued use of heparin 
despite administration of aprotinin. Most investigators simply avoided 
the celite ACT and used kaolin ACT. The kaolin ACT adsorbs about 
98% of aprotinin and any intrinsic AT effect that aprotinin had was 
mitigated. It was recommended to use the kaolin ACT and keep the 
length of ACT time the same as if aprotinin was not being used.531–534 
An animal protein, aprotinin caused anaphylaxis, although uncom-
mon (< 1 in 1000).528–535 Aprotinin cost significantly more than equiva-
lent doses of synthetic antifibrinolytic drugs.536,537 The group at Duke 
University analyzed overall cost-effectiveness of aprotinin therapy and 
found it highly cost-effective.538 That is in light of its effects on stroke 
and blood transfusion utilization alone.539

Aprotinin has been reviewed in great detail and its usage scruti-
nized since the last writing of this chapter for the fifth edition of this 

500

TA+ TA− TA+ TA−

B
lo

od
 lo

ss
 (m

L)
50

400 40

300 30

200 20

100

0

10

P
ercent transfused

*

*

†

†

Figure 31-32 Effect of prophylactic tranexamic acid on blood loss (left 
vertical axis) and on the percentage of patients receiving homologous 
red blood cell transfusion within 5 days of surgery (right vertical axis). 
Purple bars denote patients who received tranexamic acid; green bars 
denote those not receiving tranexamic acid. *P < 0.0001; †P = 0.011. 
(From Horrow JC, Van Riper DF, Strong MD, et al: The hemostatic effects 
of tranexamic acid and desmopressin during cardiac surgery. Circulation 
84:2063, 1991.)
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cal significance. (From van Oeveren W, Jansen NJG, Bidstrup BP, et al: 
Effects of aprotinin on hemostatic mechanisms during cardiopulmonary 
bypass. Ann Thorac Surg 44:640, 1987.)
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 textbook. It was voluntarily withdrawn from the market after two 
reviews of adverse outcomes by the FDA. Published reports of an asso-
ciation between high-dose aprotinin utilization and renal dysfunction/
failure occurred in 2005 and 2006. These publications arose from the 
Multicentered Study of Perioperative Ischemia EPI-II database.540 The 
study was complex, involving more than 4300 cases, and used sophis-
ticated statistical analysis. Unfortunately, the patients who received 
aprotinin had been selected to get that drug, as opposed to two other 
antifibrinolytics, by physician choice. This channeling of therapy 
meant that those patients who were more ill would get aprotinin. To 
separate out cause and effect from such data becomes impossible; yet, 
with  elegant propensity analysis methods, weighting of certain covari-
ates can be accounted for. The study, although landmark, was widely 
criticized for all the potential covariates not examined, such as sites 
(European countries had different practice patterns) and the use of FFP 
and platelet transfusions. At the same time, a separate report from the 
University of Toronto examined cases within their own institution.541 
Their study used aprotinin in only the sickest patients (approximately 
400 of a total of 10,000 patients). From their large series, they carefully 
propensity-matched the 400 plus patients to ones of similar age and 
risk in the overall group of 10,000. There was a propensity for those 
patients to have more renal dysfunction once the statistics controlled 
for the other confounders. A third study performed using the Medicare 
billing database also found that patients who received aprotinin had 
worse overall outcomes.542 The use of billing databases has always 
been fraught with problems in that they are incomplete. Billing data 
are only summary data and give little of the medical history necessary 
when trying to balance risk in terms of covariates. Finally, Fergusson 
et al's543 study in Canada (BART study) confirmed a greater mortality 
rate with use of aprotinin compared with either EACA or TA and led 
to the immediate withdrawal of the drug by the manufacturer and the 
FDA.544 Many questions remain about aprotinin and whether it should 
be available for high-risk cardiac surgical patients in the future. Some 
clinicians believe that its withdrawal has led to more bleeding and use 
of blood products and drugs to improve coagulation, all of which have 
their own complications.

Management of the Bleeding Patient
The initial approach to perioperative bleeding violates the medical par-
adigm of treatment based on diagnosis. The clinician must simulta-
neously initiate diagnostic tests, begin treating a presumed cause, and 
replace lost hemostatic resources. The latter two actions influence all 
three. The all-encompassing (“shotgun”) approach to bleeding after 
operation should be shunned. Avoiding it will simplify patient man-
agement and yield superior results.

Determine the Cause
The complexity of human hemostasis, augmented by unexpected 
behavior of coagulation tests, can lead to confusion in the diagnosis 
of bleeding after cardiac surgery. For example, warfarin (Coumadin) 
inhibits the vitamin K–dependent factors II, VII, IX, and X; yet the 
aPTT, which involves factors II, IX, and X, typically is not markedly 
prolonged with warfarin therapy. Likewise, heparin inhibits factors 
II, IX, X, and XI, yet the PT, which tests factors II and X, remains 
normal with heparin plasma concentrations less than 1.5 U/mL. As 
a third example, the thrombin time tests only the ability of activated 
factor II to convert fibrinogen to fibrin; why should it be much more 
sensitive to heparin than the ACT or aPTT, which also depend on 
other heparin-inhibited factors? These examples emphasize to the 
clinician the importance of seeking expert consultation in hemosta-
sis instead of using inference and theory to diagnose postoperative 
hemorrhage.

Anatomic sources of bleeding frequently present once systemic blood 
pressure achieves sufficient magnitude. Some clinicians prefer to iden-
tify these sources before chest closure with a provocative test, that is, 
allowing brief periods of hypertension. Generous chest tube drainage 
early after surgery suggests an anatomic source. Retained mediastinal 

clot may engender a consumptive coagulopathy. A widened mediasti-
num on chest radiograph suggests the need for surgical drainage.

Nonsurgical causes of bleeding (platelets, coagulation factors, and 
fibrinolysis) usually manifest as a generalized ooze. Inspection of vas-
cular access puncture sites aids in this diagnosis. Bleeding from other 
areas not manipulated during surgery (stomach, bladder) also may 
occur.

Coagulation tests aid diagnosis. Because the PT and aPTT usually 
are prolonged by several seconds after CPB, only values more than 1.5 
times control suggest factor deficiency. Increase of the ACT should first 
suggest unneutralized heparin, then factor deficiency.

A decreased platelet count, usually denoting hemodilution or con-
sumption, requires correction with exogenous platelets in any bleed-
ing patient. However, bleeding patients with insufficient functional 
platelets may demonstrate normal platelet counts early after operation. 
For this reason, clinicians have sought rapid diagnostic tests of platelet 
function and attempted correlation with bleeding after CPB537,545 (see 
Chapter 17).

Low plasma fibrinogen occurs from excessive hemodilution or fac-
tor consumption and is corrected with cryoprecipitate or FFP. The 
thrombin time is useful here. Most clinical laboratories can perform 
this test with rapid turnaround. A prolonged thrombin time denotes 
unneutralized heparin, insufficient fibrinogen, or high concentrations 
of fibrin degradation products. Finally, direct measurement of fibrin 
degradation products denotes fibrinolytic activity. In the absence of 
a cause for a consumptive coagulopathy, antifibrinolytic therapy may 
be useful.

Table 31-12 lists a treatment plan for excessive bleeding after car-
diac surgery. Interventions appear not in order of likelihood, but rather 
by priority of consideration. Thus, surgical causes should be ruled out 
before seizing on the diagnosis of a consumptive coagulopathy. The 
priority will also vary among institutions, depending on the availability 
and cost of resources. This table provides a simple algorithm for treat-
ing postoperative bleeding. More complete schemes present a daunt-
ing level of complexity that deters implementation (Figure 31-35). The 
material presented in this chapter is intended to assist the clinician in 
developing, refining, and implementing a personal approach to this 
problem.

Adjunctive Therapy
Warming
Bleeding patients with core or intermediate zone temperatures less 
than 35° C will benefit from warming efforts, both passive (warm 

*Positive end-expiratory pressure (PEEP) is contraindicated in hypovolemia.
ACT, activated coagulation time; aPTT, activated partial thromboplastin time; TEG, 

thromboelastograph.

Treatment Plan for Excessive Bleeding after  
Cardiac Surgery

Action Amount Indication

Rule out surgical 
cause

— No oozing at puncture sites; 
chest radiograph

More protamine 0.5–1 mg/kg ACT > 150 seconds or aPTT 
> 1.5 times control

Warm the patient — “Core” temperature < 35° C
Apply PEEP* 5–10 cm H

2
O —

Desmopressin 0.3 g/kg IV Prolonged bleeding time
Aminocaproic acid 50 mg/kg, then 

25 mg/kg/hr
Increased D-dimer or 

teardrop-shaped TEG 
tracing

Tranexamic acid 10 mg/kg, then  
1 mg/kg/hr

Increased D-dimer or 
teardrop-shaped TEG 
tracing

Platelet transfusion 1 U/10 kg Platelet count < 100,000/mm3

Fresh frozen plasma 15 mL/kg PT or aPTT > 1.5 times 
control

Cryoprecipitate 1 U/4 kg Fibrinogen < 1 g/L or 
100 mg/dL

TABLE  
31-12



Figure 31-35 Example of a scheme for treating excessive bleeding. aPTT, activated partial thromboplastin time; ASA, acetylsalicylic acid; CBC,  complete 
blood cell count; CHF, congestive heart failure; CPB, cardiopulmonary bypass; CXR, chest radiograph; GP, glycoprotein; NSAID, nonsteroidal anti-
inflammatory drug; POC, point of care; PT, prothrombin time; r-TPA, recombinant tissue plasminogen activator; TEE, transesophageal echocardiography; 
TPA, tissue plasminogen activator. (From Milas B, Johes D, Gorman R: Management of bleeding and coagulopathy after heart surgery. Semin Thorac Cardiovasc 
Surg 12:326, 2000.)
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ambient temperature, adequate body coverings, low ventilator fresh 
gas flows, airway heat and humidity exchangers) and active (heated 
humidifiers, warmed intravenous fluids, forced air convective warm-
ing blankets). All too often, in the effort to maintain intravascular 
volume, intensive care unit personnel administer liters of room-
 temperature ( 20° C) or refrigerated (0° C to 4° C) fluids, which 
 render patients hypothermic. Ready availability of fluid warmers 
reduces the possibility of the treatment of hemorrhage becoming its 
continuing cause.

Positive End-Expiratory Pressure
One popular method to limit bleeding after cardiac surgery is applica-
tion of positive end-expiratory pressure (5 to 10 cm H

2
O).546,547 A tam-

ponade effect in the mediastinum may explain this salutary effect. 
Unfortunately, controlled studies have not confirmed this benefit.548,549 
In addition, excessive pressure impedes venous return, worsening 
hemodynamics in the patient with hypovolemia.

Blood Pressure
Maintenance of systemic blood pressure in the low-normal range 
promotes tissue perfusion while limiting leakage around suture lines. 
Adequate depth of anesthesia during surgery and sufficient postoper-
ative analgesia and sedation should be verified before initiating vaso-
dilator therapy.

Blood Products
The bleeding patient becomes subject to additional hemostatic 
derangements. The need to maintain intravascular blood volume 
arises in nearly all cases before identification of the cause of bleeding. 
Protracted hypovolemia can lead to shock. Consumptive coagulopa-
thy accompanies prolonged shock,550 and failure to treat hypovolemia 
from bleeding may induce this second hemostatic abnormality. Clear 
fluid or colloid will replenish intravascular volume; however, RBCs, 
platelets, and coagulation factors become diluted when continued 
bleeding is treated with such replacement. Also, packed RBCs and 
banked whole blood do not provide platelets or sufficient factor V 
or factor VIII to maintain hemostasis. Although routine prophylactic 
administration of FFP or platelets plays no role in modern cardiac sur-
gical care,551 demonstration of a platelet count less than 100,000/mm3 or 
prolongation of the PT or aPTT despite adequate heparin neutraliza-
tion in a patient actively bleeding is an indication for platelet or plasma 
replacement.551

Banked blood should be infused to maintain a hemoglobin con-
centration that allows appropriate oxygen delivery to tissues. In the 
absence of coagulation tests to guide therapy, when reconstituted RBCs 
adequately replace blood lost, platelets should be given after 15 units of 
RBCs to patients undergoing noncardiac surgery.551,552 Because patients 
undergoing cardiac surgery also experience the hemodiluting and anti-
hemostatic effects of CPB, the prudent clinician will commence plate-
let and factor replenishment earlier in the course of hemorrhage while 
awaiting laboratory confirmation. Each unit of platelet concentrate 
supplies about 1011 platelets, which increases platelet count by about 
20,000/mm3 in the adult. Enough plasma accompanies platelet con-
centrates to supply the equivalent of 1.0 to 1.5 units plasma for each  
6 units platelets.551

Shed mediastinal blood can be collected and given back to patients 
using a closed drainage system. The drainage fluid, often collected in 
citrate, contains little fibrinogen. Presence of tissue and other debris 
in this fluid suggests the need for filtration before reinfusion. Shed 
 mediastinal fluid supplies RBCs without risk for viral transmission via 
allogeneic blood products (see Chapter 29).552

Drugs
Desmopressin often fails in the treatment of established bleeding,553 
despite initial uncontrolled studies to the contrary.482,554 The efficacy 
of desmopressin in treating surgical hemorrhage associated with 
aspirin therapy also remains anecdotal.555 Of course, desmopressin 

 administration carries no risk for viral disease transmission; therefore, 
its substitution for otherwise unneeded, prophylactic FFP or platelets 
prevents potential patient harm.

Although antifibrinolytic therapy initiated before CPB decreases 
bleeding after surgery, its efficacy after CPB or once bleeding is estab-
lished remains controversial. Two studies of adult patients undergoing 
CABG yielded opposite conclusions regarding a savings of blood.503,504 
Lack of sufficient antifibrinolytic dose (only 4 or 5 g EACA loading) 
confounds both investigations. In the control of postoperative hemor-
rhage, antifibrinolytic therapy is suggested by any of the following: a 
TEG demonstrating clot lysis, fibrin degradation products of 40 g/mL 
or more, or increased thrombin time coexisting with normal fibrino-
gen and known absence of heparin.

Recombinant factor VIIa (rFVIIa; NovoSeven) has been approved 
for use in patients with hemophilia who are resistant to factor VIII 
concentrates. When rFVIIa is administered, it binds to tissue factor 
and activates factor X, leading to thrombin and fibrin formation, 
which then activate platelets. Thrombin generation and clotting take 
place on the surface of platelets and at sites of injury.556–559 Numerous 
reports have been published of the off-label use of this “rescue agent” 
to stop bleeding in surgical patients, including cardiac surgical patients 
after CPB.

In patients with hemophilia, the recommended dose is 90 g/
kg. However, reports in cardiac surgical patients have suggested 
doses of 30 g/kg, while continuing ongoing component therapy 
and monitoring the PT/international normalized ratio. The half-
life is about 2 hours, and the dose may have to be repeated if bleed-
ing continues. Most of the anecdotal reports have been positive 
with a marked decrease in bleeding taking place.560–562 This treat-
ment should not be used in the presence of disseminated intra-
vascular coagulation or sepsis. Other potential indications for it 
include warfarin reversal, thrombocytopenia, factor XI deficiency, 
hepatic failure, vWD, reversal of fondaparinux, and in cardiac sur-
gery after DHCA or after use of direct thrombin inhibitors. Further 
studies are necessary to determine dosing, safety, and efficacy for 
these potential uses.

Perspective on Bleeding after Cardiac Surgery
The differential diagnosis of bleeding after cardiac surgery derives from 
the elements of hemostasis outlined in the first section of this chap-
ter. After initiating action to determine the cause, the prudent clinician 
ensures continued adequacy of circulating volume and, when indi-
cated, of platelets and coagulation factors. Above all, it is important to 
avoid embracing one possibility, no matter how obvious, as the cause 
of bleeding until confirmatory evidence becomes available. In this way, 
the actual cause will not go undisclosed.563

CONCLUSIONS
The basic science and clinical knowledge of coagulation, hemosta-
sis, and thrombosis have evolved dramatically since 1980. Continued 
insights and advances in understanding pathophysiology and in 
developing pharmaceutical preparations will continue to have sig-
nificant impact on clinical practice in the future. Perhaps the future 
will hold great strides in genetics and other realms. Of particu-
lar interest is a new focus on short-and long-term outcomes after 
CABG surgery. Genetics is just now beginning to be studied in the 
coagulation field, and although a number of genetic polymorphisms 
have been discovered, it is not known which ones are the most 
important. It is also not known yet what the implications are if a 
 particular patient has one or more of these genetic polymorphisms. 
Some genetic abnormalities make patients more likely to thrombose 
or have early graft atherosclerosis, whereas others may affect drug 
metabolism or the way in which patients react with inflammation. 
The future may also involve genetic engineering and correction of 
defects (see Chapter 30).564–566
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Cardiopulmonary bypass (CPB) has been used since the 1950s to 
facilitate surgery on the heart and great vessels, and even with the 
increased interest in off-pump coronary artery bypass grafting, CPB 
remains a critical part of most cardiac operations. Managing patients 
with CPB remains one of the defining characteristics of cardiac sur-
gery and cardiac anesthesiology (see Chapters 28 to 31). Discontinuing 
CPB is a necessary part of every operation involving extracorporeal 

 circulation. Through this process, the support of the circulation by the 
bypass pump and oxygenator is transferred back to the patient's heart 
and lungs. This chapter reviews important considerations involved with 
discontinuing CPB and presents an approach to managing this critical 
component of a cardiac operation, which may be routine and easy or 
extremely complex and difficult. The key to success in discontinuing 
CPB is proper preparation. The period during and immediately after 
weaning from CPB usually is busy for the anesthesiologist, and having 
to do things that could have been accomplished earlier in the operation 
is not helpful. The preparations for bringing a patient off CPB may be 
organized into several parts: general preparations, preparing the lungs, 
preparing the heart, and final preparations.

GENERAL PREPARATIONS
Temperature

Because at least moderate hypothermia is used during CPB in most 
cardiac surgery cases, it is important that the patient is sufficiently 
rewarmed before attempting to wean from CPB (Table 32-1).1 Initiation 
of rewarming is a good time to consider whether additional drugs 
need to be given to keep the patient anesthetized. Anesthetic vaporiz-
ers need to be off for 20 to 30 minutes before coming off CPB to clear 
the agent from the patient if so desired.2 However, currently, the patient 
is  frequently removed from CPB with low doses of the inhalation 
agent still on to continue the anesthetic preconditioning of the heart 
(see Chapter 9). Monitoring the temperature of a highly perfused tissue 
such as the nasopharynx is useful to help prevent overheating the brain 
during rewarming, but these temperatures may increase more rapidly 
than others, such as bladder, rectum, or axilla temperatures, leading to 
inadequate rewarming and temperature drop-off after CPB as the heat 
continues to distribute throughout the body.3 Different institutions 
have various protocols for rewarming, but the important point is to 
warm gradually, avoiding hyperthermia of the central nervous system 
while getting enough heat into the patient to prevent significant drop-
off after CPB4 (see Chapters 28 and 29). After CPB, there is a tendency 
for the patient to lose heat, and measures to keep the patient warm such 
as fluid warmers, a circuit heater-humidifier, and forced-air warmers 
should be set up and turned on before weaning from CPB. The tem-
perature of the operating room may need to be increased as well; this is 
probably an effective measure to keep a patient warm after CPB, but it 
may make the scrubbed and gowned personnel uncomfortable.

Laboratory Results
An arterial blood gas should be measured before weaning from CPB 
and any abnormalities corrected. Severe metabolic acidosis depresses 
the myocardium and should be treated with NaHCO

3
 or THAM.5–8 The 

optimal hematocrit for weaning from CPB is controversial and prob-
ably varies from patient to patient.9,10 It makes sense that sicker patients 
with lower cardiovascular reserve may benefit from a higher hemat-
ocrit (optimal is considered to be 30%), but the risks and adverse con-
sequences of transfusion need to be considered as well. Suffice it to say 
that the hematocrit should be measured and optimized before wean-
ing from CPB (see Chapters 30 and 31). Serum potassium level should 
be measured before weaning from CPB and may be high because of 

KEY POINTS

 1. The key to success in weaning from 
cardiopulmonary bypass (CPB) is proper 
preparation.

 2. After rewarming the patient, correcting any 
abnormal blood gases, and inflating the lungs, 
make sure to turn on the ventilator.

 3. To prepare the heart for discontinuing CPB, 
optimize the cardiac rhythm, heart rate, 
myocardial contractility, preload, and afterload.

 4. The worse the heart's condition, the 
more gradually CPB should be weaned. 
If hemodynamic values are not adequate, 
immediately return to CPB. Assess the problem, 
and choose an appropriate pharmacologic, 
surgical, or mechanical intervention before 
trying to terminate CPB again.

 5. Perioperative ventricular dysfunction usually 
is caused by myocardial stunning and is a 
temporary state of contractile dysfunction that 
should respond to positive inotropic drugs.

 6. In addition to left ventricular dysfunction, 
right ventricular failure is a possible source of 
morbidity and mortality after cardiac surgery.

 7. Epinephrine is frequently the inotropic drug of 
choice when terminating CPB because of its 
mixed - and -adrenergic stimulation.

 8. Milrinone is an excellent inodilator drug that 
can be used alone or combined with other 
drugs such as epinephrine for discontinuing 
CPB in patients with poor ventricular function.

 9. In patients with high preloads, vasodilators such 
as nitroglycerin or nitroprusside may markedly 
improve ventricular function.

 10. Intra-aortic balloon pump counterpulsation 
increases coronary blood flow during diastole 
and unloads the left ventricle during systole. 
These effects can help in weaning patients 
with poor left ventricular function and severe 
myocardial ischemia.
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cardioplegia or low, especially in patients receiving loop diuretics. 
Hyperkalemia may make establishing an effective cardiac rhythm 
 difficult and can be treated with NaHCO

3
, CaCl

2
, or insulin, but the 

levels usually decrease quickly after cardioplegia has been stopped. Low 
serum potassium levels probably should be corrected before coming 
off CPB, especially if arrhythmias are present. Administration of mag-
nesium (Mg2+) to patients on CPB decreases postoperative arrhythmias 
and may improve cardiac function, and many centers routinely give 
all CPB patients magnesium sulfate.11 Theoretic disadvantages include 
aggravation of vasodilation and inhibition of platelet function.12 If 
Mg2+ is not given routinely, the level should be checked before weaning 
from CPB and deficiencies corrected. The ionized calcium level should 
be measured and significant deficiencies corrected before discontinu-
ing CPB. Many centers give all patients a bolus of calcium chloride 
just before coming off CPB because it transiently increases contrac-
tility and systemic vascular resistance (SVR).13 However, it has been 
argued that this practice is to be avoided because Ca2+ may interfere 
with  catecholamine action and aggravate reperfusion injury.14

PREPARING THE LUNGS
As the patient is weaned from CPB and the patient's heart starts to sup-
port the circulation, the lungs again become the site of gas exchange, 
delivering oxygen and eliminating carbon dioxide. Before weaning 
from CPB, the lung function must be restored (Table 32-2). The  trachea 
should be suctioned and, if necessary, lavaged with saline to clear secre-
tions. If the abdomen appears to be distended, the stomach should be 
suctioned so that gastric distention does not impair ventilation after 
CPB. The lungs are reinflated by hand gently and gradually, with sighs 
using up to 30 cm H

2
O pressure, and then mechanically ventilated with 

100% oxygen. Care should be taken not to allow the left lung to injure 
an in situ internal mammary artery graft as the lung is reinflated. The 
compliance of the lungs can be judged by their feel with hand ven-
tilation, with stiff lungs suggesting more difficulty with oxygenation 
or ventilation after CPB. If visible, both lungs should be inspected for 
residual atelectasis, and they should be rising and falling with each 
breath. Ventilation alarms and monitors should be activated. If pro-
longed expiration or wheezing is detected, bronchodilators should 
be given. The surgeon should inspect both pleural spaces for pneu-
mothorax, which should be treated with opening the pleural space. Any 
fluid present in the pleural spaces should be removed before attempt-
ing to wean the patient from CPB. In its most severe form,  pulmonary 

 dysfunction after CPB may require positive end-expiratory pressure, an 
intensive care unit–type ventilator, or nitric oxide (see Chapters 33, 35, 
and 37). If needed, this equipment should be obtained before attempt-
ing to wean the patient from CPB.

PREPARING THE HEART
Preparing the heart to resume its function of pumping blood involves 
optimizing the five hemodynamic parameters that can be controlled: 
rhythm, rate, contractility, afterload, and preload (Table 32-3).

Rhythm
There must be an organized, effective, and stable cardiac rhythm 
before attempting to wean from CPB. This can occur spontaneously 
after removal of the aortic cross clamp, but the heart may resume elec-
trical activity with ventricular fibrillation. If the blood temperature is 
greater than 30° C, the heart may be defibrillated with internal paddles 
applied directly to the heart using 10 to 20 J. Defibrillation at lower 
temperatures may be unsuccessful because extreme hypothermia can 
cause ventricular fibrillation.15–17 If ventricular fibrillation persists 
or recurs repeatedly, antiarrhythmic drugs such as lidocaine or ami-
odarone may be administered to help achieve a stable rhythm. It is 

CPB, cardiopulmonary bypass.

General Preparations for Discontinuing 
Cardiopulmonary Bypass

Temperature Laboratory Results

Adequately rewarm before weaning 
from CPB

Correct metabolic acidosis

Avoid overheating the brain Optimize hematocrit
Start measures to keep patient 

warm after CPB
Normalize K+

Use fluid warmer, forced air 
warmer

Consider giving Mg2+ or checking  
Mg2+ level

Warm operating room Check Ca2+ level and correct deficiencies

TABLE  
32-1

Preparing the Lungs for Discontinuing 
Cardiopulmonary Bypass

Suction trachea and endotracheal tube.
Inflate lungs gently by hand.
Ventilate with 100% oxygen.
Treat bronchospasm with bronchodilators.
Check for pneumothorax and pleural fluid.
Consider need for positive end-expiratory pressure, intensive care unit 

ventilator, and nitric oxide.

TABLE  
32-2

AV, atrioventricular; CPB, cardiopulmonary bypass; LV, left ventricular; MAP, mean 
arterial pressure; MR, mitral regurgitation; RV, right ventricular; TEE, transesophageal 
echocardiography; TR, tricuspid regurgitation.

Preparing the Heart for Discontinuing 
Cardiopulmonary Bypass

Hemodynamic 
Parameters

Preparation

Rhythm Normal sinus rhythm is ideal.
Defibrillate if necessary when temperature > 30° C.
Consider antiarrhythmic drugs if ventricular fibrillation 

persists more than a few minutes.
Try synchronized cardioversion for atrial fibrillation or 

flutter.
Look at the heart to diagnose atrial rhythm.
Try atrial pacing if AV conduction exists.
Try AV pacing for heart block.

Heart rate Rate should be between 75 and 95 beats/min in most cases.
Treat slow rates with electrical pacing.
Treat underlying causes of fast heart rates.
Heart rate may decrease as the heart fills.
Control fast supraventricular rates with drugs and then 

pace as needed.
Always have pacing immediately available during heart 

surgery.
Contractility Inotropic support is more likely needed with depressed 

cardiac function before CPB, advanced age, long 
bypass or clamp time, poor preservation, or incomplete 
revascularization.

Look for the vigorous “snap” of a heartbeat with good 
contractility.

If depressed contractility is likely, begin inotropic drugs 
before weaning from CPB.

Severely impaired function may require mechanical support.
Afterload Systemic vascular resistance is a major component of 

afterload.
Keep MAP between 60 and 80 mm Hg at full CPB flow.
Consider a vasoconstrictor if the MAP is low and a 

vasodilator if the MAP is high.
Preload End-diastolic volume is the best measure of preload and 

can be seen with TEE.
Filling pressures provide a less direct measure of preload.
Consider baseline filling pressures.
Assess RV volume and function with direct inspection.
Assess LV volume and function with TEE.
Cardiac distention may cause MR and TR.

TABLE  
32-3
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not unusual for the rhythm to remain unstable for several minutes 
immediately after cross clamp removal, but persistent or recurrent 
ventricular fibrillation should prompt concern about impaired coro-
nary blood flow. Because it provides an atrial contribution to ventric-
ular filling and a normal, synchronized contraction of the ventricles, 
normal sinus rhythm is the ideal cardiac rhythm for weaning from 
CPB.18,19 Atrial flutter or fibrillation, even if present before CPB, often 
can be converted to normal sinus rhythm with synchronized cardio-
version, especially if antiarrhythmic drugs are administered. It often is 
helpful to look directly at the heart when there is any question about 
the cardiac rhythm. Atrial contraction, flutter, and fibrillation are eas-
ily seen on CPB when the heart is visible. Ventricular arrhythmias 
should be treated by correcting underlying causes such as potassium 
or magnesium deficits and, if necessary, with antiarrhythmic drugs 
such as amiodarone.20 If asystole or complete heart block occurs after 
cross clamp removal, electrical pacing with temporary epicardial pac-
ing wires may be needed to achieve an effective rhythm before wean-
ing from CPB. If atrioventricular conduction is present, atrial pacing 
should be attempted because, as with normal sinus rhythm, it pro-
vides atrial augmentation to filling and synchronized ventricular 
contraction. Atrioventricular sequential pacing is used when there is 
heart block, which frequently is present for 30 to 60 minutes as the 
myocardium recovers after cross clamp removal. Ventricular pacing 
remains the only option if no organized atrial rhythm is present, but 
this sacrifices the atrial “kick” to ventricular filling and the more effi-
cient synchronized ventricular contraction of the normal conduction 
system21,22 (see Table 32-3).

Rate
In most situations for adult patients, the heart rate (HR) should be 
between 75 and 95 beats/min for weaning from CPB. Lower rates theo-
retically may be desirable for hearts with residual ischemia or incom-
plete revascularization. Higher HRs may be needed for hearts with 
limited stroke volume such as after ventricular aneurysmectomy. Slow 
HRs are best treated with electrical pacing, but -agonist or vagolytic 
drugs also may be used to increase the HR. Tachycardia before wean-
ing from CPB is more worrisome and difficult to deal with, and treat-
able causes such as inadequate anesthesia, hypercarbia, and ischemia 
should be identified and corrected. The HR often decreases as the heart 
is filled in the weaning process, and electrical pacing always should be 
immediately available during cardiac surgery. Supraventricular tachy-
cardias should be electrically cardioverted if possible, but drugs such as 

-antagonists or calcium channel antagonists may be needed to control 
the ventricular rate if they persist, most typically occurring in patients 
with chronic atrial fibrillation. If drug therapy decreases the rate too 
much, pacing may be used.

Contractility
The contractile state of the myocardium should be considered before 
attempting to wean from CPB. The likelihood of decreased contractil-
ity requiring inotropic support after CPB is greater with preexisting 
ventricular impairment (e.g., low ejection fraction, high left ventricu-
lar end-diastolic pressure before surgery or before CPB), advanced age, 
long CPB time, long aortic cross clamp time, inadequate myocardial 
preservation, and incomplete revascularization.23 A heart with good 
contractility often has a vigorous snap with contraction that can be 
seen while on CPB, in contrast with the weak contractions of a heart 
with impaired contractility, but it may be difficult to assess global ven-
tricular function while the heart is empty and on CPB. If significant 
depression of contractility is likely, inotropic support can be started 
before attempting to wean the patient from CPB. If depressed myocar-
dial contractility becomes evident during weaning, the safest approach 
is to prevent cardiac distention by resuming CPB and resting the heart 
for 10 to 20 minutes while inotropic therapy with a catecholamine or 
phosphodiesterase (PDE) inhibitor drug is started. Extreme depression 
of contractile function of the myocardium may require mechanical 

support with an intra-aortic balloon pump (IABP) or ventricular assist 
device (see Pharmacologic Management of Ventricular Dysfunction 
section later in this chapter; see also Chapters 27 and 34).

Afterload
Afterload is the tension developed within the ventricular muscle dur-
ing contraction. An important component of afterload in patients 
is the SVR (see Chapters 5, 14, and 34).24 While on CPB at full flow, 
usually about 2.2 L/min/m2, mean arterial pressure (MAP) is directly 
related to SVR and indicates whether the SVR is appropriate, too high, 
or too low. Low SVR after CPB can cause inadequate systemic arte-
rial perfusion pressure, and high SVR can significantly impair cardiac 
performance, especially in patients with poor ventricular function. 
SVR usually is within a reasonable range when the arterial pressure is 
between 60 and 80 mm Hg at full pump flow. If below that range, infu-
sion of a vasopressor may be needed to increase SVR before attempt-
ing to wean from CPB. If the MAP is high while on CPB, vasodilator 
therapy may be needed.

Preload
Preload is the amount of stretch on the myocardial muscle fibers just 
before contraction. In the intact heart, the best measure of preload is 
end-diastolic volume. Less direct clinical measures of preload include left 
atrial pressure (LAP), pulmonary artery occlusion pressure, and pulmo-
nary artery diastolic pressure, but there may be a poor relation between 
end-diastolic pressure and volume during cardiac surgery25,26 (see 
Chapters 5, 14, and 34). Transesophageal echocardiography (TEE) is a 
useful tool for weaning from CPB because it provides direct visualization 
of the end-diastolic volume and contractility of the left ventricle27–29 (see 
Chapters 11 to 13). The process of weaning a patient from CPB involves 
increasing the preload (i.e., filling the heart from its empty state on CPB) 
until an appropriate end-diastolic volume is achieved. When preparing 
to discontinue CPB, some thought should be given to the appropriate 
range of preload for the particular patient at hand. The filling pressures 
before CPB may indicate what they need to be after CPB; a heart with 
high filling pressures before CPB may require high filling pressures after 
CPB to achieve an adequate preload.

FINAL PREPARATIONS
The final preparations before discontinuing CPB include leveling the 
operating table, rezeroing the pressure transducers, ensuring the proper 
function of all monitoring devices, confirming that the patient is receiv-
ing only intended drug infusions, ensuring the immediate availability of 
resuscitation drugs and appropriate fluid volume, and verifying that the 
lungs are being ventilated with 100% oxygen (Table 32-4).

The surgeon must confirm that he or she has completed the nec-
essary preparations in the surgical field before discontinuing CPB. 
Macroscopic collections of air in the heart should be evacuated before 
starting to wean from CPB. These are detected most easily with TEE, 

CABG, coronary artery bypass graft; PAC, pulmonary artery catheter; TEE, 
transesophageal echocardiography.

Final Preparations for Discontinuing Cardiopulmonary 
Bypass

Anesthesiologist's Preparations Surgeon's Preparations

Level operating table. Remove macroscopic collections of air 
from the heart.

Rezero transducers. Control major sites of bleeding.
Activate monitors. Ensure CABG is lying nicely without kinks.
Check drug infusions. Turn off or remove cardiac vents.
Have resuscitation drugs and fluid 

volume at hand.
Take clamps off the heart and great 

vessels.
Reestablish TEE/PAC monitoring. Loosen tourniquets around caval 

cannulas.

TABLE  
32-4



 32 Discontinuing Cardiopulmonary Bypass 995

which also can be helpful in monitoring and directing the deairing 
 process.30 Major sites of bleeding should be controlled, cardiac vent 
suction should be off, all clamps on the heart and great vessels should 
be removed, coronary artery bypass grafts should be checked for kinks 
and bleeding, and tourniquets around the caval cannulas should be 
loosened or removed before starting to wean a patient from CPB.

ROUTINE WEANING FROM 
CARDIOPULMONARY BYPASS
There should be close and clear communication among the perfusion-
ist, the surgeon, and the anesthesiologist while weaning a patient from 
CPB, and the surgeon or the anesthesiologist should be in charge of the 
process. The anesthesiologist should be positioned at the head of the 
table, able to readily see the CPB pump and perfusionist, the heart, and 
the surgeon, and the anesthesia monitor display. The TEE display also 
should be easily in view. Weaning a patient from CPB is accomplished 
by diverting blood back into the patient's heart by occluding the venous 
drainage to the CPB pump. The arterial pump flow is decreased simul-
taneously as the pump reservoir volume empties into the patient and 
the heart's contribution to systemic flow increases. This can be accom-
plished most abruptly by simply clamping the venous return cannula 
and transfusing blood from the pump until the heart fills and the pre-
load appears to be adequate. Some patients will tolerate this method 
of discontinuing CPB, but many will not, and a more gradual transfer 
from the pump to the heart usually is desirable. The worse the func-
tion of the heart, the slower the transition from full CPB to off CPB 
needs to be.

Before beginning to wean the patient from CPB, the perfusion-
ist should communicate to the physicians involved three important 
parameters: the current flow rate of the pump, the volume in the pump 
reservoir, and the oxygen saturation of venous blood returning to the 
pump from the patient. The current flow rate of the pump indicates 
the stage of weaning as it is decreased. Weaning is just beginning at 
full flow, is well under way when down to 2 or 3 L/min in adults, and 
is almost finished at less than 2 L/min. The reservoir volume indicates 
how much blood is available for transfusion to fill the heart and lungs 
as CPB is discontinued. If the volume is low, less than 400 to 500 mL in 
adults, more fluid may need to be added to the reservoir before wean-
ing from CPB. The oxygen saturation of the venous return (SvO

2
) gives 

an indication of the adequacy of peripheral perfusion during CPB. If 
the SvO

2
 is greater than 60%, oxygen delivery during CPB is adequate; if 

less than 50%, oxygen delivery is inadequate, and measures to improve 
delivery (e.g., increase pump flow or hematocrit) or decrease con-
sumption (e.g., give more anesthetic agents or neuromuscular block-
ing drugs) need to be taken before coming off CPB. An SvO

2
 between 

50% and 60% is marginal and must be followed closely. As the patient 
is weaned from CPB, an increasing SvO

2
 suggests that the net flow to 

the body is increasing and that the heart and lungs will support the 
 circulation; a declining SvO

2
 indicates that tissue perfusion is decreas-

ing and that further intervention to improve cardiac performance will 
be needed before coming off CPB.

The actual process of weaning from CPB begins with partially 
occluding the venous return cannula with a clamp (Figure 32-1). This 
may be done in the field by the surgeon or at the pump by the perfu-
sionist. This causes blood to flow into the right ventricle. As the right 
ventricle fills and begins to pump blood through the lungs, the left 
heart will begin to fill. When this occurs, the left ventricle will begin 
to eject and the arterial waveform will become pulsatile. Next, the per-
fusionist will gradually decrease the pump flow rate. As more of the 
venous return goes through the heart and less to the pump reservoir, 
it becomes necessary to gradually decrease the pump flow to avoid 
 emptying the pump reservoir. One approach to weaning from CPB is 
to bring the filling pressure being monitored (e.g., central venous pres-
sure, pulmonary artery occlusion pressure, LAP) to a specific, prede-
termined level somewhat lower than may be necessary and then assess 
the hemodynamics. Volume (preload) of the heart also may be judged 

by direct observation of its size or with TEE. Further filling is done 
in small increments (50 to 100 mL) while closely monitoring the pre-
load until the hemodynamics appear satisfactory as judged by the arte-
rial pressure, the appearance of the heart, and the trend of the SvO

2
. 

It typically is easy to see the right-heart volume and function directly 
in the surgical field and the left heart with TEE, and combining the two 
observations is a useful approach for weaning from CPB. Overfilling 
and distention of the heart should be avoided because it may stretch 
the myofibrils beyond the most efficient length and dilate the annuli 
of the mitral and tricuspid valves, rendering them incompetent, which 
easily is detected with TEE. If the patient has two venous cannulas, the 
smaller of the two may be removed when the pump flow is half of the 
full flow rate to improve movement of blood from the great veins into 
the right atrium. When the pump flow has been decreased to 1 L/min 
or less in an adult and the hemodynamics are satisfactory, the venous 
cannula may be completely clamped and the pump flow turned off. At 
this point, the patient is “off bypass” (Figure 32-2).

This is a critical juncture in the operation. The anesthesiolo-
gist should pause a moment to make a brief scan of the patient and 
monitors to confirm that the lungs are being ventilated with oxygen, 
the hemodynamic status is acceptable and stable, the electrocardio-
gram shows no new signs of ischemia, the heart does not appear to be 

Figure 32-1 The process of weaning from cardiopulmonary bypass is 
started by partially occluding the venous return cannula with a clamp.

Figure 32-2 When the venous return cannula is completely clamped, 
the patient is “off bypass.”
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 distending, and the drug infusions are functioning as desired. Further 
fine-tuning of the preload is accomplished by transfusing 50- to  
100-mL boluses from the pump reservoir through the arterial cannula 
and observing the effect on hemodynamics. If there is acute failure of 
the circulation as evidenced by an unstable rhythm, falling arterial and 
rising filling pressures, or visible distention of the heart, the patient is 
put back on CPB by unclamping the venous return cannula and turn-
ing on the arterial pump flow. Once back on CPB, an assessment of 
the cause of failure to wean is made and appropriate interventions 
undertaken before attempting to wean again. When the hemodynamics 
appear to be stable and adequate, the surgeon may remove the venous 
cannula from the heart.

The next step in discontinuing CPB is to transfuse as much as possi-
ble of the blood remaining in the pump reservoir into the patient before 
removal of the arterial cannula. This is usually easier and quicker than 
transfusing through the intravenous infusions after decannulation. 
The blood in the venous cannula and tubing (usually about 500 mL) 
may be drained into the reservoir for transfusion. The patient's venous 
capacitance can be increased by raising the head of the bed (i.e., reverse 
Trendelenburg position) or giving nitroglycerin, being more cautious 
with these maneuvers in patients with impaired cardiac function. 
Filling the vascular space with the head up and while infusing nitro-
glycerin increases the ability to cope with volume loss after decannula-
tion by allowing rapid augmentation of the central vascular volume by 
leveling the bed and decreasing the nitroglycerin infusion rate.

After discontinuing CPB, the anticoagulation by heparin is reversed 
with protamine. Depending on institutional preference, protamine 
may be administered before or after removal of the arterial cannula. 
Giving it before removal allows for continued transfusion from the 
pump and easier return to CPB if there is a severe protamine reac-
tion (see Chapter 31). Giving protamine after removal of the arterial 
cannula may decrease the risk for thrombus formation and systemic 
embolization. After the infusion of protamine is started, pump suction 
return to the reservoir should be stopped to keep protamine out of 
the pump circuit in case subsequent return to CPB becomes necessary. 
Protamine should be given slowly through a peripheral intravenous 
catheter over 5 to 15 minutes while watching for systemic hypoten-
sion and pulmonary hypertension, which may indicate that an untow-
ard (allergic) reaction to protamine is occurring.31–33 Technically flawed 
coronary artery bypass grafts may thrombose after protamine adminis-
tration, causing acute ischemia mimicking a protamine reaction.

When transfusion of the pump reservoir blood is completed, a thor-
ough assessment of the patient's condition should be made before 
removing the arterial cannula, because after this is done, returning 
to CPB becomes much more difficult. The cardiac rhythm should be 
stable. Cardiac function is assessed by evaluating pressures, cardiac 
output, and TEE. Hemodynamics should be satisfactory and stable. 
Adequate oxygenation and ventilation should be confirmed by arterial 
blood gas or pulse oximetry and capnography. Bleeding from the heart 
should be at a manageable level before removal of the arterial cannula. 
The perfusionist should not have to transfuse significant amounts of 
blood through the arterial cannula before removing it, because it may 
be difficult to keep up with the blood loss through intravenous infu-
sions alone. Bleeding sites behind the heart may have to be repaired 
on CPB if the patient cannot tolerate lifting the heart to expose the 
problem area. At the time of arterial decannulation, the systolic pres-
sure should be between 85 and 100 mm Hg to minimize the risk for 
dissection or tearing of the aorta.34 The head of the bed may be raised, 
or small boluses of a short-acting vasodilator (e.g., nitroglycerin, nitro-
prusside) may be given to lower the systemic blood pressure as neces-
sary. Tight control of the arterial blood pressure may be needed for a 
few minutes until the cannulation site is secure.

When the arterial cannula has been removed, the heparin effects are 
reversed with protamine, and the hemodynamic status remains stable, 
the routine process of discontinuing CPB is complete. However, in 
patients with poor ventricular function after CPB, multiple drugs or 
even mechanical assist devices may be required throughout the rest of 
the operation and continued in the intensive care unit.

PHARMACOLOGIC MANAGEMENT 
OF VENTRICULAR DYSFUNCTION
Perioperative ventricular dysfunction usually is a transient state of con-
tractile impairment that may require temporary support with positive 
inotropic agents. In a subset of patients, contractility may be signifi-
cantly depressed such that combination therapy with positive inotropes 
and vasodilator agents is needed to effectively improve cardiac output 
and tissue perfusion. The use of mechanical assist devices is reserved 
for conditions of overt or evolving cardiogenic shock.

Severe ventricular dysfunction, specifically the low cardiac  output 
syndrome (LCOS), occurring after CPB and cardiac surgery differs from 
chronic congestive heart failure (CHF) (Box 32-1). Patients emerging 
from CPB have hemodilution, moderate hypocalcemia, hypomag-
nesemia, and altered potassium levels. Depending on temperature and 
depth of anesthesia, these individuals may demonstrate low, normal, 
or high SVR. Increasing age, female sex, decreased LVEF, and increased 
duration of CPB are associated with a greater likelihood that inotropic 
support will be needed after CABG surgery23 (Table 32-5).

Contractile dysfunction during or after cardiac surgery can result 
from preexisting impairment in contractility or be a new-onset con-
dition. Abnormal contraction, especially in the setting of coronary 
artery disease (CAD), usually is caused by myocardial injury resulting 
in ischemia or infarction. The magnitude of contractile dysfunction 

BOX 32-1. RISK FACTORS FOR THE LOW 
CARDIAC OUTPUT SYNDROME AFTER 
CARDIOPULMONARY BYPASS

*All values except for sex, collateral circulation, WMA, and patients demonstrating cardiac 
enlargement are expressed as mean ± SD.

EF, preoperative ejection fraction calculated from end-diastolic and end-systolic 
measurements from radiograph-contrast ventriculography; IT, duration of aortic 
cross-clamping (ischemic time); LVEDP, left ventricular end-diastolic pressure; 
PT, total duration of cardiopulmonary bypass (pump time); WMA, wall motion 
abnormalities identified during preoperative radiographic-contrast ventriculography.

From Royster RL, Butterworth JF, Prough DS, et al: Preoperative and intraoperative 
predictors of inotropic support and long-term outcome in patients having coronary 
bypass grafting. Anesth Analg 72:729, 1991.

Patient Characteristics Associated with the Use 
of Inotropic Drug Support

 
 
Variable

No Inotropic  
Drug Support*  
(n = 58)

Inotropic 
Drug Support*  
(n = 70)

 
 
P

Age (yr) 57 ± 8 62 ± 8 0.005
Sex
 Female (%) 10 26 0.027
 Male (%) 90 74
Collateral circulation (%) 64 73 0.271
WMA (%) 78 84 0.334
Patients demonstrating 

cardiac enlargement (%)
7 21 0.021

Baseline LVEDP (mm Hg) 14 ± 7 16 ± 6 0.044
Postcontrast LVEDP  

(mm Hg)
21 ± 8 24 ± 7 0.054

Change in LVEDP  
(mm Hg)

7 ± 6 7 ± 7 0.534

EF (%) 61 ± 11 54 ± 13 0.002
PT (min) 106 ± 30 125 ± 37 0.004
IT (min) 42 ± 15 50 ± 19 0.009

TABLE  
32-5
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corresponds to the extent and duration of injury. Brief periods of myo-
cardial oxygen deprivation (< 10 minutes) produce regional contractile 
dysfunction, which can be rapidly reversed by reperfusion. Extension 
of the ischemia to 15 to 20 minutes also is associated with restoration 
of cardiac function with reperfusion; however, this process is very slow 
and can take hours to days. This condition of postischemic reversible 
myocardial dysfunction in the presence of normal flow is referred to as 
myocardial stunning.35–37 Irreversible cell injury will occur with  longer 
periods of ischemia, producing a myocardial infarction characterized 
by release of intracellular enzymes, disruption of cell membranes, 
influx of calcium, persistent contractile dysfunction, and eventual 
 cellular swelling and necrosis.38

In addition to the previously described factors, right ventricular (RV) 
dysfunction and failure are potential sources of morbidity and mor-
tality after cardiac surgery. Numerous factors may predispose patients 
to the development of perioperative RV dysfunction, including CAD, 
RV hypertrophy, previous cardiac surgery, and operative consider-
ations such as inadequate revascularization or hypothermic protection. 
Technical and operative difficulties are associated with various cardiac 
surgical procedures (e.g., right ventriculotomy), RV trauma, rhythm 
and conduction abnormalities, injury to the right ventricle during 
 cessation of CPB, or protamine reaction (see Chapter 31).

The following discussion provides an overview of the pharmaco-
logic approach to management of perioperative ventricular dysfunc-
tion in the setting of cardiac surgery. Management goals are described 
in Table 32-6.39 These are extensions of the routine preparations made 
for discontinuing CPB shown in Table 32-3.

Sympathomimetic Amines
Sympathomimetic drugs (i.e., catecholamines) are pharmacologic 
agents capable of providing inotropic and vasoactive effects (Box 
32-2). Catecholamines exert positive inotropic action by stimulation 
of the 

1
 receptor. The predominant hemodynamic effect of a specific 

 catecholamine depends on the degree to which the various , , and 
dopaminergic receptors are stimulated (Tables 32-7 and 32-8).

The physiologic effect of an adrenergic agent is determined by the 
sum of its actions on , , and dopaminergic receptors. The effec-
tiveness of any adrenergic agent will be influenced by the availabil-
ity and responsiveness of adrenergic receptors. Chronically increased 
levels of plasma catecholamines (e.g., chronic CHF and long CPB 
time) cause downregulation of the number and sensitivity of  recep-
tors.40 Maintenance of normal acid-base status, normothermia, and 
electrolytes also improve the responsiveness to adrenergic-receptor 
stimulation.

The selection of a drug to treat ventricular dysfunction is influ-
enced by pathophysiologic abnormalities, as well as by the physi-
cian's experience and preference. If LV performance is decreased 
primarily as a result of diminished contractility, the drug chosen 
should increase contractility. Although -agonists improve contrac-
tility and tissue perfusion, their effects may increase myocardial oxy-
gen consumption (MvO

2
) and reduce coronary perfusion pressure 

(CPP). However, if the factor most responsible for decreased car-
diac function is hypotension with concomitantly reduced CPP, use 
of an -adrenergic agonist can increase blood pressure and improve 
 diastolic coronary perfusion.

Catecholamines also are effective for treating primary RV contrac-
tile dysfunction, with all of the 

1
-adrenergic agonists augmenting RV 

contractility. Studies have documented the efficacy of epinephrine, 
norepinephrine, dobutamine, isoproterenol, dopamine, and PDE-III 
inhibitors in managing RV contractile dysfunction. When decreased 
RV contractility is combined with increased afterload, agents that exert 
vasodilator and positive inotropic effects should be used, including 
epinephrine, isoproterenol, dobutamine, and the PDE-III inhibitors 
(see Chapters 10, 24, and 34).41–44

Epinephrine
Epinephrine stimulates - and -adrenergic receptors in a dose-
dependent fashion. It frequently is the inotrope of choice after CPB 
(Box 32-3). Dosages of 10, 20, and 40 ng/kg/min increased stroke vol-
ume by 2%, 12%, and 22%, respectively, and increased cardiac index 
by 0.1, 0.7, and 1.2 L/min/m2. The HR also increased, but by no more 
than 10 beats/min at any dose.45 Epinephrine frequently is used after 
cardiac surgery to support the function of the “stunned” reperfused 
heart. During emergence from CPB, Butterworth et al46 showed epi-
nephrine (30 ng/kg/min) increased cardiac index and stroke volume by 
14% without increasing HR. In cardiac surgical patients, epinephrine 
infusion (0.01 to 0.4 g/kg/min) effectively increases cardiac output, 
minimally increases HR, and has acceptable side effects (see Table 32-8; 
see Chapters 10 and 34).

Dobutamine
Dobutamine is a synthetic catecholamine that generally produces 
dose-dependent increases in cardiac output and reductions in diastolic 
filling pressures. The effects of epinephrine (30 ng/kg/min) were com-
pared with dobutamine (5 g/kg/min) in 52 patients recovering from 
CABG surgery.46 Both drugs significantly and similarly increased stroke 
volume index, but epinephrine increased the HR by only 2 beats/min, 
whereas dobutamine increased the HR by 16 beats/min.

In addition to increasing contractility, dobutamine may have favor-
able metabolic effects on ischemic myocardium. Intravenous and 

BOX 32-2. PHARMACOLOGIC APPROACHES 
TO VENTRICULAR DYSFUNCTION

ABG, arterial blood gas; CO, cardiac output; CVP, central venous pressure; FiO
2
, inspired 

oxygen concentration; IABP, intraaortic balloon pump; LVAD, left ventricular assist 
device; PCWP, pulmonary capillary wedge pressure; RVAD, right ventricular assist 
device; SV, stroke volume.

Management of Cardiac Dysfunction

Variable Physiologic Management

Heart rate and 
rhythm

Maintain normal sinus rhythm, avoid tachycardia; 
for tachycardia or bradycardia, consider pacing 
or chronotropic agents (atropine, isoproterenol, 
epinephrine), correct acid-base, electrolytes, and 
review of current medications

Preload Reduce increased preload with diuretics or venodilators 
(nitroglycerin or sodium nitroprusside); monitor 
CVP, PCWP, and SV; obtain echocardiogram to 
rule out ischemia, valvular lesions, tamponade, and 
intracardiac shunts; consider using inotropes, IABP, 
or both

Afterload Avoid increased afterload (increased wall tension), 
use vasodilators (sodium nitroprusside); avoid 
hypotension; maintain coronary perfusion pressure; 
consider IABP, inotropes devoid of 

1
-adrenergic 

effects (dobutamine or milrinone), or both IABP and 
inotropes

Contractility Assess hemodynamics, rule out ischemia/infarction, 
assess rate/rhythm, preload, and afterload, use 
inotropes; if uncertain, obtain echocardiogram to 
assess cardiac function; consider combination therapy 
with inotropes and vasodilators and/or assist devices 
(IABP/LVAD/RVAD)

Oxygen delivery Increase FiO
2
 and CO; check ABGs and chest radiograph; 

mechanical ventilation if indicated; correct acid-base 
disturbances

TABLE  
32-6
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intracoronary injections of dobutamine increase coronary blood 
flow in animal studies.47 In paced cardiac surgical patients, dopamine 
increased oxygen demand without increasing oxygen supply, whereas 
dobutamine increased myocardial oxygen uptake and coronary blood 
flow. However, because increases in HR are a major determinant of 
MvO

2
, these favorable effects of dobutamine could be lost if dobu-

tamine induces tachycardia. During dobutamine stress echocardio-
graphy, segmental wall motion abnormalities suggestive of myocardial 
ischemia can occur as a result of tachycardia and increases in MvO

2
48 

(see Chapters 2 and 12).

BOX 32-3. INOTROPIC DRUGS

Sympathomimetics

Dosage Site of Action 

Drug Intravenous Infusion a b Mechanism of Action

Methoxamine 2–10 mg — ++++ Direct
Phenylephrine 50–500 g 10 mg/500 mL ++++ ± Direct

20 g/mL
10–50 g/min

Norepinephrine — 8 mg/500 mL ++++ +++ Direct
16 g/mL
2–16 g/min

Metaraminol 100 g 20–200 mg/500 mL ++++ + Direct and indirect
40–400 g/mL
40–500 g/min

Epinephrine 2–16 g 4 mg/500 mL +++ +++ Direct
8 g/mL
2–10 g/min

Ephedrine 5–25 mg — + ++ Direct and indirect
Dopamine — 400 mg/500 mL ++ +++ Direct and indirect

800 g/mL
2–30 g/kg/min

Dobutamine — 250 mg/500 mL + ++++ Direct
500 g/mL
2–20 g/kg/min

Dopexamine — 0.5–4 g/kg/min ++ Direct
Isoproterenol 1–4 g 2 mg/500 mL ++++ Direct

4 g/mL
1–5 g/min

TABLE  
32-7

*The indicated dosages represent the most common dosage ranges. For the individual patient, a deviation from these recommended doses might be indicated.
†Phosphodiesterase (PDE) inhibitors are usually given as a loading dose followed by a continuous infusion: amrinone: 0.5–1.5 mg/kg loading dose, 10–30 g/kg/min continuous infusion; 

milrinone: 50 g/kg loading dose, 0.375–0.75 g/kg/min continuous infusion.
CO, cardiac output; dP/dt, myocardial contractility; HR, heart rate; MvO

2
, myocardial oxygen consumption; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular 

resistance; SVR, systemic vascular resistance.
Modified from Lehmann A, Boldt J: New pharmacologic approaches for the perioperative treatment of ischemic cardiogenic shock. J Cardiothorac Vasc Anesth 19:97–108, 2005.

Hemodynamic Effects of Catecholamines and Phosphodiesterase Inhibitors

Drug CO dP/dt HR SVR PVR PCWP MvO
2

Dobutamine
2–12 g/kg/min*  or 
Dopamine
0–3 g/kg/min
3–8 g/kg/min
>8 g/kg/min  ( )  or 
Isoproterenol
0.5–10 g/min
Epinephrine
0.01–0.4  

g/kg/min
 ( ) ( )  or 

Norepinephrine
0.01–0.3  

g/kg/min
 ( )

PDE inhibitors†

TABLE  
32-8
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Dopamine
Dopamine is an endogenous catecholamine and an immediate precursor 
of norepinephrine and epinephrine. Its actions are mediated by stimula-
tion of adrenergic receptors and specific postjunctional dopaminergic 
receptors (D

1
 receptors) in the renal, mesenteric, and coronary arterial 

beds.49 In low doses (0.5 to 3.0 g/kg/min), dopamine predominantly 
stimulates the dopaminergic receptors; at doses ranging from 3 to 7 g/kg/
min, it activates most adrenergic receptors in a nonselective fashion; and 
at higher doses (> 10 g/kg/min), dopamine behaves as a vasoconstrictor. 
The dose-dependent effects of dopamine are not very specific and can be 
influenced by multiple factors such as receptor regulation, concomitant 
drug use, and interindividual and intraindividual variability.

Dopamine is unique in comparison with other endogenous cate-
cholamines because of its effects on the kidneys. It has been shown 
to increase renal artery blood flow by 20% to 40% by causing direct 
vasodilation of the afferent arteries and indirect vasoconstriction of 
the efferent arteries.50 This results in increases in glomerular filtration 
rate and in oxygen delivery to the juxtamedullary nephrons.

Despite favorable effects, dopamine has several undesirable features 
that may limit its use. Its propensity to increase HR and cause tachy-
arrhythmias can result in demand-related myocardial ischemia. After 
cardiac surgery, dopamine causes more frequent and less predictable 
degrees of tachycardia than dobutamine or epinephrine at doses that 
produce comparable improvement in contractile function.51

Norepinephrine
Norepinephrine is used primarily to treat vasodilated patients after 
CPB. Meadows et al52 treated 10 patients with severe sepsis and 
hypotension unresponsive to volume expansion, dopamine, and dob-
utamine. Norepinephrine infusion (0.03 to 0.89 g/kg/min) alone 
improved arterial blood pressure, left ventricular stroke work index, 
urine output, and, in most cases, cardiac index. Desjars et al53 stud-
ied the renal effects of prolonged norepinephrine infusion in hypoten-
sive patients with sepsis. Norepinephrine (0.5 to 1.0 g/kg/min) plus 
low-dose dopamine improved urine flow and renal function com-
pared with dopamine alone.53 The -adrenergic agonists benefit cer-
tain patients with circulatory failure refractory to inotropic and fluid 
therapy. Phenylephrine, norepinephrine, or vasopressin may be used to 
restore MAP in patients with a low SVR after CPB (i.e., vasoplegia syn-
drome).54 When RV dysfunction is primarily a result of decreased CPP, 
vasoconstrictors can be used to optimize RV performance.55

Isoproterenol
Isoproterenol is a potent, nonselective -adrenergic agonist, devoid 
of -adrenergic agonist activity. Isoproterenol dilates skeletal, renal, 
and mesenteric vascular beds and decreases diastolic blood pressure. 
The potent chronotropic action of isoproterenol, combined with its 
propensity to decrease CPP, limit its usefulness in patients with CAD. 
Applications include treatment of bradycardia (especially after ortho-
topic heart transplantation), pulmonary hypertension, and heart failure 
after congenital cardiac surgery.55 Isoproterenol remains the inotrope of 
choice for stimulation of cardiac pacemaker cells in the management 
of acute bradyarrhythmias or atrioventricular heart block. Its use for 
this purpose during cardiac surgery is limited because artificial pacing 
is usually easily accomplished in this setting. It reduces refractoriness to 
conduction and increases automaticity in myocardial tissues. The tachy-
cardia seen with isoproterenol is a result of direct effects of the drug 
on the sinoatrial and atrioventricular nodes and reflex effects caused 
by peripheral vasodilation. It is routinely used in the setting of cardiac 
transplantation for increasing automaticity and inotropy, as well as for 
its vasodilatory effect on the pulmonary arteries (see Chapter 23).

Phosphodiesterase Inhibitors
The PDE-III inhibitors amrinone (inamrinone) and milrinone 
increase cyclic adenosine monophosphate, calcium flux, and calcium 
 sensitivity of contractile proteins. These drugs have a similar mode of 

action because they are noncatecholamine and nonadrenergic agents. 
They do not rely on -receptor stimulation for their positive inotropic 
activity. As a result, the effectiveness of the PDE-III inhibitors is not 
altered by previous -blockade, nor is it reduced in patients who may 
 experience -receptor downregulation.40 In addition to their positive 
inotropic effects, these agents produce systemic and pulmonary vaso-
dilation. As a result of this combination of hemodynamic effects (i.e., 
positive inotropic support and vasodilation), the term inodilator has 
been used to describe these drugs (Box 32-4).

Amrinone is more effective than dobutamine for weaning from CPB, 
with increases in stroke volume and cardiac output, and decreases in 
SVR and pulmonary vascular resistance (PVR).56,57 Because these 
agents exert their hemodynamic effects by a nonadrenergic mecha-
nism of action, when used in combination with -agonists, they have 
an additive effect on myocardial performance. Gage et al58 reported 
that when amrinone was used in combination with dobutamine, 
 cardiac output was significantly increased compared with therapy 
with dobutamine alone. Since this initial report, other investigators 
have demonstrated the clinical application of combination therapy 
using PDE-III inhibitors and dopamine, phenylephrine, epinephrine, 
and nitroglycerin.59

A second-generation PDE-III inhibitor milrinone has a similar hemo-
dynamic profile to amrinone; however, its positive inotropic action is 
approximately 15 to 30 times that of amrinone. Thrombocytopenia has 
been a potential clinical concern with the administration of PDE-III 
inhibitors, particularly amrinone. However, George et al60 were unable 
to demonstrate any significant reduction in platelet count after 48 
hours of milrinone infusion in cardiac surgical patients. Intravenous 
milrinone has been studied extensively and demonstrates a favor-
able short-term effect in CHF and ventricular dysfunction after CPB61 
(see Chapters 10 and 34).

Milrinone, like other PDE-III inhibitors, appears to increase car-
diac output without increasing overall MvO

2
. Monrad et al62 admin-

istered milrinone to patients with CHF, increasing cardiac index by 
45%, but overall MvO

2
 did not change. Data also suggest that milrinone 

may improve myocardial diastolic relaxation (i.e., positive “lusitropic” 
effect) and augment coronary perfusion. The proposed mechanism 
for this effect on diastolic performance is that by decreasing LV wall 
 tension, ventricular filling is enhanced, and myocardial blood flow and 
oxygen delivery are optimized (see Table 32-8).

The ability of short-term administration of milrinone to augment 
ventricular performance in patients undergoing cardiac surgery was 
shown in the results from the European Milrinone Multicentre Trial 
Group.63 In this prospective study, intravenous milrinone was studied 
in patients after CPB. All patients received a bolus infusion of milri-
none at 50 g/kg over 10 minutes, followed by a maintenance infu-
sion of 0.375, 0.5, or 0.75 g/kg/min for 12 hours. Significant increases 
in stroke volume and cardiac index were observed. In addition, sig-
nificant decreases in pulmonary capillary wedge pressure, central 
venous pressure, pulmonary artery pressure, MAP, and SVR were 
seen. Eighteen patients (14%) had arrhythmias; most occurred in the 
group receiving 0.75 g/kg/min. Two arrhythmic events were deemed 
serious; both were bouts of rapid atrial fibrillation occurring with the 
greater dose.

Bailey et al64 showed that after CPB, a loading dose of milrinone at 
50 g/kg, followed by a continuous infusion of 0.5 g/kg/min, resulted 
in a significant increase in cardiac output. Butterworth et al65 also 
studied the pharmacokinetics and pharmacodynamics of  milrinone 

BOX 32-4. INODILATOR DRUGS
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in adult patients undergoing cardiac surgery; milrinone (25, 50, or 
75 g/kg) was given if the cardiac index was less than 3.0 L/min/m2  
after separation from CPB. All three doses of milrinone significantly 
increased cardiac index. The 50- and 75- g/kg doses produced sig-
nificantly greater increases in cardiac index than the 25- g/kg dose. 
The 75- g/kg dose produced increases in cardiac index comparable 
with the 50- g/kg dose, but it was associated with more hypotension, 
despite administration of intravenous fluid, blood, and a phenyleph-
rine infusion. The initial redistribution half-lives were 4.6, 4.3, and 
6.9 minutes, and the terminal elimination half-lives were 63, 82, and 
99 minutes for the 25-, 50-, and 75- g/kg doses, respectively. The results 
of these investigations suggest that for optimizing hemodynamic per-
formance (while minimizing any potential for arrhythmias), the mid-
dle dose range (i.e., loading dose of 50 g/kg) of milrinone may be 
most efficacious with a continuous infusion of 0.5 g/kg/min, leading 
to a plasma concentration of more than 100 ng/mL. In patients with 
poor LV function, the loading dose should be given during CPB to 
avoid a decrease in MAP and to minimize the need for other inotropes 
on discontinuing CPB.66

Vasodilators
The indications for using vasodilators such as nitroglycerin or nitro-
prusside in cardiac surgery include management of perioperative 
systemic or pulmonary hypertension, myocardial ischemia, and ven-
tricular dysfunction complicated by excessive pressure or volume 
overload67 (Box 32-5). In most conditions, nitroglycerin or nitro-
prusside may be used. Both share common features such as rapid 
onset, ultra-short half-lives (several minutes), and easy titratability. 
Nevertheless, there are important pharmacologic differences between 
nitroglycerin and nitroprusside. In the setting of ischemia, nitroglyc-
erin is preferred because it selectively vasodilates coronary arteries 
without producing a coronary “steal” (see Chapters 6, 10, and 18). 
Likewise, in the management of ventricular volume overload or RV 
pressure overload, nitroglycerin may offer some advantage over nitro-
prusside. It has a predominant influence on the venous bed such that 
preload can be reduced without significantly compromising systemic 
arterial pressure. The benefits of nitroglycerin are improvement in 
stroke volume, reduction in wall tension and MvO

2
, increased per-

fusion to the subendocardium as a result of a lower left ventricular 
end-diastolic pressure, and maintenance of CPP. Nitroprusside is a 
more potent arterial vasodilator and may potentiate myocardial isch-
emia because of a coronary steal phenomenon or a reduction in CPP. 
Its greater potency, however, makes nitroprusside the vasodilator of 
choice for management of perioperative hypertensive disorders and 
for afterload reduction during or after surgery for regurgitant valvu-
lar lesions (see Chapter 19).

Additional uses of vasodilators include management of RV dysfunc-
tion. Sodium nitroprusside can augment cardiac output by decreas-
ing RV afterload and PVR.68 Similarly, nitroglycerin has been shown to 
decrease PVR, transpulmonary pressure, and mean pulmonary artery 
pressure and to increase cardiac output in patients with increased PVR 
resulting from mitral valve disease.69 Although nitroglycerin and nitro-
prusside decrease the impedance to RV ejection and increase the RV 
ejection fraction by reducing afterload, they are nonspecific pulmo-
nary vasodilators. As a result, newer studies have focused on the ability 

of agents such as prostaglandins (particularly prostaglandin E
1
), nitric 

oxide, and the PDE-III inhibitors to more specifically decrease PVR 
(see Chapters 10, 24, and 34).

Despite proven benefits of vasodilator therapy in the management 
of CHF, they can be difficult drugs to use in treatment of periopera-
tive ventricular dysfunction. This is most evident in cases of the LCOS 
when impaired pump function is complicated by inadequate perfusion 
pressure. In these situations, multidrug therapy with vasoactive and 
cardioactive agents is warranted (i.e., nitroglycerin or nitroprusside 
plus epinephrine or milrinone and norepinephrine). Combination 
therapy enables greater selectivity of effect. The unwanted side effects 
of one drug can be avoided while supplementing the desired effects 
with another agent.70,71 To maximize the desired effects of any par-
ticular combination of agents, frequent assessment of cardiac perfor-
mance with a PAC and TEE is needed. This allows the Starling curve 
and the pressure-volume loops to be visualized as they are shifted up 
and to the left with therapy (see Chapters 5, 14, and 34).

Vasoplegic Syndrome and 
Cardiopulmonary Bypass
The concept of the vasoplegic syndrome, hypotension associated with 
profound vasodilation unresponsive to conventional catecholamines 
or vasopressors, was introduced in association with CPB in the late 
1990s.72 It has been linked with preoperative use of vasodilators and 
shown to be a risk factor for increased morbidity and mortality after 
cardiac surgery.73 Two pharmacologic agents have been reported to 
be used to treat vasoplegic syndrome after CPB: vasopressin and 
 methylene blue.

Vasopressin
Arginine vasopressin (antidiuretic hormone) is a peptide hormone 
normally produced in the posterior pituitary that plays a crucial role 
in water homeostasis by controlling water resorption in the renal col-
lecting ducts.74 Administered as an intravenous infusion, vasopressin 
was initially used as a potent vasoconstrictor for vasodilatory shock 
associated with sepsis75 and ventricular assist device implantation.76 
Because its vasopressor effect is mediated through a different mecha-
nism (VP1 receptors) from the catecholamines, vasopressin can be 
infused at a constant rate as a strategy to decrease high doses of cat-
echolamines such as norepinephrine and has been used in this way to 
treat vasodilation occurring after CPB.77 The vasoconstricting effects 
of vasopressin may spare the pulmonary vasculature, making it an 
attractive choice to treat hypotension associated with right-heart dys-
function, but this effect has not been clearly demonstrated in intact 
humans.78 Reported infusion doses vary widely from 0.01 to 0.6 IU/
min.79 Use of vasopressin has been associated with necrotic lesions of 
the skin and should be used with caution and in the lowest possible 
effective dose.80

Methylene Blue
Methylene blue, a substance commonly used intravenously during 
surgery for its ability to dye certain tissues, inhibits guanylate cyclase 
and hence the production of cyclic guanosine monophosphate, a sub-
stance known to increase vascular smooth muscle relaxation.81 It has 
been used as a rescue treatment for profound vasodilatory shock in a 
number of settings, including cardiac surgery.82,83 Methylene blue in 
a dose of 3 mg/kg given while on CPB was shown to increase SVR 
and MAP without adverse effects in a randomized trial of patients 
taking angiotensin-converting enzyme inhibitors, as well as decrease 
pressor requirements and serum lactate levels after CPB.84 In another 
randomized trial, methylene blue, 2 mg/kg, was given 1 hour before 
surgery to patients at risk for CPB-associated vasoplegic syndrome. 
None of the treatment group developed vasoplegic syndrome, while 
26% of the control group did.85 Methylene blue causes transient dis-
coloration of the urine and the skin and interferes with pulse oximetry 
measurements of arterial oxygen saturation. Although a number of 

BOX 32-5. VASODILATOR MECHANISMS 
HELPFUL IN DISCONTINUING 
CARDIOPULMONARY BYPASS
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transient adverse side effects of methylene blue have been reported in 
other contexts, no serious side effects have been reported in its use for 
vasoplegia associated with CPB.86

Additional Pharmacologic Therapy
Following the steps outlined in Tables 32-3 and 32-6, most patients can 
be weaned off of CPB. However, a small percentage will be difficult to 
remove safely from CPB because of their chronic end-stage CHF or 
an acute insult during cardiac surgery producing cardiogenic shock. 
These patients probably will require mechanical circulatory support 
(e.g., IABP), as discussed subsequently or in Chapter 27 (e.g., ventricu-
lar assist device). However, while instituting these further steps, some 
clinicians try additional pharmacologic therapy.

Controversial Older Treatments
Some studies suggest that a reduction in plasma thyroid hormone 
concentration may be the cause of decreased myocardial function 
after CPB.87,88 Some patients exhibit signs of hypothyroidism, includ-
ing decreases in HR, cardiac index, and myocardial and  systemic 
oxygen consumption, and increases in arteriovenous oxygen dif-
ference and SVR. Multiple investigators have documented declines 
in the circulating triiodothyronine (T

3
) concentration during and 

after CPB, and the most dramatic decreases in T
3
 are seen at the end 

of CPB and during the first few hours after CPB.87,88 The reduced 
thyroid hormone concentrations after CPB may exacerbate myocar-
dial stunning and the LCOS encountered in the post-CPB period. 
Thyroid hormone in the form of an intravenous T

3
 infusion (2 g/

hr to a total dose of 0.5 g/kg) has been used during cardiac surgery. 
This therapy has resulted in increases in the MAP and HR, as well as 
reductions in LAP and central venous pressure in patients who ini-
tially could not be weaned from CPB. Some of these patients have 
been successfully weaned from CPB and have required lower doses 
of dobutamine and other cardiac drug support after the treatment 
with thyroid hormone.89–91

The administration of glucose-insulin-potassium (GIK) or just glu-
cose and insulin has been found to be useful for metabolic support 
of the heart after CPB. The trauma of cardiac surgery produces insu-
lin resistance, which restricts the availability of carbohydrates to the 
heart. The increased level of catecholamines during CPB also may put 
further strain on the energy metabolism of the heart, whereas insulin 
may improve this situation.92–94 The administration of high-dose insu-
lin has been compared with dopamine in patients undergoing CABG 
surgery. The infusion of dopamine (7 g/kg/min) alone induced meta-
bolic changes unfavorable to the myocardium, whereas dopamine plus 
insulin increased carbohydrate use with cessation of cardiac uptake of 
free fatty acids.95 Gradinac et al96 studied GIK in patients with refrac-
tory CHF after CPB. All of the patients started with a low cardiac 
index and were receiving cardiac support with an inotropic drug and 
an IABP. There was a significant increase in cardiac index in the GIK 
patients at 12 and 24 hours, the need for inotropic and IABP support 
was decreased, and the 30-day survival rate was increased.81 A recent 
study using high-dose insulin therapy during CABG surgery found 

 significant hypolipidemia with a large lowering of the plasma free fatty 
acid concentration in the treatment group.97 The importance of this 
finding requires further investigation before high-dose insulin therapy 
becomes part of the everyday armamentarium in dealing with poor 
ventricular function.

New Treatments for Heart Failure and 
Cardiogenic Shock
Levosimendan is a new positive inotropic drug belonging to the class 
of calcium sensitizers. The drug stabilizes the calcium-induced con-
formational change in cardiac troponin C and prolongs the effective 
cross-bridging time. In contrast with other positive inotropic drugs, 
levosimendan does not increase intracellular calcium. The drug 
has vasodilating and anti-ischemic properties produced by opening 
K+-ATP channels98–100 (Table 32-9; see Chapters 10 and 34).

Levosimendan is recommended by the European Society of 
Cardiology for treatment of acute worsening of heart failure and for 
acute heart failure after myocardial infarction.101 It also has been found 
to enhance contractile function of stunned myocardium in patients 
with acute coronary syndromes.102 It is available clinically in Europe and 
is undergoing evaluation in the United States. The use of levosimendan 
has been reported in cardiac surgical patients with high perioperative 
risk, compromised LV function, difficulties in weaning from CPB, and 
severe RV failure after mitral valve replacement.103,104 The doses used 
were 12 g/kg as a 10-minute loading dose, followed by an infusion of 
0.1 g/kg/min. It has been used before surgery, during emergence from 
CPB, and in the postoperative period for up to 28 days. The potential 
for levosimendan to produce increased contractility, decreased resis-
tance, minimal metabolic cost, and no arrhythmias makes it a poten-
tially useful addition to the treatments for patients with the LCOS or 
RV failure. Randomized trials have demonstrated that levosimendan 
can facilitate weaning from CPB and decrease the need for additional 
inotropic support during CABG surgery.105,106

Nesiritide is a recombinant human brain-type natriuretic peptide 
with vasodilatory and diuretic effects. In patients with heart failure, 
intravenous nesiritide acts as a vasodilator and reduces preload; SVR 
is decreased, and cardiac index subsequently increases.107–109 The 
drug has no positive inotropic effects (see Chapter 10). Compared 
with nitroglycerin and dobutamine, nesiritide had a greater effect 
on decreasing preload than nitroglycerin, and it did not cause as 
many arrhythmias as dobutamine.110,111 Its ultimate role in the 
treatment of acute heart failure is uncertain, but it may augment 
the vasodilators or diuretics. There also is some evidence suggest-
ing nesiritide may have a role in preserving renal function during 
 cardiac surgery.112,113

Numerous other drugs are being studied for their uses in patients 
with acute decompensated heart failure and cardiogenic shock. 
These drugs include positive inotropic agents such as toborinone 
(a PDE-III inhibitor), vasodilators such as tezosentan (a specific and 
potent dual endothelin-receptor antagonist), and vasopressors such 
as L-NAME (a nitric oxide inhibitor; see Table 32-9).98 These various 
drugs may prove useful for certain types of cardiovascular problems 
in the future.

*Positive inotropic drugs: toborinone: phosphodiesterase inhibitor. L-Simendan: levosimendan, calcium sensitizer. Vasodilating drugs: tezosentan: endothelin antagonist. Nesiritide: 
natriuretic peptide. Vasoconstricting drug: L-NAME: NG-nitro-L-arginine-methyl ester, inhibitor of nitric oxide synthase.

AP, arterial pressure; Arrhyth., arrhythmogenic potential; CO, cardiac output; Diur., diuresis; HR, heart rate; No, not yet used in patients with cardiogenic shock; PCWP, pulmonary 
capillary wedge pressure; Shock, cardiogenic shock; Yes, already used in patients with cardiogenic shock.

Modified from Lehman A, Boldt J: New pharmacologic approaches for the perioperative treatment of ischemic cardiogenic shock. J Cardiothorac Vasc Anesth 19:97, 2005.

Emerging Drugs for Heart Failure and Cardiogenic Shock

Drug* CO PCWP AP HR Arrhyth. Onset Offset Diur. Shock

Toborinone  or Short Moderate No
L-Simendan Short Very long Yes
Tezosentan Short Short No
Nesiritide Short Long No
L-NAME ( ) ? Short Moderate Yes

TABLE  
32-9
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INTRA-AORTIC BALLOON PUMP 
COUNTERPULSATION
The IABP is a device that is designed to augment myocardial perfusion 
by increasing coronary blood flow during diastole and unloading the 
left ventricle during systole. This is accomplished by mass displacement 
of a volume of blood (usually 30 to 50 mL) by alternately inflating and 
deflating a balloon positioned in the proximal segment of the descend-
ing aorta. The gas used for this purpose is carbon dioxide (because of 
its great solubility in blood) or helium (because of its inertial proper-
ties and rapid diffusion coefficients). Inflation and deflation are syn-
chronized to the cardiac cycle by the electronics of the balloon console 
producing counterpulsations. The results of effective use of the IABP 
are often quite dramatic. Improvements in cardiac output, ejection 
fraction, coronary blood flow, and MAP frequently are seen, as well as 
decreases in aortic and ventricular systolic pressures, left ventricular 
end-diastolic pressure, pulmonary capillary wedge pressure, LAP, HR, 
frequency of premature ventricular contractions, and suppression of 
atrial arrhythmias.

Indications and Contraindications
Since its introduction, the indications for the IABP have grown (Table 
32-10). The most common use of the IABP is for treatment of car-
diogenic shock. This may occur after CPB or after cardiac surgery in 
patients with preoperative shock, with acute postinfarction ventricular 
septal defects or mitral regurgitation, those who require stabilization 
before surgery, or patients who decompensate hemodynamically dur-
ing cardiac catheterization. Patients with myocardial ischemia refrac-
tory to coronary vasodilation and afterload reduction are stabilized 
with an IABP before cardiac catheterization, and some patients with 
severe CAD will prophylactically have an IABP inserted before under-
going CABG or off-pump CABG surgery.114–118

Contraindications to IABP use are relatively few (see Table 32-10). 
The presence of severe aortic regurgitation (AR) or aortic dissection 
is listed as an absolute contraindication for the IABP, although suc-
cessful reports of its use in patients with aortic insufficiency or acute 
trauma to the descending thoracic aorta have appeared. Other relative 
contraindications are listed; use of the IABP in these instances is at the 
discretion of the physician. Because the hemodynamic changes caused 
by an IABP theoretically would tend to worsen dynamic outflow tract 

obstruction caused by systolic anterior motion (SAM) of the mitral 
valve, it should be used with caution, if at all, in these patients.

Insertion Techniques
In the initial development of the IABP, insertion was by surgical access 
to the femoral vessels. In the late 1970s, refinements in IABP design 
allowed the development of percutaneous insertion techniques. Now 
the technique most commonly used, percutaneous IABP insertion is 
performed rapidly with commercially available kits.

The femoral artery with the greater pulse is sought by careful palpa-
tion. The length of the balloon to be inserted is estimated by laying the 
balloon tip on the patient's chest at Louis' angle and appropriately mark-
ing the distal point corresponding to the femoral artery. Care must be 
taken when removing the balloon from its package to follow the manu-
facturer's procedures exactly so as not to cause perforation of the bal-
loon before insertion. Available balloons come wrapped and need only 
be appropriately deflated before removal from the package. The femo-
ral artery is entered with the supplied needle, a J-tipped guidewire is 
inserted to the level of the aortic arch, and the needle is removed. The 
arterial puncture site is enlarged with the successive placement of an 8-Fr 
dilator and then a 10.5- or 12-Fr dilator and sheath combination (Figure 
32-3). In the adult-sized (30- to 50-mL) balloons, only the dilator needs 
to be removed, leaving the sheath and guidewire in the artery. The bal-
loon is threaded over the guidewire into the central aorta and into the 

Intra-aortic Balloon Pump Counterpulsation 
Indications and Contraindications

Indications Contraindications

 1. Cardiogenic shock
 a. Myocardial infarction
 b. Myocarditis
 c. Cardiomyopathy
 2. Failure to separate from CPB
 3.  Stabilization of preoperative 

patient
 a. Ventricular septal defect
 b. Mitral regurgitation
 4.  Stabilization of noncardiac  

surgical patient
 5.  Procedural support during  

coronary angiography
 6. Bridge to transplantation

 1. Aortic valvular insufficiency
 2. Aortic disease
 a. Aortic dissection
 b. Aortic aneurysm
 3. Severe peripheral vascular disease
 4. Severe noncardiac systemic disease
 5. Massive trauma
 6.  Patients with “do not resuscitate” 

instructions
 7.  Mitral SAM with dynamic outflow 

tract obstruction

TABLE  
32-10
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Figure 32-3 Diagram of intra-aortic balloon pump 
(IABP) insertion. A, Cannulation and insertion of the 
balloon through the femoral artery. Notice the tightly 
wrapped balloon as it traverses the sheath. A guide-
wire is not visible in this drawing. B, Correct posi-
tioning of balloon in proximal descending aorta. The 
J-tipped guidewire is seen exiting from the balloon's 
central lumen. (A, Courtesy of Datascope Corporation; 
B, Courtesy of Kontron, Inc.)
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previously estimated correct position in the proximal segment of the 
descending aorta. The sheath is gently pulled back to connect with the 
leak-proof cuff on the balloon hub, ideally so that the entire sheath is out 
of the arterial lumen to minimize risk for ischemic complications to the 
distal extremity. Alternatively, the sheath may be stripped off the balloon 
shaft much like a peel-away pacemaker lead introducer, thereby entirely 
removing the sheath from the insertion site. At least one manufacturer 
offers a “sheathless” balloon for insertion.

If fluoroscopy is available during the procedure, correct placement is 
verified before fixing the balloon securely to the skin. Position also may 
be checked by radiography or echocardiography after insertion. If an 
indwelling left radial arterial catheter is functioning at the time of inser-
tion, a reasonable estimate of position may be made by watching bal-
loon-mediated alteration of the arterial pulse waveform (Figure 32-4). 
After appropriate positioning and timing of the balloon, 1:1 counter-
pulsation may be initiated. The entire external balloon assembly should 
be covered in sterile dressings.

Removal of a percutaneously inserted IABP may be by the open 
(surgical removal) or closed technique. If a closed technique is chosen, 
the artery should be allowed to bleed for several seconds while pressure 
is maintained on the distal artery after balloon removal to flush any 
accumulated clot from the central lumen. This maneuver helps prevent 
distal embolization of clot. Pressure is then applied for 20 to 30 min-
utes on the puncture site for hemostasis. If surgical removal is chosen, 
embolectomy catheters may be passed antegrade and retrograde before 
suture closure of the artery.

Alternate routes of IABP insertion exist. The balloon may be placed 
surgically through the femoral artery. This is now performed without 
the use of an end-to-side vascular conduit, although this placement still 
requires a second surgical procedure for removal. In patients in whom 
extreme peripheral vascular disease exists or in pediatric patients in 
whom the peripheral vasculature is too small, the ascending aorta or 
aortic arch may be entered for balloon insertion. These approaches 
necessitate median sternotomy for insertion and usually require reex-
ploration for removal. Other routes of access include the abdominal 
aorta and the subclavian, axillary, and iliac arteries. The iliac approach 
may be especially useful for pediatric cases.

Timing and Weaning
A number of different manufacturers of IABP systems are com-
mercially available. The basic console design includes electrocar-
diographic and arterial blood pressure waveform monitoring and 

printing,  balloon volume monitoring, triggering selection switches, 
adjustments for inflation and deflation timing, battery backup power 
sources, and gas reservoir. Some of these systems have become quite 
sophisticated, with advanced computer microprocessor  circuits 
allowing triggering based on pacemaker signals or detection of and 
 compensation for aberrant rhythms such as atrial fibrillation. Portable 
models exist for transportation of patients by ground,  helicopter, or 
air ambulances.

For optimal effect of the IABP, inflation and deflation need to be 
correctly timed to the cardiac cycle. Although a number of variables, 
including positioning of the balloon within the aorta, balloon vol-
ume (Figure 32-5), and the patient's cardiac rhythm, can affect the 
performance of the IABP, basic principles regarding the function of 
the balloon must be followed. Balloon inflation should be timed to 
coincide with aortic valve (AV) closure, or aortic insufficiency and 
LV strain will result. Similarly, late inflation will result in a dimin-
ished perfusion pressure to the coronary arteries. Early deflation 
will cause inappropriate loss of afterload reduction, and late defla-
tion will increase LV work by causing increased afterload, if only 
transiently. These errors and correct timing diagrams are shown in 
Figures 32-4 and 32-6.

As the patient's cardiac performance improves, the IABP support 
must be removed in stages rather than abruptly. Judicious application 
and dosing of vasodilator and inotropic medications can assist this 
procedure. The balloon augmentation may be reduced in steps from 
1:1 counterpulsation to 1:2 and then to 1:4, with appropriate intervals 
at each stage to assess hemodynamic and neurologic stability, cardiac 
output, and mixed venous oxygen saturation changes. After appropri-
ate observation at 1:4 or 1:8 counterpulsation, balloon assistance can 
be safely discontinued, and the device can be removed by one of the 
methods discussed. If percutaneous removal is chosen, an appropriate 
interval for reversal of anticoagulation (if employed) before removal of 
the balloon should be allowed.

Complications
Several complications have been associated with IABP use (Table 
32-11). The most frequently seen complications are vascular injuries, 
balloon malfunction, and infection.114–118 Treatment for these respective 
problems is straightforward. Flaps, dissections, perforations, embolic 
events, and pseudoaneurysms should be dealt with directly by surgi-
cal intervention and repair. Steal syndromes or ischemia, if not severe, 
may be dealt with expectantly, but if severe extremity compromise is 
observed, the balloon should be moved to another site. An alternative 
means of treatment is a femoral-to-femoral crossover graft placed sur-
gically to help alleviate the affected extremity.

Problems associated with the balloon are managed directly by 
removal or replacement or, if necessary, repositioning. Gas embo-
lization, although rare, has been successfully treated with hyperbaric 
oxygen.

Infections usually require removal or replacement of the balloon in 
an alternate site. Appropriate antibiotic coverage should be instituted 
and adjusted as culture results become available. Prosthetic materials 
should be removed if present, and debridement of the insertion site 
conducted as necessary. Septicemia can occur and have detrimental 
effects if not aggressively treated.

Because of multiple improvements in medical and anesthetic 
management, myocardial preservation (see Chapters 28 and 29), 
and surgical techniques, most patients can be safely weaned off 
CPB after successful surgery. However, perioperative heart failure 
and the LCOS still occur in high-risk patients who require com-
plex pharmacologic support to discontinue CPB. Other patients 
may require treatment of arrhythmias with drugs or pacemakers. 
Patients with the most severe ventricular dysfunction will require 
mechanical support (e.g., IABP, left ventricular assist device, 
RV assist device) and possibly an artificial heart (e.g., AbioCor; 
Abiomed, Danvers, MA) or heart transplantation (see Chapters 23 
and 27).
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Figure 32-4 Arterial waveforms seen during intra-aortic balloon pump 
(IABP) assist. The first two waveforms are unassisted, and the last is 
assisted. Notice the decreased end-systolic and end-diastolic pressures 
and augmented diastolic pressures caused by IABP augmentation and 
the (correct) point at which balloon inflation occurs. These are wave-
forms generated by a correctly positioned and timed balloon. (Courtesy 
of Datascope Corporation.)
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Normal size balloon

Balloon

too large

Balloon

too small

A B

Figure 32-5 Variations in waveform caused by incorrect balloon size. A, The balloon is correctly positioned and appropriately sized for the aorta. 
Notice the arterial waveform diagram in lower left corner. B, Examples of too large (left) or too small (right) balloon sizes with their correspondingly 
altered arterial waveforms. A similar effect can result from overinflation and underinflation of balloon. Compare waveforms in B with the ideal wave-
form in A. (Courtesy of Kontron, Inc.)
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Figure 32-6 Alterations in arterial waveform tracings caused by errors in timing of intra-aortic balloon pump (IABP). A, The balloon was deflated 
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DECISION MAKING WITH 
TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY WHILE 
DISCONTINUING CARDIOPULMONARY 
BYPASS

Case Study 1
Evacuation of Intracardiac Air
Framing
Air enters the heart in any procedure in which a chamber or the 
ascending aorta is opened while on CPB. Maneuvers to evacuate any 
air in the LA or LV need to be performed in these cases in preparation 
for discontinuing CPB to avoid the adverse consequences of systemic 
air embolism. Also, air in the right side of the heart may pass through 
an intracardiac communication such as a patent foramen ovale and 
result in systemic air embolization if not properly evacuated. TEE can 
be helpful in identifying and locating air in the heart and assisting in 
de-airing before coming off CPB.

Data Collection
The time to begin looking with TEE for intracardiac air on CPB is 
usually after all the chambers and the aorta are closed and the aor-
tic cross-clamp is removed. Microscopic air bubbles are highly echo-
genic and can be seen with TEE as tiny white spots within the blood 
and are probably not of great concern (see Air Video 1, which is part 
of the online materials). It is most important to identify macroscopic 
accumulations of air within the left heart. These float to the highest 
point within the chamber and appear in TEE images as a mobile line 
perpendicular to the direction of gravity that is caused by the air-fluid 
level as it wobbles with the motion of the heart (see Air Video 2, avail-
able online). With a supine patient, air in the LA floats to the superior 
aspect of the atrial septum, often adjacent to the entrance of the right 
upper pulmonary vein (see Air Video 3, available online). In the LV, 
macroscopic accumulations of air float up against the apical septum 
(see Air Video 4, available online). Air also may be trapped in the left 
atrial appendage and cause an air-fluid level seen with TEE at its base. 
The air usually can be identified with TEE at zero degrees multiplane 
angle with a midesophageal four-chamber view scanning proximal and 
distal in the esophagus through the entire three-dimensional extents 
of the left-heart chambers. The midesophageal long-axis view at about 
130-degree multiplane angle also may be used to examine the apical 
septum for air-fluid levels.

Discussion
Although a correlation with the amount of intracardiac air seen with 
TEE and neurologic outcome has not been shown, one of the major con-
cerns with systemic air embolization after CPB is the potential for cere-
bral injury. It is reasonable to proceed with the assumption that the less 
air pumped into the systemic circulation during and after CPB the bet-
ter. Another adverse consequence of intracardiac air that is well-known 
and frequently seen is coronary artery embolization leading to myo-
cardial ischemia. Because in a supine patient the right coronary artery 
takes off from the high point of the aortic root, coronary air emboliza-
tion is most commonly manifested by dramatic inferior ST-segment 
elevation and acute right-heart dysfunction. Saphenous vein grafts 
typically are anastomosed to the anterior aspect of the ascending aorta 
and susceptible to air emboli as well. If this occurs while still on CPB 
or before decannulation, it is a simple matter to go back on pump and 
wait a few minutes until the air clears from the coronary circulation, 
the ST segments normalize, and ventricular function improves before 
trying to wean from CPB again. If, however, coronary air embolization 
occurs after decannulation, the hemodynamics can quickly deteriorate 
to cardiac arrest. Smaller air emboli can be moved through the coro-
nary vessel by acutely increasing the BP with a vasopressor while dilat-
ing the coronary artery with NTG. Perhaps the worst-case scenario is 
when a macroscopic air bubble in the left heart is shaken loose moving 
the patient off of the operating table at the end of the case; acute right-
heart failure and circulatory collapse may then occur, or may occur 
while the patient is being transported to the intensive care unit.

Deairing maneuvers may include shaking the vented heart on par-
tial CPB to jar loose any pockets of air, elevating and aspirating LV 
air directly from the apex, applying positive pressure to the lungs to 
squeeze air out of the pulmonary veins, and tipping the table from side 
to side to help the passage of bubbles through the heart to the ascend-
ing aorta where they are released through a vent. Additional air may 
appear in the left heart while weaning from CPB as increasing flow 
through the pulmonary veins flushes it out from the lungs to the left 
atrium. Passage of air from the LA to the LV may be facilitated with 
the head and right-side-down position, as well as from the LV to the 
ascending aorta with the head and right-side up. It may be impossible 
to evacuate every last trace of air from the left heart before discontinu-
ing CPB, especially tiny bubbles trapped in the trabeculae of the LV, so 
it becomes a matter of judgment and experience to know when enough 
is enough. But the persistence of a macroscopic air-fluid level in the left 
heart visible with TEE suggests that more deairing probably is needed 
before closing the vent in the ascending aorta and weaning from CPB.

Case Study 2
Aortic Regurgitation on Cardiopulmonary Bypass
Framing
AR has a special significance for patients on CPB. The primary concern 
is the potential for distention of the LV once effective contractions of 
the heart have ceased. Undetected, this can damage the myocardium, 
causing impaired ventricular function when trying to discontinue 
CPB. TEE is useful to detect the presence of AR before and while on 
CPB, and to identify distention of the LV when it occurs.

Data Collection
Before CPB, the AV is examined using the midesophageal AV short-axis 
and long-axis TEE views with 2-D imaging and color-flow Doppler to 
detect abnormalities of the valve structure and the presence and sever-
ity of AR. Transgastric long-axis and deep transgastric long-axis TEE 
views are used to display with continuous-wave Doppler the velocity 
profile of any AR present, and the AR pressure half-time is measured 
to provide a rough index of severity (see Chapters 12 and 13). Pulsed-
wave Doppler is used to detect pan-diastolic flow reversal in the distal 
descending thoracic aorta, a somewhat insensitive but specific sign of 
severe AR. The same TEE views are used to check for AR while on CPB, 
which may occur with a normal AV that is distorted by manipulation of 

Intra-aortic Balloon Pump Counterpulsation 
Complications

Vascular Miscellaneous Balloon

Arterial injury 
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the heart or partial clamping of the aorta. Midesophageal and transgas-
tric views of the LV are used to monitor its size before and after aortic 
cross-clamp removal while on CPB. The presence of arterial pulsatility 
on CPB may be an indication of AR. Distention of the LV may cause 
increased pressure to back up across the mitral valve, through the pul-
monary veins and lungs to the pulmonary artery, causing an increas-
ing pressure that can be detected with a pulmonary artery catheter. On 
CPB, excessive left-heart vent return may be an indication of AR when 
the aorta is not cross-clamped.

Discussion
The anesthesiologist and the surgeon both need to be aware when 
patients have AR on CPB to avoid harmful distention of the left ven-
tricle. With AR, as soon as the ventricle is unable to keep itself empty 
with effective contractions, it becomes progressively fuller. Unchecked, 
this leads to equalization of the pressures between the LV and the 
aorta, which on CPB is typically at a systemic level. This high pressure 
can impair myocardial perfusion and stretch the myofibrils, resulting 
in subsequent poor contractility. As the ventricle distends, the mitral 
valve becomes incompetent and the increased pressure can back up 
into the pulmonary vessels, causing injury at the level of the pulmo-
nary capillaries. This dangerous sequence of events may occur even if 
the AR is trivial before CPB because, given enough time, it will persist 
until the aortic and ventricular pressures are equal (see AR Video 1,  
available online). Normal AVs without AR before CPB may be rendered 
incompetent if distorted by surgical manipulation of the heart or par-
tial clamping of the aorta, leading to ventricular distention in a few 
minutes. When AR is present on CPB, the LV must eject the regurgitant 
volume or it will distend. This ejection provides a clue to the presence 
of AR by causing persistent arterial pulsatility despite  adequate venous 
drainage to the pump (Figure 32-7).

There are three approaches to preventing left ventricular disten-
tion on CPB from AR: maintaining effective contractions of the 
heart, venting, and cross clamping the aorta. Ventricular fibrillation 
may be treated with defibrillation, bradycardia with positive chrono-
tropic drugs, or artificial pacing. The surgeon may be able to keep the 
ventricle from distending until more definitive measures can be taken 

by gently squeezing it, ejecting blood through the AV. Left ventricular 
distention on CPB from AR may be prevented and treated by placing 
a vent cannula into the heart, typically into the left atrium or ven-
tricle through the right upper pulmonary vein or into the main pul-
monary artery, allowing the regurgitant volume to be removed from 
the heart and returned to the bypass circuit. In urgent situations, the 
left atrial appendage may be cut open quickly to decompress the left 
heart and then repaired later. Venting through the atrium is not effec-
tive until the mitral valve becomes incompetent, allowing blood to 
pass from the ventricle to the vent. With severe AR, the vent return 
may be so large as to compromise flow to the rest of the body and may 
not provide complete resolution of an urgent situation. Cross clamp-
ing the aorta resolves the issue of distention from AR by isolating the 
AV from the systemic pump flow. An important time to monitor for 
AR and distention is immediately after removal of the cross clamp, 
before effective cardiac contractions begin. Awareness of the issue of 
distention from AR is especially critical in patients having minimally 
invasive or reoperative procedures in which the surgeon may not have 
complete access to the heart for palpating to detect distention, defi-
brillating, pacing, venting, or cross clamping. In such cases, TEE may 
be the only way to detect ventricular distention from AR before the 
damage is done.

Case Study 3
Mitral Systolic Anterior Motion after 
Cardiopulmonary Bypass
Framing
Systolic anterior motion (SAM) of the mitral valve is an abnormal 
physiology that has two adverse consequences: dynamic left ventric-
ular outflow tract (LVOT) obstruction and mitral regurgitation. It 
is most commonly associated with hypertrophic obstructive cardio-
myopathy but also arises in susceptible individuals in  hyperdynamic, 
hypovolemic states, as often occurs while weaning from CPB. 
Although SAM may be difficult to differentiate from ventricular dys-
function using conventional hemodynamic monitoring, it is easy to 
diagnose with TEE. The distinction is critical because the treatments 
are  diametrically opposed.

Data Collection
Mitral SAM should be suspected when encountering unexpected 
hemodynamic instability while weaning from CPB, especially in sit-
uations known to be associated with this physiology: hypertrophic 
obstructive cardiomyopathy, mitral valve repair for myxomatous 
 disease, and AV replacement for aortic stenosis. Standard TEE views of 
the mitral valve are used to detect the characteristic, abnormal motion 
of the mitral leaflets during systole (see SAM Video 1, available online). 
Color-flow Doppler will demonstrate high-velocity, turbulent flow in 
the LVOT from the level of the abnormally anterior mitral leaflets 
through the AV and the mitral regurgitation (see SAM Video 2, avail-
able online). Continuous-wave Doppler is directed through the LVOT 
from the transgastric long-axis or deep transgastric long-axis TEE 
view to reveal the typical dagger-shaped, late-peaking systolic veloc-
ity profile caused by SAM (Figure 32-8). The severity of the dynamic 
LVOT obstruction is calculated from the continuous-wave Doppler 
peak velocity by the Bernoulli equation (peak LVOT gradient in mm 
Hg = 4 V2, where V = peak velocity in m/sec) and is considered severe 
if more than 50 mm Hg. Pulsed-wave Doppler is used to localize the 
level of the outflow obstruction by moving the sample volume from 
the midventricular level into the LVOT toward the AV until the high 
velocity of the obstruction is detected. Mitral SAM causes increase of 
the left heart filling pressures and decline of the cardiac output that 
may be detected with a pulmonary artery catheter, but these findings 
also are consistent with ventricular dysfunction. Because the out-
flow tract obstruction is dynamic, the arterial blood pressure may be 
extremely labile, depending mainly on the volume status of the left 
heart (see SAM Videos 3 through 6 on the website).

Figure 32-7 A screen shot of a monitor in a patient with aortic 
 regurgitation (AR) on cardiopulmonary bypass (CPB) before aortic cross 
clamping. The heart is still beating, and the arterial trace is pulsatile, 
suggesting the presence of AR. Both the pulmonary artery and central 
venous traces are nonpulsatile, indicating that all the venous blood is 
being drained to the CPB circuit and that the source for persistent filling 
of the left ventricle is AR. Transesophageal echocardiography may be 
used to confirm the presence of AR and to monitor the size of the ven-
tricle for distention. Such pulsatility of the arterial trace should raise the 
suspicion of AR before and after aortic cross clamping while on CPB.
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Discussion
Although classically associated with hypertrophic obstructive cardio-
myopathy, mitral SAM has been reported in a number of other sit-
uations involving patients having cardiac surgery. SAM after mitral 
valve repair for myxomatous degeneration is due to excessively redun-
dant residual leaflet tissue and is a well-recognized complication of 
this surgery. It also has been reported after AV replacement for aortic 
stenosis in which the relief of an extremely high afterload unmasks 
the physiology when trying to come off CPB.119 There seems to be a 
small number of cardiac surgery patients who are prone to develop-
ment of SAM when they are hypovolemic and hyperdynamic, even 

though they appear to have otherwise normal ventricles and mitral 
valves, especially when coming off CPB.120

Hemodynamic changes that decrease the end-systolic volume of the 
left ventricle increase mitral SAM and its adverse effects. These include 
hypovolemia, increased myocardial contractility, and decreased after-
load. Measures that enlarge the left ventricle will decrease SAM and 
include volume administration, decreasing myocardial contractility 
( -antagonist drugs, e.g., esmolol), and increasing afterload ( -agonist 
drugs, e.g., phenylephrine). Atrioventricular pacing also has been 
used effectively in patients with hypertrophic obstructive cardiomyo-
pathy and theoretically could be used to treat SAM in other clinical 
settings, such as cardiac surgery, in which artificial pacing easily is 
accomplished. Most patients who experience development of mitral 
SAM when attempting to discontinue CPB can be successfully man-
aged if the correct diagnosis is made and appropriate interventions are 
administered (giving volume is probably the most important and help-
ful maneuver; see SAM Videos 3 through 6 on the website) and inap-
propriate treatments avoided (milrinone and IABP counterpulsation 
are especially harmful). Although mitral SAM after mitral valve repair 
does not cause severe LVOT obstruction and responds to conservative 
treatment in most patients,121 if severe and persistent despite optimi-
zation of hemodynamics, consideration should be given to revision of 
the repair or valve replacement.

It is important to realize that the hemodynamic picture caused by 
mitral SAM, (i.e., high pulmonary artery pressure, and low cardiac out-
put), may be confused with impaired myocardial contractility, leading 
the clinician to begin afterload reduction or inotropic therapy, both of 
which will aggravate SAM and its hemodynamic consequences. This 
may lead to a downward spiral wherein as the patient's hemodynamics 
worsen, treatment is increased, further worsening SAM and its adverse 
effects, prompting even further increase of inappropriate treatment. 
The possibility of mitral SAM in patients with apparent impairment of 
myocardial contractility as assessed by hemodynamic data, especially if 
unexpected or not responding appropriately to therapy, should be con-
sidered. Mitral SAM easily is diagnosed by echocardiography, which 
can also be used to monitor the response to therapy.

Figure 32-8 A continuous-wave Doppler spectral display of the left 
ventricular outflow tract (LVOT) velocity profile of a patient with mitral 
SAM made by directing the Doppler cursor through the LVOT and the 
aortic valve from a deep transgastric long-axis transesophageal echocar-
diographic view. The profile has the late peaking “dagger” shape  typical 
of dynamic outflow tract obstruction. Each dot on the vertical scale rep-
resents 1 m/sec, indicating a peak instantaneous outflow tract gradient 
of almost 100 mm Hg.
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Cardiac anesthesia itself has fundamentally shifted from a high-dose 
narcotic technique to a more balanced approach using moderate-dose 
narcotics, shorter-acting muscle relaxants, and volatile anesthetics. 
This primarily has been driven by a realization that high-dose narcot-
ics delay extubation and recovery after surgery. This new  paradigm 

also has led to renewed interest in perioperative pain management 
involving multimodal techniques that facilitate rapid tracheal extuba-
tion such as regional blocks, intrathecal morphine (ITM), and supple-
mentary nonsteroidal anti-inflammatory drugs (NSAIDs). In addition 
to changes in anesthetic practice, the type of patients presenting for 
 cardiac surgery is changing. Patients are now older and have more 
associated comorbidities (stroke, myocardial infarction [MI], renal 
failure). Treatment options for coronary artery disease have expanded, 
ranging from medical therapy only to percutaneous interventions and 
surgery. Surgical options, however, also have expanded and include 
conventional coronary artery bypass graft surgery (CABG), off-pump 
coronary artery bypass surgery (OPCAB), minimally invasive direct 
coronary artery bypass, and robotically assisted coronary artery bypass 
techniques. Change also has taken place in the recovery of cardiac 
patients. Although cardiac surgical procedures often were associated 
with a high mortality and long intensive care unit (ICU) stays, the use 
of moderate doses of narcotics has allowed for rapid ventilator weaning 
and discharge from the ICU within 24 hours. This has prompted a shift 
from the classic model of recovering patients in the traditional ICU 
manner, with weaning protocols and intensive observation, to manage-
ment more in keeping with the recovery room practice of early extuba-
tion and rapid discharge. This, in turn, has shifted the care of cardiac 
patients to more specialized postcardiac surgical recovery units.

Finally, hard clinical outcomes have driven change in the ongo-
ing management of cardiac patients and are increasingly the focus of 
research. Intraoperative management now exists within the continuum 
of preoperative assessment and postoperative care. The outcomes of 
a patient within the hospital setting are only one small aspect of suc-
cess. Long-term mortality, morbidity, and quality-of-life indicators 
are becoming the gold standard in determining benefit or harm for 
interventions.

This chapter reviews fast-track cardiac anesthesia (FTCA) and its 
impact on cardiac recovery. The initial perioperative care of routine 
cardiac surgical cases, including postoperative pain management tech-
niques such as regional blockade and ITM, are discussed, followed 
by specific management issues of commonly occurring problems in 
the cardiac ICU. Finally, important cardiac outcomes are reviewed, 
focusing on the different treatment options available to patients with 
coronary artery disease and discussing available evidence for their 
implementation.

FAST-TRACK CARDIAC SURGERY CARE
Anesthetic Techniques

Few trials have compared inhalation agents for FTCA. A single trial 
comparing sevoflurane and isoflurane in patients undergoing valve 
surgery was unable to demonstrate reductions in tracheal extubation 
times.1 Several studies have examined the effectiveness of propofol 
versus inhalation agent, which demonstrated reductions in myocar-
dial enzyme release (creatine kinase-MB, troponin I) and preserva-
tion of myocardial function in patients receiving inhalation agents.2–5 
Although this end point is a surrogate for myocardial damage and does 
not show improved outcome per se, creatine kinase-MB release post-
CABG may be associated with poor outcome6 (Box 33-1).

KEY POINTS

1. Cardiac anesthesia has fundamentally shifted 
from a high-dose narcotic technique to a more 
balanced approach using moderate-dose 
narcotics, shorter-acting muscle relaxants, 
and volatile anesthetics.

2. This new paradigm has also led to renewed 
interest in perioperative pain management 
involving multimodal techniques that facilitate 
rapid tracheal extubation such as regional 
blocks, intrathecal morphine, and supplementary 
nonsteroidal anti-inflammatory drugs.

3. This has prompted a shift from the classic model 
of recovering patients in the traditional intensive 
care unit manner, with weaning protocols and 
intensive observation, to management more 
in keeping with the recovery room practice of 
early extubation and rapid discharge, which 
has shifted the care of cardiac patients to more 
specialized postcardiac surgical recovery units.

4. Fast-track cardiac anesthesia appears to be 
safe in comparison with conventional high-dose 
narcotic anesthesia, but if complications occur 
that would prevent early tracheal extubation, 
then the management strategy should be 
modified accordingly.

5. The goal of a postcardiac surgery recovery model 
is a postoperative unit that allows variable levels 
of monitoring and care based on patient needs.

6. The initial management in the postoperative care 
of fast-track cardiac surgical patients consists of 
ensuring an efficient transfer of care from the 
operating room staff to cardiac recovery area 
staff, while at the same time maintaining stable 
patient vital signs.

7. It is important to know the risk factors associated 
with cardiac surgery and to review treatment 
options for patients with specific reference to 
outcomes, all placed within the context of cost 
and resource utilization, especially as medicine 
increasingly involves economic realities.
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The choice of muscle relaxant in FTCA is important to reduce the 
incidence of muscle weakness in the cardiac recovery area (CRA), 
which may delay tracheal extubation.7 Several randomized trials have 
compared rocuronium (0.5 to 1 mg/kg) versus pancuronium (0.1 mg/kg) 
and found significant differences in residual paralysis in the ICU.8–11 
Two studies found statistically significant delays in the time to extu-
bation in the pancuronium group.9,10 None of the trials used reversal 
agents, so the use of pancuronium appears acceptable as long as neo-
stigmine or edrophonium is administered to patients with residual 
neuromuscular weakness.

Several trials have examined the use of different short-acting nar-
cotic agents during FTCA. In these trials, fentanyl, remifentanil, and 
sufentanil all were found to be efficacious for early tracheal extuba-
tion.12–14 The anesthetic drugs and their suggested dosages are listed in 
Table 33-1.

Evidence Supporting Fast-Track 
Cardiac Recovery
Several randomized trials and one meta-analysis of randomized trials 
have addressed the question of safety of FTCA.15–21 None of the trials 
was able to demonstrate differences in outcomes between the fast-track 

group and the conventional anesthesia group (Figure 33-1). The meta-
analysis of randomized trials demonstrated a reduction in the dura-
tion of intubation by 8 hours (Figure 33-2) and the ICU length of stay 
(LOS) by 5 hours in favor of the fast-track group. However, the length 
of  hospital stay was not statistically different.

One concern with FTCA is the potential for an increase in the inci-
dence of adverse events, notably awareness. Awareness in patients 
undergoing FTCA was systematically investigated in a single trial, a 
prospective observational study of 617 FTCA patients. The reported 
incidence rate of explicit intraoperative awareness was 0.3% (2/608).22 
This is comparable with the reported incidence during conventional 
cardiac surgery.23 This suggests that FTCA does not increase the inci-
dence of awareness compared with conventional cardiac surgery.

FTCA appears safe in comparison with conventional high-dose nar-
cotic anesthesia. It reduces the duration of ventilation and ICU LOS 
considerably without increasing the incidence of awareness or other 

BOX 33-1. BENEFITS OF FAST-TRACK CARDIAC 
ANESTHESIA

CRA, cardiac recovery area; MAC, minimum alveolar concentration.
From Mollhoff T, Herregods L, Moerman A, et al: Comparative efficacy and safety 

of remifentanil and fentanyl in ‘fast track’ coronary artery bypass graft surgery: 
A randomized, double-blind study. Br J Anaesth 87:718, 2001; Engoren M, Luther G, 
Fenn-Buderer N: A comparison of fentanyl, sufentanil, and remifentanil for fast-track 
cardiac anesthesia. Anesth Analg 93:859, 2001; and Cheng DC, Newman MF, Duke P, 
et al: The efficacy and resource utilization of remifentanil and fentanyl in fast-track 
coronary artery bypass graft surgery: A prospective randomized, double-blinded 
controlled, multi-center trial. Anesth Analg 92:1094, 2001.

Suggested Dosages for Fast-Track Cardiac Anesthesia

Induction
Narcotic
 Fentanyl, 5–10 g/kg
 Sufentanil, 1–3 g/kg
 Remifentanil infusions of 0.5–1.0 g/kg/min
Muscle relaxant
 Rocuronium, 0.5–1 mg/kg
 Vecuronium, 1–1.5 mg/kg
Hypnotic
 Midazolam, 0.05–0.1 mg/kg
 Propofol, 0.5–1.5 mg/kg
Maintenance
Narcotic
 Fentanyl, 1–5 g/kg
 Sufentanil, 1–1.5 g/kg
 Remifentanil infusions of 0.5–1.0 g/kg/min
Hypnotic
 Inhalational 0.5–1 MAC
 Propofol, 50–100 g/kg/min
Transfer to CRA
Narcotic
 Morphine, 0.1–0.2 mg/kg
Hypnotic
 Propofol, 25–75 g/kg/min

TABLE  
33-1

Slogoff 1989

Bell 1994

Cheng 1996

Myles 1997

Silbert 1998

Berry 1998

Trial Favors FTCA Favors TCA

0.10 1.00 10.00

Relative risk

Figure 33-1 Forrest plot of mortality indicating no difference when 
fast-track cardiac anesthesia (FTCA) was compared with conventional 
high-dose narcotic anesthesia. TCA, traditional cardiac anesthesia.

Favors FTCA Favors TCA

50–5–10–15–20 10

Weighted mean difference (h)

Slogoff

Cheng

Myles 1997

Michalopoulos

Sakaida

Silbert

Berry

Myles 2002

Overall (95%Cl)

Figure 33-2 Forrest plot showing the weighted mean difference 
in extubation times. The overall effect was an 8.1-hour reduction in 
extubation times. CI, confidence interval; FTCA, fast-track cardiac 
 anesthesia; TCA, traditional cardiac anesthesia.
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adverse events.20,21 It appears effective at reducing costs and resource 
 utilization.24 As such, it is becoming the standard of care in many 
cardiac centers. The usual practice at many institutions is to treat all 
patients as fast-track candidates with the goal of allowing early tra-
cheal extubation for every patient. However, if complications occur 
that would prevent early tracheal extubation, then the management 
strategy is modified accordingly. It has been demonstrated that the 
risk factors for delayed tracheal extubation (> 10 hours) are increased 
by age, female sex, postoperative use of intra-aortic balloon pump 
(IABP), inotropes, bleeding, and atrial arrhythmia. The risk factors for 
prolonged ICU LOS (> 48 hours) are those of delayed tracheal extu-
bation plus preoperative MI and postoperative renal insufficiency.25 
Care should be taken to avoid excess bleeding (antifibrinolytics) and to 
treat arrhythmias either prophylactically or on occurrence ( -blockers, 
amiodarone).

Postcardiac Surgical Recovery Models
The failure of many randomized FTCA trials to show reductions in 
resource utilization likely stems from the traditional ICU models used 
by these centers during the study period. Even when trials were com-
bined in a meta-analysis, the ICU LOS was reduced only by 5 hours 
despite patients being extubated a mean of 8 hours earlier.21 Typically, 
patients who are extubated within the first 24 hours of ICU admis-
sion are transferred to the ward on postoperative day 1 in the morning 
or early afternoon. This allows the following daytime cardiac cases to 
have available ICU beds but prevents patient transfers during night-
time hours. Two models have been proposed to deal with this issue: the 
parallel model and the integrated model (Figure 33-3). In the parallel 
model, patients are admitted directly to a CRA, where they are moni-
tored with 1:1 nursing care until tracheal extubation. After this, the 
level of care is reduced to reflect reduced nursing requirements with 
ratios of 1:2 or 1:3. Any patients requiring overnight ventilation are 
transferred to the ICU for continuation of care. The primary draw-
back with the parallel model is the physical separation of the CRA and 
ICU, which leads to two separate units and, thus, does not eliminate 
the requirement to transfer patients. The integrated model overcomes 

these  limitations because all patients are admitted to the same physical 
area, but  postoperative management such as nursing-to-patient ratio 
is variable based on patient requirements.26–28 Because nursing care 
accounts for 45% to 50% of ICU costs, reducing the nursing require-
ments where possible creates the greatest saving. Other cost savings from 
reductions in arterial blood gases (ABGs) measurement, use of sedative 
drugs, and ventilator maintenance are small. The goal is a postoperative 
unit that allows variable levels of monitoring and care based on patient 
need.28 Furthermore, FTCA has been demonstrated to be a safe and 
 cost- effective practice that decreases resource utilization after patient 
discharge from the index hospitalization up to 1-year follow-up.29

INITIAL MANAGEMENT OF FAST-TRACK 
CARDIAC ANESTHESIA PATIENTS:  
THE FIRST 24 HOURS
On arrival in the CRA, initial management of cardiac patients consists 
of ensuring an efficient transfer of care from operating room (OR) staff 
to CRA staff, while at the same time maintaining stable patient vital 
signs. The anesthesiologist should relay important clinical parameters 
to the CRA team. To accomplish this, many centers have devised hand-
off sheets to aid in the transfer of care. Initial laboratory work should be 
sent (Table 33-2). An electrocardiogram should be ordered, but a chest 
radiograph is required only in certain circumstances (Table 33-3). The 
patient's temperature should be recorded, and if low, active rewarming 
measures should be initiated with the goal of rewarming the patient to 
36.5°C. Shivering may be treated with low doses of meperidine (12.5 
to 25 mg intravenously). Hyperthermia, however, is common within 
the first 24 hours after cardiac surgery and may be associated with 
an increase in neurocognitive dysfunction, possibly a result of hyper-
thermia exacerbating cardiopulmonary bypass (CPB)–induced neuro-
logic injury30,31 (Box 33-2).

Cardiac surgery
(fast-track cardiac anesthesia)

Conventional
integrated

model

Parallel
model

Model

ICU ICU CRA PCSU

Step-down
unit

Step-down
unit

Surgical ward

Home discharge

Figure 33-3 Postcardiac surgical recovery models. CRA, cardiac 
recovery area; ICU, intensive care unit; PCSU, postcardial surgical unit.

ABG, arterial blood gas; ALT, alanine aminotransferase; aPTT, activated partial 
thromboplastin time; AST, aspartate aminotransferase; BUN, blood urea nitrogen; 
CBC, complete blood count; CK, creatine kinase; CK-MB, creatine kinase myocardium 
band; INR, international normalized ratio; LFT, liver function test.

Routine
CBC
Electrolytes
BUN/creatinine
aPTT/INR
ABGs
As indicated
Fibrinogen
LFTs (AST/ALT)
Calcium
Magnesium
Cardiac enzymes (CK-MB, CK, troponin I)

Suggested Initial Laboratory Work in Routine Cases, 
with Additional Laboratory Work to Be Ordered 
Where Indicated

TABLE  
33-2

Suggested Indications for Ordering a Chest 
Radiograph

Respiratory
PaO

2
/FiO

2
 ratio > 200

Peak pressure > 30 cm H
2
O

Asymmetric air entry
Circulatory
Uncertainty of pulmonary artery catheter position (poor trace, unable to wedge)
Hypotension resistant to treatment
Excessive bleeding
Gastrointestinal
Nasogastric/orogastric tube feeding

TABLE  
33-3
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Ventilation Management: Admission 
to Tracheal Extubation
Ventilatory requirements should be managed with the goal of early 
tracheal extubation in patients (Table 33-4). ABGs are initially drawn 
within 1/2 hour after admission and then repeated as needed. 
Patients should be awake and cooperative, be hemodynamically stable, 
and have no active bleeding with coagulopathy. Respiratory strength 
should be assessed by hand grip or head lift to ensure complete rever-
sal of neuromuscular blockade. The patient's temperature should be 
more than 36°  C, preferably normothermic. When these conditions are 
met and ABG results are within the reference range, tracheal extuba-
tion may take place. ABGs should be drawn about 30 minutes after 
tracheal extubation to ensure adequate ventilation with maintenance 
of PaO

2
 and PaCO

2
. Inability to extubate patients as a result of respira-

tory failure, hemodynamic instability, or large amounts of mediasti-
nal drainage will necessitate more complex weaning strategies (see 
Chapter 35). Some patients may arrive after extubation in the OR. 
Careful attention should be paid to these patients because they may 
subsequently develop respiratory failure. The patient's respiratory rate 
should be monitored every 5 minutes during the first several hours. 
An ABG should be drawn on admission and 30 minutes later to ensure 
the patient is not retaining carbon dioxide. If the patient's respirations 
become compromised, ventilatory support should be provided. Simple 
measures such as reminders to breathe may be effective in the narco-
tized/anesthetized patient. Low doses of naloxone (0.04 mg intrave-
nously) also may be beneficial. Trials of continuous positive airway 
pressure or bilevel positive airway pressure may provide enough sup-
port to allow adequate ventilation. Reintubation should be avoided 
because it may delay recovery; however, it may become necessary if the 
earlier mentioned measures fail, resulting in hypoxemia, hypercarbia, 
and a declining level of consciousness.

Regulation of Hemoglobin Level
Anemia is common during and after cardiac surgery as a result of both 
dilutional changes and bleeding. Although a hemoglobin transfusion 
threshold of 10 g% was once common, increasing evidence suggests 
that a threshold of 7 g% is reasonably safe.32 However, in the post-CPB 
period, patients with incomplete revascularization or with poor target 
vessels may require a higher transfusion threshold.32 As a result, blood 
transfusions should be individualized for each patient but certainly 
should be used to maintain a minimal hemoglobin level of 7 g%.

Management of Bleeding
Chest tube drainage should be checked every 15 minutes after ICU 
admission to assess a patient's coagulation status. Although blood loss 
is commonly divided into two types, surgical or medical, determin-
ing the cause of bleeding is often difficult. When bleeding exceeds 
400 mL/hr during the first hour, 200 mL/hr for each of the first 
2 hours, or 100 mL/hr over the first 4 hours, returning to the OR for 
chest reexploration should be considered. The clinical situation must 
be individualized for each patient, however, and in the face of a known 
coagulopathy, more liberal blood loss before chest re-exploration may 
be acceptable. There are numerous medical causes for bleeding after 
cardiac surgery. Platelet dysfunction after cardiac surgery is common. 
The CPB circuit itself leads to contact activation and degranulation 
of platelets, resulting in their dysfunction. Residual heparinization is 
common postcardiac surgery and frequently occurs when either hepa-
rinized pump blood is transfused after CPB or insufficient protamine 
is administered. Fibrinolysis is also common after CPB, predomi-
nantly caused by a host of activated inflammatory and coagulation 
pathways. Coagulation factors may decrease from activation at air–
blood interfaces or from dilution with the CPB pump-priming solu-
tion. Hypothermia also may aggravate the coagulation cascade and 
lead to further bleeding. Conventional coagulation tests are helpful 
to identify the coagulation abnormality contributing to the bleeding. 
Common laboratory testing includes activated partial thromboplas-
tin time, international normalized ratio (INR), platelet count, fibrino-
gen level, and D-dimers. Unfortunately, most conventional measures 
take 20 to 40 minutes before results are available. This has led to the 
 development of new methods to help guide treatment. These bedside 
point-of-care tests are providing more rapid, clinically relevant results 
compared with laboratory testing. The use of point-of-care testing 
such as thromboelastography has been demonstrated to reduce trans-
fusion requirements without increasing blood loss and is commonly 
used, especially following difficult cardiac cases33,34 (see Chapters 17 
and 28 to 31).

Initial medical treatment of excessive blood loss consists of 50 to 
100 mg intravenous protamine to ensure complete heparin reversal. 
This may need to be repeated if heparinized CPB pump blood has been 
administered after protamine reversal. Although the reinfusion of chest 
tube blood was common to avoid exposure to donor packed red blood 
cells, it is no longer used routinely in practice because this blood is 
known to contain activated coagulation and inflammatory mediators 
that may predispose to an increased risk for infection.35

Fresh-frozen plasma usually is given in the setting of an increased 
INR (> 1.5). Platelet levels of less than 100,000/mm3 may warrant 
platelet transfusion, but caution must be exercised when considering 
this course. Platelet transfusions carry the greatest risk for transfu-
sion-related complications of any blood component, typically sep-
sis from bacterial contamination. Platelets should be used only when 
platelet counts are low or the patient has a known platelet dysfunc-
tion, secondary to the use of acetylsalicylic acid, glycoprotein IIb/IIIa 
inhibitors, or clopidogrel.36 Certain physical measures should be insti-
tuted,  including warming of the hypothermic patient. The benefit of 
positive end-expiratory pressure on postoperative bleeding is equivo-
cal and likely has little benefit in the face of surgical bleeding or in 
patients who are coagulopathic.37,38 The use of antifibrinolytics after 
cardiac surgery is likely of little benefit because several randomized 

BOX 33-2. INITIAL MANAGEMENT OF THE  
FAST-TRACK CARDIAC ANESTHESIA PATIENT

CO2
O2

ABG, arterial blood gas; A/C, assist-controlled ventilation; PEEP, positive end-expiratory 
pressure; TV, tidal volume.

Ventilation Management Goals during the Initial Trial 
of Weaning from Extubation

Initial ventilation parameters
A/C at 10–12 beats/min
TV 8 –10 mL/kg
PEEP 5 cm H

2
O

Maintain ABGs
pH 7.35–7.45
PaCO

2
 35–45

PaO
2
 > 90

Saturations > 95%
Extubation criteria
ABGs as above
Awake and alert
Hemodynamically stable
No active bleeding (< 400 mL/2 hr)
Temperature > 36°C
Return of muscle strength (> 5 seconds, head lift/strong hand grip)

TABLE  
33-4
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trials were unable to demonstrate the efficacy of antifibrinolytics used 
after  surgery39,40 (Box 33-3).

Factor VIIa recently has become available and initially was intro-
duced for treatment of hemophiliacs who present with bleeding. It was 
introduced in cardiac surgery as rescue therapy in patients with uncon-
trolled bleeding, usually in the presence of normal coagulation results 
and no surgical evidence of bleeding.41 Although frequently used in 
the OR before returning to the ICU, it is still given frequently in the 
ICU setting. Doses initially were in the range of 75 to 100 g/kg, but 
concern over thrombotic complications has led to dosage reductions 
ranging down to as little as 17 g/kg.41–43

Electrolyte Management
Hypokalemia is common after cardiac surgery, especially if 
 diuretics were given intraoperatively. Hypokalemia contributes to 
increased automaticity and may lead to ventricular arrhythmias, 
ventricular tachycardia, or ventricular fibrillation. Treatment con-
sists of potassium infusions (20 mEq potassium in 50 mL D

5
W 

infused over 1 hour) until the potassium exceeds 3.5 mEq/mL. In 
patients with frequent premature ventricular contractions caused 
by increased automaticity, 5.0 mEq/mL potassium may be desir-
able. Hypomagnesemia contributes to ventricular pre-excitation 
and may contribute to atrial fibrillation (AF). It is common in mal-
nourished and sick patients, a frequent occurrence in the cardiac 
surgical setting. Management consists of intermittent boluses of 
magnesium—1 to 2 g over 15 minutes. Hypocalcemia also is fre-
quent during cardiac surgery and may reduce cardiac contractility. 
Intermittent boluses of calcium chloride or calcium gluconate (1 g) 
may be required (Table 33-5).

Glucose Management
Diabetes is a common comorbidity (up to 30%) and is a known risk 
factor for adverse outcome in patients presenting for cardiac sur-
gery.44–46 Hyperglycemia itself is common during CPB. The risk factors 
for hyperglycemia include diabetes, administration of steroids before 
CPB, volume of glucose-containing solutions administered, and use of 
epinephrine infusions.47 Poor perioperative glucose control is associ-
ated with increases in mortality and morbidity, including an increased 
risk for infection and a prolonged duration of ventilation.48–52 In a 
large prospective, randomized, controlled trial of tight glucose control 
(blood glucose levels of 4.1 to 6.5 mmol/L) during postoperative ICU 
stay, reductions in mortality were shown by the authors compared with 
more liberal glucose control (blood glucose levels of 12 mmol/L).52 This 
trial enrolled both diabetic and nondiabetic hyperglycemic patients 
who underwent cardiothoracic surgery and demonstrated that tight 
management of glucose is beneficial in the CRA. However, another 
recent multicenter trial, as well as a meta-analysis of tight glucose con-
trol in the ICU, suggest an increase in harm, likely related to an increase 
in episodic hypoglycemia.53,54 Therefore, it may be prudent to accept a 
more liberal blood sugar level (< 10.0 mmol/L) to reduce  hypoglycemic 
episodes.

Pain Control
Pain control after cardiac surgery has become a concern as narcotic 
doses have been reduced to facilitate fast-track protocols. Intravenous 
morphine is still the mainstay of treatment for postcardiac surgery 
patients. The most common approach is patient-demanded, nurse-
delivered intravenous morphine, and this treatment remains pop-
ular because of 1:1 to 1:2 nursing typically provided during cardiac 
recovery. However, with a change to more flexible nurse coverage and, 
therefore, higher nurse-to-patient ratios, patient-controlled analge-
sia morphine is becoming increasingly popular. Several studies have 
examined patient-controlled analgesia morphine use in patients after 
cardiac surgery.55–61 A meta-analysis looking at patient-controlled 
 analgesia morphine for postoperative pain showed small incremental 
benefits. However, young patients, those who use narcotics before sur-
gery or are transferred to a regular ward within 24 hours, may benefit 
from patient-controlled analgesia for pain management62 (Table 33-6; 
see Chapter 38).

Regional Analgesia Techniques
Intrathecal Morphine
ITM has been investigated in randomized trials as an adjuvant for pain 
control in cardiac surgical patients, with doses ranging from 500 g to 
4 mg.63–72 A meta-analysis of 17 randomized, controlled trials compared 
ITM with standard treatment. There was no difference in mortality, 
MI, or time to extubation. There were modest reductions in morphine 
use and pain scores, whereas the incidence of pruritus was increased.

Thoracic Epidural Analgesia
Thoracic epidural analgesia has gained some popularity as a method 
of providing intraoperative and postoperative pain control in cardiac 
surgery (see Table 33-6). The best evidence for benefit comes from a 
meta-analysis of 15 randomized, controlled trials.73 Thoracic epidural 
analgesia did not significantly affect the incidence of mortality or MI. 
It did significantly reduce arrhythmias, pulmonary complications, and 
time to tracheal extubation. All the randomized trials were performed 
in CABG patients. There were no reported complications as a result of 
epidural insertion, specifically epidural hematoma; however, all trials 
were inadequately powered to detect this complication. Attempts have 
been made to calculate the risk for epidural hematoma using avail-
able published series, with estimates of maximum risk ranging from 
1:1000 to 1:3500 depending on the confidence limits chosen (99% vs. 
95%).74 A large retrospective review reported no epidural hematomas 
in 727 patients undergoing cardiac surgery with CPB receiving tho-
racic epidural analgesia the day of surgery (on entrance into the OR).75 

BOX 33-3. MANAGEMENT OF THE BLEEDING 
PATIENT

IV, intravenous; Rx, treatment; SSx, signs and symptoms.

Common Electrolyte Abnormalities and Possible 
Treatment Options

Hypokalemia (K+ < 3.5 mmol/L)
SSx: muscle weakness, ST-segment depression, “u” wave, T-wave flat, ventricular 

pre-excitation
Rx: IV KCl at 10–20 mEq/hr via central catheter
Hyperkalemia (K+ > 5.2 mmol/L)
SSx: muscle weakness, peaked T wave, loss of P wave, prolonged PR/QRS
Rx: CaCl

2
 1 g, insulin/glucose, HCO

3
–, diuretics, hyperventilation, dialysis

Hypocalcemia (ionized Ca2+ < 1.1 mmol/L)
SSx: hypotension, heart failure, prolonged QT interval
Rx: CaCl

2
 or Ca gluconate

Hypercalcemia (Ionized Ca2+ > 1.3 mmol/L)
SSx: altered mental state, coma, ileus
Rx: dialysis, diuretics, mithramycin, calcitonin
Hypermagnesemia (Mg2+ > 0.7 mmol/L)
SSx: weakness, absent reflexes
Rx: stop Mg infusion, diuresis
Hypomagnesemia (Mg2+ < 0.5 mmol/L)
SSx: arrhythmia, prolonged PR and QT intervals
Rx: Mg infusion 1 to 2 g

TABLE  
33-5
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At least 1 hour elapsed between the insertion of the epidural cath-
eter and heparin administration. There were 9 failed catheter inser-
tions and 4 failed analgesia blocks with 11 bloody taps in this study.75 
Unfortunately, the population of cardiac surgical patients is increas-
ingly on antiplatelet medication, such as clopidogrel or prasugrel, 
which increase the risk for epidural hematoma.76 The risk for epidural 
hematoma and the potential delay of surgery from a bloody tap have 
limited the widespread adoption of thoracic epidural analgesia for car-
diac surgery, especially in the United States (see Chapter 38).

Nonsteroidal Anti-inflammatory Drugs
The use of NSAIDs has gained popularity in a multimodal approach, 
allowing reductions in both pain levels and narcotic side effects (see 
Table 33-6). The conventional NSAIDs, which nonselectively block the 
cyclooxygenase-2 (COX-2) isoenzyme, reduce inflammation, fever, 
and pain, and also block the COX-1 isoenzyme resulting in the side 
effects of gastrointestinal toxicity and platelet dysfunction.77 Numerous 
randomized trials have examined the benefit of NSAID use for postop-
erative pain control.61,78–88 In addition, a meta-analysis looking at the 
benefit of NSAIDs in the setting of cardiac and thoracic surgery demon-
strated reductions in narcotic consumption in patients given NSAIDs.89 
Most patients were younger than 70 years and had no coexisting renal 
dysfunction. The NSAIDs used in this meta- analysis were nonselective 
COX inhibitors. Several trials have suggested increased adverse events, 
especially in patients with coronary artery disease, who receive the 
COX-2 selective NSAIDs both in the perioperative cardiac setting and 
in ambulatory patients. For this reason, COX-2 selective NSAIDs are 
no longer used in most cardiac centers.90 Therefore, although NSAIDs 
have theoretic side effects, the benefit in reduced narcotic consump-
tion and improved visual analogue scale pain scores is well demon-
strated; many centers continue to use nonselective NSAIDs as analgesia 
adjuvants in cardiac surgery.91 However, NSAIDs should be avoided in 
patients with renal insufficiency, a history of gastritis, or peptic ulcer 
disease. Adjuvant ranitidine treatment should be considered to prevent 
gastric irritation.

Medications for Risk Reduction after 
Coronary Artery Bypass Graft Surgery
CABG surgery itself reduces the risk for mortality and angina recur-
rence, but several medical management issues may help maintain the 
long-term benefit after CABG surgery. Specifically, the use of aspirin, 

-blockers, and lipid-lowering agents has been demonstrated to pro-
long survival or reduce graft restenosis, or both (Box 33-4).

Aspirin
Several studies have demonstrated the efficacy of aspirin (acetylsalicylic 
acid) use on graft patency and reductions in MI and mortality after CABG 
surgery.92–96 A large observational study showed a reduction in mortal-
ity of nearly 3% and a reduction in MI rate of 48% with the early use 
of aspirin after surgery (within 48 hours).96 Acetylsalicylic acid dosages 
have ranged from 100 mg once daily to 325 mg three times daily orally 
or by suppository up to 48 hours after ICU admission. There was no 
additional benefit from the use of aspirin before surgery.97 The beneficial 
effect on saphenous vein graft patency appears to be lost after 1 year, with 
prolonged use of aspirin having no further benefit.98 However, because 
aspirin, in dosages of 75 to 325 mg/day, reduces mortality and morbid-
ity in patients at risk for cardiovascular disease, its continued long-term 
use is clearly warranted.99 Ticlopidine, clopidogrel, or prasugrel may be 
suitable alternatives in patients who are allergic to aspirin. Clopidogrel, 
through reductions in all-cause mortality, stroke, and MI, may be supe-
rior to acetylsalicylic acid in patients who return with recurrent ischemic 
events after cardiac surgery.100 Ticlopidine, however, should be used with 
caution because it may cause neutropenia (necessitating white blood cell 
counts to be monitored during initial use). Clopidogrel has a lower inci-
dence of adverse reactions compared with ticlopidine and is, therefore, 
preferred as a second-line agent when aspirin is contraindicated.

b-Blockers
The use of -blockers in patients after CABG surgery has not been 
shown to improve mortality.101 They also have failed to reduce myocar-
dial ischemia rate, unlike the angiotensin-converting enzyme inhibi-
tors, which have, in a single study, demonstrated efficacy at reducing 
ischemic events after CABG.102 However, patients who received 

-blockers after perioperative MI had reductions in mortality at 
1 year.103 Patients with a previous history of MI should be continued 
on -blocker therapy.

Statins
Statin use in the cardiac surgical population has focused on its abil-
ity to prolong the patency of SVG grafts and, more recently, its pos-
sible role in reducing the incidence of AF. Statin use has been shown 
to reduce the amount and speed of atherosclerotic plaque formation 
within saphenous vein grafts. This resulted in reductions in the need 
for subsequent revascularization in one trial.104,105 It was recently sug-
gested that statin use before surgery may reduce the incidence of AF in 
the postoperative period.105–107

Anticoagulation for Valve Surgery
Anticoagulation should be started in the early postoperative period 
for patients who have undergone valve replacement, with either a 

BID, twice daily; IM, intramuscular; IV, intravenous; PO, orally; PR, rectally; VAS, visual 
analogue scale.

Pain Management Options after Cardiac Surgery

Patient-Controlled Analgesia
May be of benefit in a stepdown unit
Reduced 24-hour morphine consumption demonstrated in 2 of 7 randomized 

trials
Intrathecal Morphine
Doses studied: 500 g to 4 mg
May be of benefit to reduce IV morphine use
May be of benefit in reducing VAS pain scores
*Potential for respiratory depression
Ideal dosing not ascertained; range, 250–400 g
Thoracic Epidurals
Common dosages from literature
Ropivacaine 1% with 5 g/mL fentanyl at 3–5 mL/hr
Bupivacaine 0.5% with 25 g/mL morphine at 3–10 mL/hr
Bupivacaine 0.5% to 0.75% at 2–5 mL/hr
Reduced pain scores
Shorter duration of intubation
*Risk for epidural hematoma difficult to quantify
Nonsteroidal Anti-inflammatory Drugs
Common dosages from literature
Indomethacin 50–100 mg PR BID
Diclofenac 50–75 mg PO/PR q8h
Ketorolac 10–30 mg IM/IV q8h
Reduces narcotic utilization
Many different drugs studied; difficult to determine superiority of a given agent
*May increase serious adverse events (one trial using cyclooxygenase-2–specific 

inhibitors)

TABLE  
33-6

BOX 33-4. MEDICATIONS FOR CARDIAC RISK 
REDUCTION AFTER CORONARY ARTERY BYPASS 
GRAFTING SURGERY
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mechanical or bioprosthesis and also should be considered when AF 
complicates the postoperative course.108 The recommended prophylac-
tic regimens for patients with both mechanical and bioprosthetic heart 
valves are shown in Table 33-7. AF management is discussed later.

MANAGEMENT OF COMPLICATIONS
Complications are frequent after cardiac surgery. Although many are 
short-lived, some complications, like stroke, are long-term catastrophic 
events that seriously affect a patient's functional status (see Chapters 36 
and 37). The incidence and predisposing risk factors are well studied 
for many of the complications (Table 33-8). Many of these complica-
tions have specific management issues, which may improve recovery 
after surgery (Box 33-5).

Stroke
Stroke after cardiac surgery occurs in 2% to 4% of patients and  carries 
a very high 1-year mortality rate of 15% to 30%.45,109–111 Known risk 
factors for stroke include age, diabetes, previous history of stroke or 
transient ischemic attack, peripheral vascular disease, and unstable 
angina.45,110 The most common cause is emboli sheared off the aorta 
during aortic manipulation (proximal anastomosis of the vein grafts, 
clamping and unclamping of the aorta). However, hemorrhagic and 
watershed infarcts do occur secondary to the use of large doses of hepa-
rin and the frequent occurrence of hypotension during surgery, respec-
tively. AF in the postoperative period also appears to be an important 
cause of strokes in cardiac patients.112 Resource utilization is increased 
in patients who sustained a stroke, with prolonged ICU and hospital 

stays.110 There are numerous proposed methods of preventing neuro-
logic injury during the intraoperative period including epiaortic scan-
ning, alpha-stat pH management during CABG with CPB, and OPCAB 
surgery with no-touch surgical techniques.113–117 Prevention of postop-
erative neurologic injury may be possible with the aggressive treatment 
of AF (antiarrhythmics, anticoagulants, early cardioversion) to prevent 
thromboembolism (see Atrial Fibrillation section later in this chap-
ter). Patients who sustain an intraoperative stroke should be managed 
with the goal of preventing further brain injury. Hyperglycemia should 
be avoided because it is associated with poor outcome in brain injury 

BOX 33-5. TREATMENT FOR COMPLICATIONS 
AFTER CARDIAC SURGERY

Stroke

Delirium

Atrial Fibrillation

Left Ventricular Dysfunction

Renal Failure

Depending on patients' clinical status, antithrombotic therapy must be individualized. 
In patients receiving warfarin, aspirin is recommended in virtually all situations. Risk 
factors: atrial fibrillation, left ventricular dysfunction, previous thromboembolism, 
and hypercoagulable condition. International normalized ratio (INR) should be 
maintained between 2.5 and 3.5 for aortic disc valves and Starr-Edwards valves.

AVR, aortic valve replacement; MVR, mitral valve replacement.
From Bonow RO, Carabello BA, Chatterjee K, et al: 2008 focused update incorporated 

into the ACC/AHA 2006 guidelines for the management of patients with valvular heart 
disease: A report of the American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines (Writing Committee to revise the 1998 guidelines 
for the management of patients with valvular heart disease). Endorsed by the Society 
of Cardiovascular Anesthesiologists, Society for Cardiovascular Angiography and 
Interventions, and Society of Thoracic Surgeons. J Am Coll Cardiol 52:e1–142, 2008.

Suggested Antithrombotic Therapy for Heart  
Valve Prophylaxis

 
Aspirin  
(75–100 mg)

Warfarin 
(INR 
2.0–3.0)

 
Warfarin 
(2.5–3.5)

 
No 
Warfarin

Mechanical 
Prosthetic Valves
 AVR—low risk
  Less than  

  3 months
Class I Class I Class IIa

  Greater than  
  3 months

Class I Class I

 AVR—high risk Class I Class I
 MVR Class I Class I
Biological 
Prosthetic Valves
 AVR—low risk
  Less than  

  3 months
Class I Class IIa Class IIb

  Greater than  
  3 months

Class I Class IIa

 AVR—high risk Class I Class I
 MVR—low risk
  Less than  

  3 months
Class I Class IIa

  Greater than  
  3 months

Class I Class IIa

 MVR—high risk Class I Class I

TABLE  
33-7

AF, atrial fibrillation; CHF, congestive heart failure; CO, cardiac output; PVD, peripheral 
vascular disease; TIA, transient ischemic attack.

Common Complications after Heart Surgery

Complication Incidence Rate Risk Factors

Stroke 2–4% Age
Previous stroke/TIA
PVD
Diabetes
Unstable angina

Delirium 8–15% Age
Previous stroke
Duration of surgery
Duration of aortic cross-clamp
AF
Blood transfusion

Atrial fibrillation Up to 35% Age
Male sex
Previous AF
Mitral valve surgery
Previous CHF

Renal failure 1% Low postoperative CO
Repeat cardiac surgery
Valve surgery
Age
Diabetes

TABLE  
33-8
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patients.118–120 Hyperthermia also is known to exacerbate brain injury 
and should be avoided.121 Hemoglobin concentrations certainly should 
be maintained above 7 g%. Whether there is benefit to maintaining 
hemoglobin levels greater than 10 g% is uncertain, but this may be pru-
dent in patients with perioperative stroke.

Delirium
Delirium is defined generally as an acute transient neurologic condi-
tion with impairment of cognitive function, attention abnormalities, 
and altered psychomotor activity. It often includes a disorder with the 
sleep/wake cycle. It is fairly common after cardiac surgery, with a prev-
alence rate of 8% to 15%.122,123 Risk factors associated with delirium 
include age, previous history of stroke, duration of surgery, duration 
of aortic cross-clamp, AF, and blood transfusion.122–125 Interestingly, 
delirium is self-limited and does not adversely affect patient outcome 
or hospital LOS.124,125 Treatment is supportive, involving close observa-
tion of patients and sedatives (midazolam, diazepam) or antipsychotics 
(haloperidol) as required.

Atrial Fibrillation
AF after cardiac surgery is common and occurs in up to 35% of 
patients.126 Although the cause of AF is not completely understood, it 
is associated with increases in mortality, stroke, and prolonged hos-
pital stay.110,112,127 Known risk factors include age, male sex, previous 
AF, mitral valve surgery, and a history of congestive heart failure.110,128 
Prevention and treatment of AF can be achieved effectively with amio-
darone, sotalol, magnesium, or -blockers.129 Biatrial pacing also may 
be effective prophylaxis.129,130 Management of AF consists of rate con-
trol with conversion to sinus rhythm or anticoagulation. Several stud-
ies conducted to determine which strategy was superior were unable 
to find a difference between treatment strategies (AFFIRM [Atrial 
Fibrillation Follow-up Investigation of Rhythm Management] and 
RACE [Rate Control Versus Electrical Cardioversion] trials).131–133

Rate control may be achieved with a -blocker or a calcium chan-
nel blocker. Digoxin also may be effective, but it is difficult to achieve 
therapeutic levels quickly. An observational review of the AFFIRM trial 
suggests that -blockers are superior to either calcium channel block-
ers or digoxin for rate control in AF.134 Conversion to sinus rhythm in 
the stable patient may be achieved with amiodarone, sotalol, or pro-
cainamide. Amiodarone is more commonly used in acute manage-
ment of postoperative AF (150 to 300 mg intravenously) than other 
antiarrhythmics, particularly in patients with compromised ventricu-
lar function, because it causes little cardiac depression. Finally, per-
sistent AF over 48 to 72 hours requires thromboembolic prophylaxis. 
Warfarin is recommended for patients at high risk of thromboembolic 
complications. Patients at high risk include those with previous stroke 
or TIA or thromboembolism. Moderate risk factors include conges-
tive heart failure, ejection fraction less than 35%, diabetes mellitus, 
or age 75 or older. Patients with one high-risk factor or two or more 
moderate-risk factors should be treated with warfarin with an INR 
between 2 and 3 considered therapeutic.135 In a meta-analysis of ran-
domized trials, warfarin reduced the risk for stroke by 67% and 32% 
compared with placebo or acetylsalicylic acid, respectively. However, 
the incidence of hemorrhagic complications also was greater with 
warfarin (0.3% absolute risk rate increase per year).136 Aspirin, 325 mg 
once daily, may be sufficient for patients with a low thromboembolic 
risk135,137,138 (Table 33-9).

Left Ventricular Dysfunction
Patients with poor left ventricular (LV) function commonly require 
inotropes or mechanical support after cardiac surgery. Preoperative 
factors that predict inotrope use in patients undergoing cardiac 
 surgery include age, underlying LV dysfunction, and female sex.139,140 
The  significance of inotrope use on postoperative outcome is uncer-
tain because some centers routinely use these drugs after CPB.139 

Although pulmonary artery (PA) catheters are useful for monitoring 
trends in cardiac function, transesophageal echocardiography (TEE) 
provides more detailed information for diagnosing the cause of acute 
hypotensive episodes and cardiac function. TEE is used commonly in 
the ICU to assess patients after cardiac surgery and has demonstrated 
efficacy for diagnosing cardiac tamponade, cardiac ischemia, and valve 
dysfunction, resulting in improvements in the postoperative course 
for these patients.141–144 TEE also provides information on the filling 
 volumes after CPB.145–147

Patients who have an unstable intraoperative course should have PA 
filling pressures correlated to TEE findings and the results then passed 
to the recovery unit to allow for optimal initial management in the 
recovery unit. If the patient remains unstable in the ICU, then TEE is 
used and cardiac function is reassessed. When hypovolemia is thought 
to be the underlying cause of hypotension/low cardiac output, then 
colloids (Pentaspan, Voluven) initially may be used to optimize filling, 
because third spacing of fluids is common after CPB. The intravascular 
hypovolemia is best treated with the use of small intermittent boluses 
of colloid with continuous reassessment of central venous pressure 
(CVP), PA pressures, systemic pressures, or LV end-diastolic area.145

If ventricular dysfunction is the main cause of hypotension/low 
 cardiac output state, then inotropes and vasopressors should be added 
(see Chapter 34). Unfortunately, few articles have been published 
examining the superiority of one inotrope over another. Epinephrine 
(0.02 to 0.04 g/kg/min) or dopamine (3 to 5 g/kg/min) is commonly 
used to support patients coming off CPB and is usually continued into 
the ICU. If systolic pressure remains low, then the epinephrine infusion 
is usually increased to allow for greater -receptor action (vasocon-
striction). For patients with a low cardiac output or poor myocardial 
function on TEE, milrinone commonly is used (with or without a full 
loading dose). Milrinone has the advantage of  bypassing -adrenergic 
receptors, which are downregulated after cardiac surgery.148 
Phosphodiesterase inhibitors appear to improve myocardial perfor-
mance even with the concomitant use of epinephrine.149 If despite this 
blood pressure remains low, then a vasopressin infusion may be started 
with doses ranging from 1 to 10 U/hr. When volume and medical strat-
egies are insufficient, especially in the presence of ischemic heart dis-
ease, mechanical support is added (see Chapters 27 and 32). IABPs are 
used in approximately 3% of cardiac surgical patients. The IABP can 
be placed before surgery in patients with unstable angina unrespon-
sive to medical treatment, intraoperatively in high-risk patients (redo-
 sternotomy with poor LV function), in patients who fail to wean from 
CPB, or in patients on maximal inotropic support after CPB.

For patients who do not successfully wean from CPB, one retro-
spective study found 85% success in weaning with the institution of 
an IABP; however, the overall mortality rate was 35%.150 Several stud-
ies have looked at the timing of IABP insertion and found reduc-
tions in mortality in patients who received the IABP before initiation 
of CPB.151–154 Complications from the use of IABP are numerous and 
include wound site infections, leg ischemia, and renal dysfunction. 
Several retrospective reviews have examined the outcomes after IABP 

INR, international normalized ratio.
From Estes NA 3rd, Halperin JL, Calkins H, et al: ACC/AHA/Physician Consortium 2008 

clinical performance measures for adults with nonvalvular atrial fibrillation or atrial 
flutter: A report of the American College of Cardiology/American Heart Association 
Task Force on Performance Measures and the Physician Consortium for Performance 
Improvement (Writing Committee to Develop Clinical Performance Measures for 
Atrial Fibrillation): Developed in collaboration with the Heart Rhythm Society. 
Circulation 117:1101–1120, 2008.

Suggested Atrial Fibrillation Thromboembolic 
Prophylaxis

Risk Category Recommended Therapy

No risk factors Aspirin, 81–325 mg daily
One moderate-risk factor Aspirin, 81–325 mg daily or warfarin 

(INR 2.0–3.0, target 2.5)
Any high-risk factor or more than one 

moderate-risk factor
Warfarin (INR 2.0–3.0, target 2.5)

TABLE  
33-9
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insertion; again, mortality rates were high in patients who received an 
IABP in the OR or recovery unit (35%).155,156 Finally, in patients who 
require long-term inotropic support and use of an IABP, angiotensin-
converting enzyme inhibitors may help to reduce mortality. One small 
trial investigated the use of captopril in patients who required more 
than two inotropes and/or IABP placement and showed reductions in 
mortality in patients randomized to receive captopril.157

Right Ventricular Dysfunction
Right ventricular (RV) dysfunction may present in patients before 
cardiac surgery, immediately after surgery, or many days after the 
operation. It is seen commonly in heart transplant recipients, usu-
ally secondary to LV failure. It is also seen in patients with pulmonary 
hypertension or may be caused by an RV MI.

RV dysfunction presents with features of peripheral edema, hypoten-
sion, confusion, and abdominal pain or cramping. Liver function tests 
may be elevated, including the INR, aspartate aminotransferase, and 
alanine aminotransferase. Thus, the differential diagnosis frequently 
includes renal failure, sepsis, bowel ischemia, and liver failure.158,159

In patients with invasive monitoring, assessment of RV function 
may be done indirectly through measurement of CVP, cardiac output, 
and PA pressures. Unless there is direct myocardial dysfunction, PA 
pressures are almost always increased. Echocardiography also is useful 
in assessing patients with suspected RV failure. RV volume overload 
presents with an enlarged RV and an associated small and underfilled 
LV (because of both poor RV output and ventricular interdependence). 
Tricuspid regurgitation is also frequently present. If the RV also is pres-
sure overloaded, the interventricular septum shifts to the left and the 
LV is said to have a D shape. Tricuspid annular plane systolic excursion 
(TAPSE) may be helpful in measuring the degree of RV failure.158–162

Management of RV failure consists of reducing afterload, increas-
ing systemic pressures to prevent RV ischemia, and ensuring adequate 
RV filling. Volume, although often useful in LV failure and in cases of 
RV failure associated with normal PA pressures, often is detrimental in 
high-pressure RV failure; caution must be exercised to prevent overload-
ing patients. Inotropes, often in combination with afterload reduction, 
will increase both blood pressure and cardiac output. Norepinephrine, 
phenylephrine, and vasopressin may all help to increase systemic pres-
sures and, thus, reduce RV ischemia. Afterload reduction with agents 
specific to the pulmonary vascular tree also may be beneficial. Nitric 
oxide and inhaled prostaglandin may be selective for pulmonary vaso-
dilation. Milrinone (0.125 to 0.5 g/kg/hr) or sildenafil (up to 25 mg 
orally three times a day) also may be of benefit to reduce pulmonary 
vascular resistance and improve cardiac output (see Chapters 24, 27, 
32, and 34).

In the ICU setting, supportive measures should be instituted includ-
ing providing adequate oxygenation, preventing acidosis and atelecta-
sis, and ensuring minimal amounts of ventilatory support to prevent 
alveolar collapse.

Renal Insufficiency
Renal failure in the postoperative period is rare, occurring in approxi-
mately 1% of patients after cardiac surgery. Not surprisingly, when it 
does occur, it prolongs CRA LOS and hospital LOS and increases mor-
tality.46,163 Unfortunately, no clear definition exists as to what constitutes 
renal impairment or failure after CPB. Although the need for dialysis 
is a straightforward and easily measured outcome, unfortunately, it 
ignores patients who have reductions in creatinine clearance but do not 
require dialysis.46,163 Change in calculated creatinine clearance, which is 
predictive of need for dialysis, prolonged hospitalization, and mortal-
ity may be a more suitable outcome measurement of renal failure.164 
There are several risk factors for postoperative renal failure, including 
postoperative low cardiac output, repeat cardiac surgery, valve surgery, 
age older than 65, and diabetes.46,163,165 Management of these patients 
consists of supportive treatment, determining the primary cause, and 
then directing specific treatment as needed. Supportive treatment 

consists of ensuring adequate cardiac output, perfusion pressure, and 
 intravascular volume. The cause of renal failure is broadly defined as 
prerenal, renal, or postrenal failure. Prerenal causes commonly are 
related to poor cardiac output or low systemic pressure and may be 
associated with the use of angiotensin-converting enzyme inhibitors 
and NSAIDs. Renal causes include acute tubular necrosis from an isch-
emic insult or interstitial nephritis caused by a host of medications 
including NSAIDs and antibiotics.

Although uncommon in the face of bladder catheterization, the 
potential for postrenal obstruction is possible. Management of renal 
failure usually requires correction of the underlying problem, which 
may include improving renal blood flow (volume, inotropes) or dis-
continuing the offending agent (NSAIDs, antibiotic). To date, there 
is no specific treatment to prevent acute tubular necrosis. Although 
 dopamine and diuretics were once both thought to be renoprotec-
tive, neither has demonstrated efficacy to prevent renal failure.166 
Fenoldopam, a D1-receptor agonist, may improve renal function in 
cardiac surgical patients.167 There is a suggestion that diuretics may 
be potentially harmful in patients experiencing development of renal 
 failure.168 If patients do require dialysis, continuous dialysis may be 
better than intermittent dialysis.169 N-acetylcysteine has demonstrated 
efficacy in preventing further renal failure from radiocontrast agent 
in patients with chronic renal insufficiency.170 This, however, does not 
appear to translate to cardiac surgery because several meta-analyses of 
 randomized  trials have shown little benefit to N-acetylcysteine.170–172

Postoperative Outcomes
Treatment Options for Coronary Artery Disease
Until the advent of CABG surgery, medical management was the only 
treatment option for patients with coronary artery disease. Today, 
treatment can be broadly categorized as medical or invasive manage-
ment, with invasive management divided geographically into inter-
ventions performed in the cardiac catheterization laboratory or in the 
OR. Catheterization procedures commonly performed include balloon 
angioplasty, cardiac stenting, and drug-eluting stents, which release 
drugs capable of preventing restenosis (see Chapter 3). OR proce-
dures include conventional CABG (with the use of the CPB machine) 
and OPCAB (without the use of the CPB machine). OPCAB surgery 
may include full sternotomy, thoracotomy (minimally invasive direct 
coronary artery bypass), or robotically assisted thoracotomy surgery. 
With the ever-increasing number of available options, it becomes cru-
cial to establish which option is superior with regard to angina recur-
rence, graft patency, and long-term survival with the least morbidity 
(MI, stroke, AF) at the lowest costs (hospital LOS, ICU LOS, blood 
transfusions).

Medical Treatment versus Surgical Management
Several large randomized trials have examined the efficacy of medi-
cal versus surgical management in patients with symptomatic coro-
nary artery disease (Table 33-10). Most trials were conducted between 
1974 and 1984. A meta-analysis was published in 1994 that incor-
porated seven trials addressing medical versus surgical management 
with a 10-year follow-up.173 Although surgical and medical manage-
ment have advanced since then (i.e., only 9% of patients received IMA 
grafts), the findings clearly support the benefits of surgery in high-risk 
patients. This study reviewed 2600 patients and observed an absolute 
risk reduction in mortality for patients undergoing CABG of 5.6% at 
5 years, 5.9% at 7 years, and 4.1% at 10 years. This improvement was 
most marked in patients with left main disease, proximal left anterior 
descending coronary artery disease, or triple-vessel disease. The results 
tended to underestimate the benefits of surgical treatment because 
37.4% of medically treated patients eventually underwent surgery.

CABG surgery reduces mortality significantly compared with medi-
cal management alone. This benefit is significantly improved beyond 
10 years. In addition, many patients initially treated medically eventu-
ally require surgical revascularization.
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Balloon Angioplasty versus Conventional Coronary 
Artery Bypass Graft Surgery
A number of randomized trials comparing percutaneous translumi-
nal coronary angioplasty (PTCA) with CABG have been performed 
(see Chapters 3 and 18). One of the largest trials was the Bypass 
Angioplasty Revascularization Investigation (BARI), which enrolled 
1829 patients who were randomized to undergo either PTCA or 
CABG.174 It found no significant differences in survival at both 1 and 5 
years, with the 5-year survival rates of 89.3% in the CABG group and 
86.3% in PTCA group. The rates of in-hospital MI and stroke were 
greater in the CABG patients compared with the PTCA group (4.6% 
and 2.1% for Q-wave MI, P < 0.01; 0.8% and 0.2% for stroke). For 
patients with diabetes, 5-year survival rate was 80.6% in the CABG 
group compared with 65.5% in the PTCA group (P = 0.003). The need 
for repeated revascularization after initial intervention was greater in 
the PTCA group; at 5 years, only 8% of the patients assigned to CABG 
had undergone additional revascularization procedures, compared 
with 54% of those assigned to PTCA (31% of PTCA patients eventu-
ally underwent CABG). Several smaller randomized trials found simi-
lar results.175,176

A meta-analysis of randomized trials was recently published com-
paring PTCA with CABG for the management of symptomatic coro-
nary artery disease. A total of 13 trials involving 7964 patients were 
included.177 They reported a 1.9% absolute survival advantage favoring 
CABG over PTCA at 5 years (P < 0.02). There was no significant differ-
ence at 1, 3, or 8 years. In subgroup analysis of patients with multivessel 
disease, CABG provided a significant survival advantage at both 5 and 8 
years. Patients randomized to PTCA had more repeat  revascularizations 

at all time points. This meta-analysis included some coronary stent tri-
als, in which angina recurrence was reduced by 50% at 1 and 3 years, 
and the stent cohort had a significant decrease in  nonfatal MI at 3 years 
compared with CABG.

These trials focused primarily on patients with multivessel disease. 
In patients with single-vessel left anterior descending coronary artery 
disease, few randomized trials have been conducted. One trial enrolled 
134 patients randomized to PTCA or CABG. After 5 years, six patients 
(9%) had died in the PTCA group versus two (3%) in the CABG group 
(not significant). MI was more frequent after PTCA (15% vs. 4%,  
P = 0.0001), but there were no differences in the rates of Q-wave infarc-
tion (6% in the PTCA group vs. 3% in the CABG group, not signif-
icant). Repeat revascularization was required in significantly more 
patients assigned to the PTCA group (38% vs. 9%, P = 0.0001).178

When compared with coronary angioplasty, CABG surgery reduces 
mortality at 5 years. It also reduces the need for additional revascular-
ization procedures. This benefit is greatest in patients with multivessel 
disease.

Stenting versus Conventional Coronary Artery  
Bypass Graft Surgery
Surprisingly similar results have been seen when stent implanta-
tion (bare metal stents) was compared with CABG surgery179–181 (see 
Chapters 3 and 18). Two trials found no difference in the mortal-
ity rate at 1 year.180,181 One trial found a greater mortality rate in the 
percutaneous coronary intervention (PCI) patients (5% PCI vs. 2% 
CABG, P = 0.01), whereas another trial found reduced mortality in 
the PCI group (0.9% vs. 5.7%, P < 0.013).179,182 For Q-wave MI, the 
studies demonstrated equivalent or slightly greater rates with CABG 
at 1 year. The requirement for repeat revascularizations was still high 
in all the stent trials, ranging from approximately 15% to 25% (over 
1 to 2 years). The costs associated with both PTCA and PCI stents 
are lower than the cost of CABG. The greatest cost difference is seen 
at 1 year and decreases after this, because of the high rate of repeat 
revascularization in the PCI and PTCA groups. Although drug-eluting 
stents offer the promise of reductions in restenosis, too few trials are 
published to make a meaningful comment on the effect of this new 
technology.

A meta-analysis comparing off-pump CABG with PTCA for pre-
dominantly single-vessel left internal mammary artery to left anterior 
descending coronary artery also supported the superiority of surgery. 
Disease-free survival and need for reintervention were reduced in the 
surgical group at a cost of longer hospital stay. Most studies used bare 
metal stents, and thus the impact of drug eluting stents remains to be 
investigated.183

Coronary stenting with bare metal stents demonstrates a similar rate 
of mortality compared with CABG. The benefit of stenting is a reduc-
tion in morbidity outcomes in the short term (MI). However, patients 
are less likely to be symptom free after stenting, and the need for  further 
revascularization procedures is greater.

Off-Pump Coronary Artery Bypass Surgery versus 
Coronary Artery Bypass Graft Surgery
The use of OPCAB techniques has increased in popularity, and its 
greatest benefit will likely be in patients at greatest risk for stroke 
(e.g., elderly patients, patients with high-grade aortic atheromatous 
disease).184–186 A number of randomized trials have investigated the 
benefits of OPCAB surgery.187–190 A comprehensive meta-analysis of 
randomized trials was published demonstrating that OPCAB reduces 
the rate of blood transfusion, AF, infections, and resource utilization 
(hospital LOS, ICU LOS, and ventilation time). OPCAB surgery may 
minimize midterm cognitive dysfunction compared with CABG.191 
OPCAB should be considered a safe alternative to CABG with respect 
to risk for mortality. However, most trials to date have focused on rela-
tively healthy patients and have been underpowered to determine ben-
efits in the high-risk cohort group purported to benefit the most by 
OPCAB surgery.184–186 A large randomized trial, involving more than 

CABG, coronary artery bypass grafting; CCAB, conventional coronary artery bypass; 
LM, left main disease; MI, myocardial infarction; OPCAB, off-pump coronary artery 
bypass.

Treatment Options and Outcomes for Coronary 
Artery Disease

Comparison Outcome Revascularization

Medical vs. 
surgical 
management

Absolute risk reduction in 
mortality

37% of medically 
treated patients 
converted to surgery

5.6% at 5 years
5.9% at 7 years
4.1% at 10 years
Benefit of surgery greatest in 

LM, three-vessel disease
Angioplasty 

vs. surgical 
management

Absolute risk reduction in 
mortality

50% rate of 
revascularization 
at 5 years in 
angioplasty group

1.9% at 5 years
Rates of in-hospital MI and 

stroke significantly lower in 
angioplasty group

Benefit of surgery greatest 
in diabetics, multivessel 
revascularization

Stent vs. surgical 
management

Mortality mixed results, 
relative reduction ranged 
from a 50% reduction in 
favor of CABG to a 75% 
reduction in favor of 
stenting

15–25% rate of 
revascularization in 
stent group

MI rates at 1-year equivalent
OPCAB vs. 

conventional 
surgical 
management

No difference in mortality Most OPCAB patients 
received fewer grafts 
than CCAB group 
(0.2 fewer grafts per 
patient)

No difference for in-hospital 
stroke

No difference for in-hospital 
MI

TABLE  
33-10
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2200 patients, drew similar conclusions. It found no difference in 
stroke, mortality, or MI outcomes, while suggesting that blood transfu-
sions were reduced. Again, however, this was not a high-risk cohort.192

The number of coronary vessels bypassed was usually lower in the 
OPCAB group for all randomized trials. Whether this will translate into 
worsened outcomes at 1 or 5 years is unknown. Finally, concern has 
been raised over graft patency.190 Reports on graft patency after OPCAB 
are conflicting, with some studies suggesting reduced patency and oth-
ers suggesting no difference.192,193 Ultimately, long-term outcomes are 
needed to assess whether important direct outcomes like mortality, 
angina recurrence, MI, and reoperation differ in patients undergoing 
OPCAB versus CABG. In healthy patients, OPCAB has similar rates of 
mortality and major morbidity compared with CABG, while reducing 
the rate of AF and blood transfusions.

ECHOCARDIOGRAPHY CASES
In general, in the ICU, TEE is performed for three main indications: 
(1) hemodynamic deterioration of unknown cause; (2) hemody-
namic deterioration of known cause, but not responding to therapy; or  
(3) hemodynamic deterioration requiring return to OR if the sus-
pected cause is confirmed. It may be performed rarely for detection of 
aortic dissection and detection of right-to-left shunt in patients with 
refractory hypoxemia, but these cases are unusual.

Case Study 1
A 57-year-old woman returned to the ICU from the floor 7 days after 
CABG with a 3-day history of upper abdominal pain and fatigue. 
Over the past 12 hours, the patient had become more disoriented and 
obtunded, describing shortness of breath. Her blood pressure had pro-
gressively fallen to 100/55 mm Hg from 156/75 mm Hg on discharge 
from the ICU. Her liver function tests and INR were increased (INR 
2.4). The patient was brought back down to the ICU and required 
urgent intubation; inotropes were started, and an arterial catheter and 
CVP were inserted (CVP was 14 mm Hg). An ultrasound examination 
of her abdomen was normal. A transthoracic echocardiogram revealed 
normal LV function, moderate TR, with an estimated PA pressure of 
60 mm Hg.

Framing
The differential diagnosis in this case was broad. Intra-abdominal 
pathology, including infarcted bowel/bowel perforation, abscess, or 
cholecystitis, was considered based on symptoms. Infection should 
always be considered and antibiotics initiated early because this is 
common in the postoperative period (wound infection, pneumonia) 
and may present as a series of vague complaints. Any patient with an 
increased INR, either from warfarin or liver dysfunction, may have 
pericardial tamponade, even if the presentation is remote from sur-
gery. Presentation within several days of initiation of anticoagulation 
is not uncommon. Finally, acute deterioration of LV or RV function 
may present as vague complaints of abdominal pain (RV) or shortness 
of breath (LV).

Data Collection
For all cases of hemodynamic deterioration in the ICU, data from the 
arterial catheter, electrocardiogram, CVP (or PA catheter), ABGs (lac-
tate, pH, PO

2
), and indicators of organ perfusion (urine output, central 

nervous system function) need to be assessed to determine whether 
the patient is in failure and whether this failure is biventricular, left-
sided, or right-sided predominantly. In the case presented, there was 
a suggestion of biventricular failure; because the cause of the problem 
was unclear, it was decided to proceed with TEE. Assessment  consisted 
of LV assessment (wall motion, ejection fraction estimation, mitral 
valve function) and RV assessment (RV TAPSE, wall motion, and 
 tricuspid valve function). After this, a comprehensive  examination was 
 completed. In this case, the TEE showed an empty LV with a normal 

ejection fraction of 50% to 60%, and no regional wall motion abnor-
malities were noted. The RV TAPSE was depressed at 0.9 cm. Tricuspid 
regurgitation (TR) was severe and the RV was dilated. This was in keep-
ing with a previous transthoracic echocardiogram from 3 days prior 
that suggested pulmonary hypertension (Figures 33-4 through 33-8; 
also see Videos 1 through 3, available online).

Figure 33-6 After treatment, systolic tricuspid annular plane systolic 
excursion measurement.

Figure 33-4 Continuous-wave Doppler through the tricuspid valve.

Figure 33-5 Hepatic veins showing flow reversal from atrial contrac-
tion to the beginning of diastole.
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Decision Making and Reassessment
The diagnosis of RV failure was entertained. The cause was either 
 secondary to long-standing pulmonary hypertension (exacerbated by 
surgery) or secondary to a new cause (pneumonia, pleural effusions, 
pulmonary embolism). It was decided to initiate treatment for RV fail-
ure with milrinone and nitric oxide. The chest radiograph was signifi-
cant for an effusion, which was drained; no evidence of pneumonia was 
seen; and spiral CT showed no pulmonary emboli. TEE was planned 
for the following day. TAPSE and degree of TR were used as repeat 
measures of treatment efficacy (with TAPSE being more objective and 
TR being more subjective). Follow-up TEE 24 hours later showed mild 
TR and improved TAPSE (1.5 cm). This was associated with a decline 
in liver function tests (LFTs) and INR. Blood cultures the following day 
were negative and antibiotics were stopped.

Case Study 2
A 47-year-old man underwent urgent three-vessel CABG surgery for 
left mainstem coronary artery disease. He was previously healthy with 
comorbidities of hypertension and hypercholesterolemia. He quit 
smoking 5 years ago. He had been admitted to the hospital for chest 
pain and ST-segment elevation. An angiogram showed left main steno-
sis of 90% with preserved LV function. He was taken to the OR for 
urgent bypass surgery.

After surgery in the ICU, the main concern was intermittent 
hypotension treated with an epinephrine infusion at 5 g/min. Lactic 
 acidosis, with serum lactate of 4 mmol/L, and a large chest tube  

drainage of 100 to 150 mL/hr over the last 6 hours were treated with 4 
units of fresh-frozen plasma and 6 units of packed red blood cells. Over 
the previous hour, his blood pressure and cardiac index had trended 
down and lactate had trended up. Chest tube drainage had decreased 
to 40 to 60 mL/hr. Urine output started to decrease, and vasopressin 
and  norepinephrine were added to maintain blood pressure.

Framing the Problem
This case was considered hemodynamic deterioration of unknown 
cause. The goals were to assess the function of the LV and RV and, 
if one or both sides were found to be failing, to determine the cause. 
Assessment included vital signs (including PA pressure and cardiac 
index); measures of systemic perfusion (lactate, urine output); and 
other important indicators (chest tube drainage). The differential in 
this case was broad, with divergent treatment options; thus, a TEE was 
extremely important to assess the underlying pathology. Included in 
the differential diagnosis was hypovolemia, ventricular dysfunction 
(LV or RV), valvular incompetence (most likely mitral valve), or peri-
cardial tamponade (either fluid or blood clot).

Data Collection
Interpretation of the TEE showed an underfilled LV with normal 
 ejection fraction. The RV was normal to slightly underfilled, with 
 evidence of compression of the RA. The likely diagnosis of cardiac 
tamponade was entertained and the patient taken to the OR for drain-
age of the tamponade. Tamponade in the perioperative setting pres-
ents a unique set of diagnostic dilemmas on TEE. Free fluid often is 
not present, and the use of positive pressure ventilation makes RV and 
RA collapse unusual, especially in the early phases. The presence of 
clot may result in isolated effects on the RA or RV and, occasionally, 
the IVC or SVC. If tamponade is suspected, careful examination of 
all these areas is essential. Edema of the myocardium or tissue sur-
rounding the pericardium may be mistaken for clot, thus producing a 
false-positive assessment (see Videos 4 through 8, available online). It 
must be remembered that tamponade is a clinical diagnosis (increased 
filling pressure in the presence of underfilled ventricles and reduced 
cardiac output) and TEE should be used to confirm this suspicion. 
It is also possible, in spite of chest tubes within the pericardium, to 
develop tamponade either because the chest tubes become obstructed 
or because clot forms within the pericardium itself. After diagnosis, 
follow-up should occur with the surgeon to correlate findings on 
 re-exploration with those seen on TEE.

Case Study 3
A 65-year-old woman underwent three-vessel CABG. Her medical 
 history was significant for a 70-pack-year smoking history, hyper-
tension, and colon cancer, treated 4 years previously. Her preopera-
tive investigations revealed three-vessel disease and a normal LV. 
Preoperative blood work including ABG was unremarkable, as was 
the chest radiograph. Pulmonary function testing showed moderate 
obstructive airways disease. The surgical procedure was uneventful, but 
there was difficulty oxygenating the patient in the post-CPB period.

The patient arrived in the ICU on 100% oxygen with oxygen sat-
urations of 92%. During the first 4 hours after surgery, the patient 
continued to experience intermittent desaturation on 100% FiO

2
. 

Hemodynamically, the patient was stable and was weaned off all ino-
tropes but continued to have intermittent and persistent oxygen 
desaturation.

Framing the Problem
Desaturation after CABG surgery is not uncommon and is usually 
successfully treated by increasing inspired oxygen, adding positive 
end-expiratory pressure, and waiting for the lungs to re-expand. The 
differential diagnosis is broad and includes preexisting lung disease, 
anesthesia, supine position, atelectasis, pulmonary edema, and trans-
fusion or CPB-induced acute lung injury. One potential cause often 

Figure 33-7 After treatment, diastolic tricuspid annular plane systolic 
excursion measurement.

Figure 33-8 After treatment, a normal hepatic flow pattern.
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overlooked is a right-to-left shunt. An atrial septal defect (ASD), ven-
tricular septal defect, or large patent foramen ovale may cause shunting, 
which is usually left-to-right, but in conditions in which PA pressure is 
increased, systemic pressure is decreased, or TR is increased, the shunt-
ing can reverse and become right-to-left, resulting in desaturation not 
responsive to oxygen. These conditions are more likely in the postop-
erative period, especially in intubated patients.

Data Collection and Interpretation
Although TEE examination is not the first diagnostic test to be per-
formed in patients in the ICU on high FiO

2
, it may be used when other 

causes have been ruled out or when there is a known ASD or suspi-
cion of one. Although intraoperative echocardiography should detect 
a patent foramen ovale or ASD, it may sometimes be missed or identi-
fied and ignored in closed-chamber procedures (see Video 9,  available 

online). If no TEE was performed, then a TEE should be done in the 
postoperative period looking for an ASD with right-to-left shunt-
ing (which may be intermittent). Color flow will help determine the 
direction of blood flow. A bubble study can be performed to confirm 
the potential of right-to-left shunting (especially if shunting occurs 
without provocative maneuvers like a Valsalva maneuver). Treatment 
focuses on reducing the right-sided pressures and increasing the left-
sided pressures. However, in severe cases unresponsive to medical man-
agement, a return to the OR for repair of the ASD may be warranted. If 
medical management was successful, then the patient should be made 
aware of the condition and followed by a cardiologist. If the patient 
returns to the OR, then the findings on reopening should be corre-
lated with the TEE images. If an intraoperative echocardiogram was 
performed with the initial surgery, this should be reviewed for indica-
tions that an ASD was present.

REFERENCES
 1. Bennett SR, Griffin SC: Sevoflurane versus isoflurane in patients undergoing valvular cardiac 

surgery, J Cardiothorac Vasc Anesth 15:175–178, 2001.
 2. De Hert SG, Cromheecke S, ten Broecke PW, et al: Effects of propofol, desflurane, and sevoflurane on 

recovery of myocardial function after coronary surgery in elderly high-risk patients, Anesthesiology 
99:314–323, 2003.

 3. De Hert SG, ten Broecke PW, Mertens E, et al: Sevoflurane but not propofol preserves myocardial 
function in coronary surgery patients, Anesthesiology 97:42–49, 2002.

 4. Julier K, Da Silva R, Garcia C, et al: Preconditioning by sevoflurane decreases biochemical markers 
for myocardial and renal dysfunction in coronary artery bypass graft surgery: A double-blinded, 
placebo-controlled, multicenter study, Anesthesiology 98:1315–1327, 2003.

 5. Belhomme D, Peynet J, Louzy M, et al: Evidence for preconditioning by isoflurane in coronary artery 
bypass graft surgery, Circulation 100:II340–II344, 1999.

 6. Boyce SW, Bartels C, Bolli R, et al: Impact of sodium-hydrogen exchange inhibition by cariporide 
on death or myocardial infarction in high-risk CABG surgery patients: Results of the CABG surgery 
cohort of the GUARDIAN study, J Thorac Cardiovasc Surg 126:420–427, 2003.

 7. Van Oldenbeek C, Knowles P, Harper NJ: Residual neuromuscular block caused by pancuronium 
after cardiac surgery, Br J Anaesth 83:338–339, 1999.

 8. McEwin L, Merrick PM, Bevan DR: Residual neuromuscular blockade after cardiac surgery: Pancuro-
nium vs rocuronium, Can J Anaesth 44:891–895, 1997.

 9. Murphy GS, Szokol JW, Marymont JH, et al: Impact of shorter-acting neuromuscular blocking agents 
on fast-track recovery of the cardiac surgical patient, Anesthesiology 96:600–606, 2002.

 10. Thomas R, Smith D, Strike P: Prospective randomised double-blind comparative study of rocuronium 
and pancuronium in adult patients scheduled for elective ‘fast-track’ cardiac surgery involving 
hypothermic cardiopulmonary bypass, Anaesthesia 58:265–271, 2003.

 11. Murphy GS, Szokol JW, Marymont JH, et al: Recovery of neuromuscular function after cardiac 
surgery: Pancuronium versus rocuronium, Anesth Analg 96:1301–1307, 2003, table of contents.

 12. Mollhoff T, Herregods L, Moerman A, et al: Comparative efficacy and safety of remifentanil and 
fentanyl in ‘fast track’ coronary artery bypass graft surgery: A randomized, double-blind study,  
Br J Anaesth 87:718–726, 2001.

 13. Engoren M, Luther G, Fenn-Buderer N: A comparison of fentanyl, sufentanil, and remifentanil for 
fast-track cardiac anesthesia, Anesth Analg 93:859–864, 2001.

 14. Cheng DC, Newman MF, Duke P, et al: The efficacy and resource utilization of remifentanil and 
fentanyl in fast-track coronary artery bypass graft surgery: A prospective randomized, double-
blinded controlled, multi-center trial, Anesth Analg 92:1094–1102, 2001.

 15. Quasha AL, Loeber N, Feeley TW, et al: Postoperative respiratory care: A controlled trial of early and 
late extubation following coronary-artery bypass grafting, Anesthesiology 52:135–141, 1980.

 16. Cheng DC, Karski J, Peniston C, et al: Morbidity outcome in early versus conventional tracheal 
extubation after coronary artery bypass grafting: A prospective randomized controlled trial, J Thorac 
Cardiovasc Surg 112:755–764, 1996.

 17. Berry PD, Thomas SD, Mahon SP, et al: Myocardial ischaemia after coronary artery bypass grafting: 
Early vs late extubation, Br J Anaesth 80:20–25, 1998.

 18. Silbert BS, Santamaria JD, O'Brien JL, et al: Early extubation following coronary artery bypass surgery: A 
prospective randomized controlled trial. The Fast Track Cardiac Care Team, Chest 113:1481–1488, 1998.

 19. Ovrum E, Tangen G, Schiott C, et al: Rapid recovery protocol applied to 5,658 consecutive “on-pump” 
coronary bypass patients, Ann Thorac Surg 70:2008–2012, 2000.

 20. Meade MO, Guyatt G, Butler R, et al: Trials comparing early vs late extubation following cardiovascular 
surgery, Chest 120:445S–453S, 2001.

 21. Myles PS, Daly DJ, Djaiani G, et al: A systematic review of the safety and effectiveness of fast-track 
cardiac anesthesia, Anesthesiology 99:982–987, 2003.

 22. Dowd NP, Cheng DC, Karski JM, et al: Intraoperative awareness in fast-track cardiac anesthesia, 
Anesthesiology 89:1068–1073, 1998, discussion 9A.

 23. Liu WH, Thorp TA, Graham SG, et al: Incidence of awareness with recall during general anaesthesia, 
Anaesthesia 46:435–437, 1991.

 24. Cheng DC, Karski J, Peniston C, et al: Early tracheal extubation after coronary artery bypass graft 
surgery reduces costs and improves resource use. A prospective, randomized, controlled trial, 
Anesthesiology 85:1300–1310, 1996.

 25. Wong DT, Cheng DC, Kustra R, et al: Risk factors of delayed extubation, prolonged length of stay in 
the intensive care unit, and mortality in patients undergoing coronary artery bypass graft with fast-
track cardiac anesthesia: A new cardiac risk score, Anesthesiology 91:936–944, 1999.

 26. Brown MM: Implementation strategy: One-stop recovery for cardiac surgical patients, AACN Clin 
Issues 11:412–423, 2000.

 27. Joyce L, Pandolph P: One Stop Post Op cardiac surgery recovery—a proven success, J Cardiovasc 
Manag 12:16–18, 2001.

 28. Cheng DC, Byrick RJ, Knobel E: Structural models for intermediate care areas, Crit Care Med 
27:2266–2271, 1999.

 29. Cheng DC, Wall C, Djaiani G, et al: Randomized assessment of resource use in fast-track cardiac 
surgery 1-year after hospital discharge, Anesthesiology 98:651–657, 2003.

 30. Grocott HP, Mackensen GB, Grigore AM, et al: Postoperative hyperthermia is associated with 
cognitive dysfunction after coronary artery bypass graft surgery, Stroke 33:537–541, 2002.

 31. Nathan HJ, Wells GA, Munson JL, et al: Neuroprotective effect of mild hypothermia in patients 
undergoing coronary artery surgery with cardiopulmonary bypass: A randomized trial, Circulation 
104:I85–I91, 2001.

 32. Hebert PC: Transfusion requirements in critical care (TRICC): A multicentre, randomized, 
controlled clinical study. Transfusion Requirements in Critical Care Investigators and the Canadian 
Critical Care Trials Group, Br J Anaesth 81(Suppl 1):25–33, 1998.

 33. Shore-Lesserson L, Manspeizer HE, DePerio M, et al: Thromboelastography-guided transfusion 
algorithm reduces transfusions in complex cardiac surgery, Anesth Analg 88:312–319, 1999.

 34. Spiess BD, Gillies BS, Chandler W, et al: Changes in transfusion therapy and reexploration rate after 
institution of a blood management program in cardiac surgical patients, J Cardiothorac Vasc Anesth 
9:168–173, 1995.

 35. Body SC, Birmingham J, Parks R, et al: Safety and efficacy of shed mediastinal blood transfusion 
after cardiac surgery: A multicenter observational study. Multicenter Study of Perioperative Ischemia 
Research Group, J Cardiothorac Vasc Anesth 13:410–416, 1999.

 36. Hillyer CD, Josephson CD, Blajchman MA, et al: Bacterial contamination of blood components: 
Risks, strategies, and regulation: Joint ASH and AABB educational session in transfusion medicine, 
Hematology Am Soc Hematol Educ Program 575–589, 2003.

 37. Zurick AM, Urzua J, Ghattas M, et al: Failure of positive end-expiratory pressure to decrease 
postoperative bleeding after cardiac surgery, Ann Thorac Surg 34:608–611, 1982.

 38. Collier B, Kolff J, Devineni R, et al: Prophylactic positive end-expiratory pressure and reduction of 
postoperative blood loss in open-heart surgery, Ann Thorac Surg 74:1191–1194, 2002.

 39. Forestier F, Belisle S, Robitaille D, et al: Low-dose aprotinin is ineffective to treat excessive bleeding 
after cardiopulmonary bypass, Ann Thorac Surg 69:452–456, 2000.

 40. Ray MJ, Hales MM, Brown L, et al: Postoperatively administered aprotinin or epsilon aminocaproic 
acid after cardiopulmonary bypass has limited benefit, Ann Thorac Surg 72:521–526, 2001.

 41. Hardy JF, Belisle S, Van der Linden P: Efficacy and safety of activated recombinant factor VII in 
cardiac surgical patients, Curr Opin Anaesthesiol 22:95–99, 2009.

 42. Gill R, Herbertson M, Vuylsteke A, et al: Safety and efficacy of recombinant activated factor VII: 
A randomized placebo-controlled trial in the setting of bleeding after cardiac surgery, Circulation 
120:21–27, 2009.

 43. Diprose P, Herbertson MJ, O'Shaughnessy D, et al: Activated recombinant factor VII after 
cardiopulmonary bypass reduces allogeneic transfusion in complex non-coronary cardiac surgery: 
Randomized double-blind placebo-controlled pilot study, Br J Anaesth 95:596–602, 2005.

 44. BARI: Seven-year outcome in the Bypass Angioplasty Revascularization Investigation (BARI) by 
treatment and diabetic status, J Am Coll Cardiol 35:1122–1129, 2000.

 45. Newman MF, Wolman R, Kanchuger M, et al: Multicenter preoperative stroke risk index for patients 
undergoing coronary artery bypass graft surgery. Multicenter Study of Perioperative Ischemia 
(McSPI) Research Group, Circulation 94:II74–II80, 1996.

 46. Conlon PJ, Stafford-Smith M, White WD, et al: Acute renal failure following cardiac surgery, Nephrol 
Dial Transplant 14:1158–1162, 1999.

 47. London MJ, Grunwald GK, Shroyer AL, et al: Association of fast-track cardiac management and 
low-dose to moderate-dose glucocorticoid administration with perioperative hyperglycemia, 
J Cardiothorac Vasc Anesth 14:631–638, 2000.

 48. Golden SH, Peart-Vigilance C, Kao WH, et al: Perioperative glycemic control and the risk of infectious 
complications in a cohort of adults with diabetes, Diabetes Care 22:1408–1414, 1999.

 49. Guvener M, Pasaoglu I, Demircin M, et al: Perioperative hyperglycemia is a strong correlate of 
postoperative infection in type II diabetic patients after coronary artery bypass grafting, Endocr J 
49:531–537, 2002.

 50. McAlister FA, Man J, Bistritz L, et al: Diabetes and coronary artery bypass surgery: An examination of 
perioperative glycemic control and outcomes, Diabetes Care 26:1518–1524, 2003.

 51. Latham R, Lancaster AD, Covington JF, et al: The association of diabetes and glucose control with 
surgical-site infections among cardiothoracic surgery patients, Infect Control Hosp Epidemiol 
22:607–612, 2001.

 52. van den Berghe G, Wouters P, Weekers F, et al: Intensive insulin therapy in the critically ill patients, 
N Engl J Med 345:1359–1367, 2001.

 53. Griesdale DE, de Souza RJ, van Dam RM, et al: Intensive insulin therapy and mortality among 
critically ill patients: A meta-analysis including NICE-SUGAR study data, CMAJ 180:821–827, 2009.

 54. Finfer S, Chittock DR, Su SY, et al: Intensive versus conventional glucose control in critically ill 
patients, N Engl J Med 360:1283–1297, 2009.

 55. Munro AJ, Long GT, Sleigh JW: Nurse-administered subcutaneous morphine is a satisfactory 
alternative to intravenous patient-controlled analgesia morphine after cardiac surgery, Anesth Analg 
87:11–15, 1998.

 56. Tsang J, Brush B: Patient-controlled analgesia in postoperative cardiac surgery, Anaesth Intensive Care 
27:464–470, 1999.

 57. O'Halloran P, Brown R: Patient-controlled analgesia compared with nurse-controlled infusion 
analgesia after heart surgery, Intensive Crit Care Nurs 13:126–129, 1997.

 58. Myles PS, Buckland MR, Cannon GB, et al: Comparison of patient-controlled analgesia and nurse-
controlled infusion analgesia after cardiac surgery, Anaesth Intensive Care 22:672–678, 1994.

 59. Searle NR, Roy M, Bergeron G, et al: Hydromorphone patient-controlled analgesia (PCA) after 
coronary artery bypass surgery, Can J Anaesth 41:198–205, 1994.

 60. Boldt J, Thaler E, Lehmann A, et al: Pain management in cardiac surgery patients: Comparison 
between standard therapy and patient-controlled analgesia regimen, J Cardiothorac Vasc Anesth 
12:654–658, 1998.

 61. Gust R, Pecher S, Gust A, et al: Effect of patient-controlled analgesia on pulmonary complications 
after coronary artery bypass grafting, Crit Care Med 27:2218–2223, 1999.



 33 Postoperative Cardiac Recovery and Outcomes 1023

 62. Bainbridge D, Martin JE, Cheng DC: Patient-controlled versus nurse-controlled analgesia after 
cardiac surgery—a meta-analysis, Can J Anaesth 53:492–499, 2006.

 63. Chaney MA, Smith KR, Barclay JC, et al: Large-dose intrathecal morphine for coronary artery bypass 
grafting, Anesth Analg 83:215–222, 1996.

 64. Bettex DA, Schmidlin D, Chassot PG, et al: Intrathecal sufentanil-morphine shortens the duration of 
intubation and improves analgesia in fast-track cardiac surgery, Can J Anaesth 49:711–717, 2002.

 65. Boulanger A, Perreault S, Choiniere M, et al: Intrathecal morphine after cardiac surgery, Ann 
Pharmacother 36:1337–1343, 2002.

 66. Zarate E, Latham P, White PF, et al: Fast-track cardiac anesthesia: Use of remifentanil combined 
with intrathecal morphine as an alternative to sufentanil during desflurane anesthesia, Anesth Analg 
91:283–287, 2000.

 67. Fitzpatrick GJ, Moriarty DC: Intrathecal morphine in the management of pain following cardiac 
surgery. A comparison with morphine i.v, Br J Anaesth 60:639–644, 1988.

 68. Aun C, Thomas D, St John-Jones L, et al: Intrathecal morphine in cardiac surgery, Eur J Anaesthesiol 
2:419–426, 1985.

 69. Shroff A, Rooke GA, Bishop MJ: Effects of intrathecal opioid on extubation time, analgesia, and 
intensive care unit stay following coronary artery bypass grafting, J Clin Anesth 9:415–419, 1997.

 70. Lena P, Balarac N, Arnulf JJ, et al: Intrathecal morphine and clonidine for coronary artery bypass 
grafting, Br J Anaesth 90:300–303, 2003.

 71. Chaney MA, Nikolov MP, Blakeman BP, et al: Intrathecal morphine for coronary artery bypass graft 
procedure and early extubation revisited, J Cardiothorac Vasc Anesth 13:574–578, 1999.

 72. Chaney MA, Furry PA, Fluder EM, et al: Intrathecal morphine for coronary artery bypass grafting 
and early extubation, Anesth Analg 84:241–248, 1997.

 73. Liu SS, Block BM, Wu CL: Effects of perioperative central neuraxial analgesia on outcome after 
coronary artery bypass surgery: A meta-analysis, Anesthesiology 101:153–161, 2004.

 74. Ho AM, Chung DC, Joynt GM: Neuraxial blockade and hematoma in cardiac surgery: Estimating the 
risk of a rare adverse event that has not (yet) occurred, Chest 117:551–555, 2000.

 75. Pastor MC, Sanchez MJ, Casas MA, et al: Thoracic epidural analgesia in coronary artery bypass graft 
surgery: Seven years' experience, J Cardiothorac Vasc Anesth 17:154–159, 2003.

 76. Horlocker TT, Wedel DJ, Benzon H, et al: Regional anesthesia in the anticoagulated patient: Defining 
the risks, Reg Anesth Pain Med 29:1–12, 2004.

 77. Lipsky PE: Defining COX-2 inhibitors, J Rheumatol Suppl 60:13–16, 2000.
 78. Bigler D, Moller J, Kamp-Jensen M, et al: Effect of piroxicam in addition to continuous thoracic 

epidural bupivacaine and morphine on postoperative pain and lung function after thoracotomy, Acta 
Anaesthesiol Scand 36:647–650, 1992.

 79. Carretta A, Zannini P, Chiesa G, et al: Efficacy of ketorolac tromethamine and extrapleural intercostal 
nerve block on post-thoracotomy pain. A prospective, randomized study, Int Surg 81:224–228, 1996.

 80. Fayaz K, Abel R, Pugh S, et al: Opioid sparing and side effect profile of three different analgesic 
techniques for cardiac surgery, Eur J Anesth 20:A6, 2003.

 81. Hynninen MS, Cheng DC, Hossain I, et al: Non-steroidal anti-inflammatory drugs in treatment of 
postoperative pain after cardiac surgery, Can J Anaesth 47:1182–1187, 2000.

 82. Immer FF, Immer-Bansi AS, Trachsel N, et al: Pain treatment with a COX-2 inhibitor after coronary 
artery bypass operation: A randomized trial, Ann Thorac Surg 75:490–495, 2003.

 83. Jones RM, Cashman JN, Foster JM, et al: Comparison of infusions of morphine and lysine acetyl 
salicylate for the relief of pain following thoracic surgery, Br J Anaesth 57:259–263, 1985.

 84. Kavanagh BP, Katz J, Sandler AN, et al: Multimodal analgesia before thoracic surgery does not reduce 
postoperative pain, Br J Anaesth 73:184–189, 1994.

 85. Keenan DJ, Cave K, Langdon L, et al: Comparative trial of rectal indomethacin and cryoanalgesia for 
control of early postthoracotomy pain, Br Med J (Clin Res Ed) 287:1335–1337, 1983.

 86. McCrory C, Diviney D, Moriarty J, et al: Comparison between repeat bolus intrathecal morphine 
and an epidurally delivered bupivacaine and fentanyl combination in the management of post-
thoracotomy pain with or without cyclooxygenase inhibition, J Cardiothorac Vasc Anesth 16:607–611, 
2002.

 87. Merry AF, Wardall GJ, Cameron RJ, et al: Prospective, controlled, double-blind study of i.v. tenoxicam 
for analgesia after thoracotomy, Br J Anaesth 69:92–94, 1992.

 88. Ott E, Nussmeier NA, Duke PC, et al: Efficacy and safety of the cyclooxygenase 2 inhibitors parecoxib 
and valdecoxib in patients undergoing coronary artery bypass surgery, J Thorac Cardiovasc Surg 
125:1481–1492, 2003.

 89. Bainbridge D, Cheng DC, Martin JE, et al: NSAID-analgesia, pain control and morbidity in 
cardiothoracic surgery: [L'analgesie avec des AINS, le controle de la douleur et la morbidite en 
chirurgie cardiothoracique], Can J Anaesth 53:46–59, 2006.

 90. Nussmeier NA, Whelton AA, Brown MT, et al: Complications of the COX-2 inhibitors parecoxib and 
valdecoxib after cardiac surgery, N Engl J Med 352:1081–1091, 2005.

 91. Camu F, Beecher T, Recker DP, et al: Valdecoxib, a COX-2-specific inhibitor, is an efficacious, opioid-
sparing analgesic in patients undergoing hip arthroplasty, Am J Ther 9:43–51, 2002.

 92. Collaborative overview of randomised trials of antiplatelet therapy—II: Maintenance of vascular graft 
or arterial patency by antiplatelet therapy. Antiplatelet Trialists' Collaboration, BMJ 308:159–168, 1994.

 93. Weber M, von Schacky C, Lorenz R, et al: [Low-dose acetylsalicylic acid (100 mg/day) following 
aortocoronary bypass operation], Klin Wochenschr 62:458–464, 1984.

 94. Goldman S, Copeland J, Moritz T, et al: Starting aspirin therapy after operation. Effects on early graft 
patency. Department of Veterans Affairs Cooperative Study Group, Circulation 84:520–526, 1991.

 95. Goldman S, Copeland J, Moritz T, et al: Saphenous vein graft patency 1 year after coronary artery 
bypass surgery and effects of antiplatelet therapy. Results of a Veterans Administration Cooperative 
Study, Circulation 80:1190–1197, 1989.

 96. Mangano DT: Aspirin and mortality from coronary bypass surgery, N Engl J Med 347:1309–1317, 
2002.

 97. Sethi GK, Copeland JG, Goldman S, et al: Implications of preoperative administration of aspirin in 
patients undergoing coronary artery bypass grafting. Department of Veterans Affairs Cooperative 
Study on Antiplatelet Therapy, J Am Coll Cardiol 15:15–20, 1990.

 98. Goldman S, Zadina K, Krasnicka B, et al: Predictors of graft patency 3 years after coronary artery 
bypass graft surgery. Department of Veterans Affairs Cooperative Study Group No. 297, J Am Coll 
Cardiol 29:1563–1568, 1997.

 99. Antiplatelet Trialists' Collaboration: Collaborative overview of randomised trials of antiplatelet 
therapy—I: Prevention of death, myocardial infarction, and stroke by prolonged antiplatelet therapy 
in various categories of patients, BMJ 308:81–106, 1994.

 100. Bhatt DL, Chew DP, Hirsch AT, et al: Superiority of clopidogrel versus aspirin in patients with prior 
cardiac surgery, Circulation 103:363–368, 2001.

 101. Effect of metoprolol on death and cardiac events during a 2-year period after coronary artery bypass 
grafting. The MACB Study Group, Eur Heart J 16:1825–1832, 1995.

 102. Oosterga M, Voors AA, Pinto YM, et al: Effects of quinapril on clinical outcome after coronary artery 
bypass grafting (The QUO VADIS Study). QUinapril on Vascular Ace and Determinants of Ischemia, 
Am J Cardiol 87:542–546, 2001.

 103. Chen J, Radford MJ, Wang Y, et al: Are beta-blockers effective in elderly patients who undergo 
coronary revascularization after acute myocardial infarction? Arch Intern Med 160:947–952, 2000.

 104. The effect of aggressive lowering of low-density lipoprotein cholesterol levels and low-dose 
anticoagulation on obstructive changes in saphenous-vein coronary-artery bypass grafts. The Post 
Coronary Artery Bypass Graft Trial Investigators, N Engl J Med 336:153–162, 1997.

 105. Ouattara A, Benhaoua H, Le Manach Y, et al: Perioperative statin therapy is associated with a 
significant and dose-dependent reduction of adverse cardiovascular outcomes after coronary artery 
bypass graft surgery, J Cardiothorac Vasc Anesth 23:633–638, 2009.

 106. Miceli A, Fino C, Fiorani B, et al: Effects of preoperative statin treatment on the incidence of 
postoperative atrial fibrillation in patients undergoing coronary artery bypass grafting, Ann Thorac 
Surg 87:1853–1858, 2009.

 107. Liakopoulos OJ, Choi YH, Kuhn EW, et al: Statins for prevention of atrial fibrillation after cardiac 
surgery: A systematic literature review, J Thorac Cardiovasc Surg 138:678–686e1, 2009.

 108. Bonow RO, Carabello BA, Chatterjee K, et al: 2008 focused update incorporated into the ACC/AHA 
2006 guidelines for the management of patients with valvular heart disease: A report of the American 
College of Cardiology/American Heart Association Task Force on Practice Guidelines (Writing 
Committee to revise the 1998 guidelines for the management of patients with valvular heart disease). 
Endorsed by the Society of Cardiovascular Anesthesiologists, Society for Cardiovascular Angiography 
and Interventions, and Society of Thoracic Surgeons, J Am Coll Cardiol 52:e1–e142, 2008.

 109. Naylor AR, Mehta Z, Rothwell PM, et al: Carotid artery disease and stroke during coronary artery 
bypass: A critical review of the literature, Eur J Vasc Endovasc Surg 23:283–294, 2002.

 110. Stamou SC, Hill PC, Dangas G, et al: Stroke after coronary artery bypass: Incidence, predictors, and 
clinical outcome, Stroke 32:1508–1513, 2001.

 111. Salazar JD, Wityk RJ, Grega MA, et al: Stroke after cardiac surgery: Short- and long-term outcomes, 
Ann Thorac Surg 72:1195–1201, 2001 discussion 201–202.

 112. Lahtinen J, Biancari F, Salmela E, et al: Postoperative atrial fibrillation is a major cause of stroke after 
on-pump coronary artery bypass surgery, Ann Thorac Surg 77:1241–1244, 2004.

 113. Murkin JM, Martzke JS, Buchan AM, et al: A randomized study of the influence of perfusion 
technique and pH management strategy in 316 patients undergoing coronary artery bypass surgery. 
II. Neurologic and cognitive outcomes, J Thorac Cardiovasc Surg 110:349–362, 1995.

 114. Murkin JM: Attenuation of neurologic injury during cardiac surgery, Ann Thorac Surg 72:S1838–S1844, 
2001.

 115. Royse AG, Royse CF, Ajani AE, et al: Reduced neuropsychological dysfunction using epiaortic 
echocardiography and the exclusive Y graft, Ann Thorac Surg 69:1431–1438, 2000.

 116. Sharony R, Bizekis CS, Kanchuger M, et al: Off-pump coronary artery bypass grafting reduces 
mortality and stroke in patients with atheromatous aortas: A case control study, Circulation 
108(Suppl 1):II15–II20, 2003.

 117. Leacche M, Carrier M, Bouchard D, et al: Improving neurologic outcome in off-pump surgery: 
The “no touch” technique, Heart Surg Forum 6:169–175, 2003.

 118. Bruno A, Levine SR, Frankel MR, et al: Admission glucose level and clinical outcomes in the NINDS 
rt-PA Stroke Trial, Neurology 59:669–674, 2002.

 119. Williams LS, Rotich J, Qi R, et al: Effects of admission hyperglycemia on mortality and costs in acute 
ischemic stroke, Neurology 59:67–71, 2002.

 120. Quast MJ, Wei J, Huang NC, et al: Perfusion deficit parallels exacerbation of cerebral ischemia/
reperfusion injury in hyperglycemic rats, J Cereb Blood Flow Metab 17:553–559, 1997.

 121. Dietrich WD, Busto R, Valdes I, et al: Effects of normothermic versus mild hyperthermic forebrain 
ischemia in rats, Stroke 21:1318–1325, 1990.

 122. Bucerius J, Gummert JF, Borger MA, et al: Predictors of delirium after cardiac surgery delirium: Effect 
of beating-heart (off-pump) surgery, J Thorac Cardiovasc Surg 127:57–64, 2004.

 123. van der Mast RC, van den Broek WW, Fekkes D, et al: Incidence of and preoperative predictors for 
delirium after cardiac surgery, J Psychosom Res 46:479–483, 1999.

 124. Gokgoz L, Gunaydin S, Sinci V, et al: Psychiatric complications of cardiac surgery postoperative 
delirium syndrome, Scand Cardiovasc J 31:217–222, 1997.

 125. Rolfson DB, McElhaney JE, Rockwood K, et al: Incidence and risk factors for delirium and other adverse 
outcomes in older adults after coronary artery bypass graft surgery, Can J Cardiol 15:771–776, 1999.

 126. Ommen SR, Odell JA, Stanton MS: Atrial arrhythmias after cardiothoracic surgery, N Engl J Med 
336:1429–1434, 1997.

 127. Zimmer J, Pezzullo J, Choucair W, et al: Meta-analysis of antiarrhythmic therapy in the prevention 
of postoperative atrial fibrillation and the effect on hospital length of stay, costs, cerebrovascular 
accidents, and mortality in patients undergoing cardiac surgery, Am J Cardiol 91:1137–1140, 2003.

 128. Mathew JP, Fontes ML, Tudor IC, et al: A multicenter risk index for atrial fibrillation after cardiac 
surgery, JAMA 291:1720–1729, 2004.

 129. Crystal E, Connolly SJ, Sleik K, et al: Interventions on prevention of postoperative atrial fibrillation in 
patients undergoing heart surgery: A meta-analysis, Circulation 106:75–80, 2002.

 130. Toraman F, Karabulut EH, Alhan HC, et al: Magnesium infusion dramatically decreases the incidence 
of atrial fibrillation after coronary artery bypass grafting, Ann Thorac Surg 72:1256–1261, 2001 
discussion 1261–1262.

 131. Blackshear JL, Safford RE: AFFIRM and RACE trials: Implications for the management of atrial 
fibrillation, Card Electrophysiol Rev 7:366–369, 2003.

 132. Wyse DG, Waldo AL, DiMarco JP, et al: A comparison of rate control and rhythm control in patients 
with atrial fibrillation, N Engl J Med 347:1825–1833, 2002.

 133. Hagens VE, Ranchor AV, Van Sonderen E, et al: Effect of rate or rhythm control on quality of life in 
persistent atrial fibrillation. Results from the Rate Control Versus Electrical Cardioversion (RACE) 
Study, J Am Coll Cardiol 43:241–247, 2004.

 134. Olshansky B, Rosenfeld LE, Warner AL, et al: The Atrial Fibrillation Follow-up Investigation of 
Rhythm Management (AFFIRM) study: Approaches to control rate in atrial fibrillation, J Am Coll 
Cardiol 43:1201–1208, 2004.

 135. Estes NA 3rd, Halperin JL, Calkins H, et al: ACC/AHA/Physician Consortium 2008 clinical 
performance measures for adults with nonvalvular atrial fibrillation or atrial flutter: A report of the 
American College of Cardiology/American Heart Association Task Force on Performance Measures 
and the Physician Consortium for Performance Improvement (Writing Committee to Develop 
Clinical Performance Measures for Atrial Fibrillation): Developed in collaboration with the Heart 
Rhythm Society, Circulation 117:1101–1120, 2008.

 136. Hart RG, Benavente O, McBride R, et al: Antithrombotic therapy to prevent stroke in patients with 
atrial fibrillation: A meta-analysis, Ann Intern Med 131:492–501, 1999.

 137. Prystowsky EN, Benson DW Jr, Fuster V, et al: Management of patients with atrial fibrillation.  
A Statement for Healthcare Professionals. From the Subcommittee on Electrocardiography and 
Electrophysiology, American Heart Association, Circulation 93:1262–1277, 1996.

 138. Fuster V, Ryden LE, Asinger RW, et al: ACC/AHA/ESC guidelines for the management of patients with 
atrial fibrillation: Executive summary. A Report of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines and the European Society of Cardiology 
Committee for Practice Guidelines and Policy Conferences (Committee to Develop Guidelines for 
the Management of Patients With Atrial Fibrillation): Developed in Collaboration With the North 
American Society of Pacing and Electrophysiology, J Am Coll Cardiol 38:1231–1266, 2001.

 139. Butterworth JFt, Legault C, Royster RL, et al: Factors that predict the use of positive inotropic drug 
support after cardiac valve surgery, Anesth Analg 86:461–467, 1998.

 140. Royster RL, Butterworth JFt, Prough DS, et al: Preoperative and intraoperative predictors of 
inotropic support and long-term outcome in patients having coronary artery bypass grafting, Anesth 
Analg 72:729–736, 1991.

 141. Krivec B, Voga G, Zuran I, et al: Diagnosis and treatment of shock due to massive pulmonary 
embolism: Approach with transesophageal echocardiography and intrapulmonary thrombolysis, 
Chest 112:1310–1316, 1997.



1024 SECTION VI Postoperative Care

 142. van der Wouw PA, Koster RW, Delemarre BJ, et al: Diagnostic accuracy of transesophageal 
echocardiography during cardiopulmonary resuscitation, J Am Coll Cardiol 30:780–783, 1997.

 143. Cicek S, Demirilic U, Kuralay E, et al: Transesophageal echocardiography in cardiac surgical 
emergencies, J Card Surg 10:236–244, 1995.

 144. Wake PJ, Ali M, Carroll J, et al: Clinical and echocardiographic diagnoses disagree in patients with 
unexplained hemodynamic instability after cardiac surgery, Can J Anaesth 48:778–783, 2001.

 145. Tousignant CP, Walsh F, Mazer CD: The use of transesophageal echocardiography for preload 
assessment in critically ill patients, Anesth Analg 90:351–355, 2000.

 146. Swenson JD, Bull D, Stringham J: Subjective assessment of left ventricular preload using 
transesophageal echocardiography: Corresponding pulmonary artery occlusion pressures,  
J Cardiothorac Vasc Anesth 15:580–583, 2001.

 147. Fontes ML, Bellows W, Ngo L, et al: Assessment of ventricular function in critically ill patients: 
Limitations of pulmonary artery catheterization. Institutions of the McSPI Research Group,  
J Cardiothorac Vasc Anesth 13:521–527, 1999.

 148. Schwinn DA, Leone BJ, Spahn DR, et al: Desensitization of myocardial beta-adrenergic receptors 
during cardiopulmonary bypass. Evidence for early uncoupling and late downregulation, Circulation 
84:2559–2567, 1991.

 149. Royster RL, Butterworth JFt, Prielipp RC, et al: Combined inotropic effects of amrinone and 
epinephrine after cardiopulmonary bypass in humans, Anesth Analg 77:662–672, 1993.

 150. Tokmakoglu H, Farsak B, Gunaydin S, et al: Effectiveness of intraaortic balloon pumping in patients 
who were not able to be weaned from cardiopulmonary bypass after coronary artery bypass surgery 
and mortality predictors in the perioperative and early postoperative period, Anadolu Kardiyol Derg 
3:124–128, 2003.

 151. Marra C, De Santo LS, Amarelli C, et al: Coronary artery bypass grafting in patients with severe left 
ventricular dysfunction: A prospective randomized study on the timing of perioperative intraaortic 
balloon pump support, Int J Artif Organs 25:141–146, 2002.

 152. Christenson JT, Badel P, Simonet F, et al: Preoperative intraaortic balloon pump enhances cardiac 
performance and improves the outcome of redo CABG, Ann Thorac Surg 64:1237–1244, 1997.

 153. Christenson JT, Simonet F, Badel P, et al: Optimal timing of preoperative intraaortic balloon pump 
support in high-risk coronary patients, Ann Thorac Surg 68:934–939, 1999.

 154. Christenson JT, Schmuziger M, Simonet F: Effective surgical management of high-risk coronary 
patients using preoperative intra-aortic balloon counterpulsation therapy, Cardiovasc Surg 9:383–390, 
2001.

 155. Torchiana DF, Hirsch G, Buckley MJ, et al: Intraaortic balloon pumping for cardiac support: Trends 
in practice and outcome, 1968 to 1995, J Thorac Cardiovasc Surg 113:758–764, 1997 discussion 
764–769.

 156. Castelli P, Condemi A, Munari M, et al: Intra-aortic balloon counterpulsation: Outcome in cardiac 
surgical patients, J Cardiothorac Vasc Anesth 15:700–703, 2001.

 157. Sirivella S, Gielchinsky I, Parsonnet V: Angiotensin converting enzyme inhibitor therapy in severe 
postcardiotomy dysfunction: A prospective randomized study, J Card Surg 13:11–17, 1998.

 158. Haddad F, Couture P, Tousignant C, et al: The right ventricle in cardiac surgery, a perioperative 
perspective: II. Pathophysiology, clinical importance, and management, Anesth Analg 108:422–433, 
2009.

 159. Haddad F, Couture P, Tousignant C, et al: The right ventricle in cardiac surgery, a perioperative 
perspective: I. Anatomy, physiology, and assessment, Anesth Analg 108:407–421, 2009.

 160. Haddad F, Doyle R, Murphy DJ, et al: Right ventricular function in cardiovascular disease, part 
II: Pathophysiology, clinical importance, and management of right ventricular failure, Circulation 
117:1717–1731, 2008.

 161. Haddad F, Hunt SA, Rosenthal DN, et al: Right ventricular function in cardiovascular disease, part I: 
Anatomy, physiology, aging, and functional assessment of the right ventricle, Circulation 117:1436–
1448, 2008.

 162. Cecconi M, Johnston E, Rhodes A: What role does the right side of the heart play in circulation? Crit 
Care 10(Suppl 3):S5, 2006.

 163. Abrahamov D, Tamariz M, Fremes S, et al: Renal dysfunction after cardiac surgery, Can J Cardiol 
17:565–570, 2001.

 164. Wijeysundera DN, Rao V, Beattie WS, et al: Evaluating surrogate measures of renal dysfunction after 
cardiac surgery, Anesth Analg 96:1265–1273, 2003 table of contents.

 165. Wang F, Dupuis JY, Nathan H, et al: An analysis of the association between preoperative renal 
dysfunction and outcome in cardiac surgery: Estimated creatinine clearance or plasma creatinine 
level as measures of renal function, Chest 124:1852–1862, 2003.

 166. Kellum JA: The use of diuretics and dopamine in acute renal failure: A systematic review of the 
evidence, Crit Care 1:53–59, 1997.

 167. Landoni G, Biondi-Zoccai GG, Tumlin JA, et al: Beneficial impact of fenoldopam in critically ill 
patients with or at risk for acute renal failure: A meta-analysis of randomized clinical trials, Am J 
Kidney Dis 49:56–68, 2007.

 168. Mehta RL, Pascual MT, Soroko S, et al: Diuretics, mortality, and nonrecovery of renal function in 
acute renal failure, JAMA 288:2547–2553, 2002.

 169. Kellum JA, Angus DC, Johnson JP, et al: Continuous versus intermittent renal replacement therapy:  
A meta-analysis, Intensive Care Med 28:29–37, 2002.

 170. Adabag AS, Ishani A, Bloomfield HE, et al: Efficacy of N-acetylcysteine in preventing renal injury 
after heart surgery: A systematic review of randomized trials, Eur Heart J 30:1910–1917, 2009.

 171. Naughton F, Wijeysundera D, Karkouti K, et al: N-acetylcysteine to reduce renal failure after cardiac 
surgery: A systematic review and meta-analysis, Can J Anaesth 55:827–835, 2008.

 172. Misra D, Leibowitz K, Gowda RM, et al: Role of N-acetylcysteine in prevention of contrast-induced 
nephropathy after cardiovascular procedures: A meta-analysis, Clin Cardiol 27:607–610, 2004.

 173. Yusuf S, Zucker D, Peduzzi P, et al: Effect of coronary artery bypass graft surgery on survival: 
Overview of 10-year results from randomised trials by the Coronary Artery Bypass Graft Surgery 
Trialists Collaboration, Lancet 344:563–570, 1994.

 174. BARI: Comparison of coronary bypass surgery with angioplasty in patients with multivessel 
disease. The Bypass Angioplasty Revascularization Investigation (BARI) Investigators, N Engl J Med 
335:217–225, 1996.

 175. Carrie D, Elbaz M, Puel J, et al: Five-year outcome after coronary angioplasty versus bypass surgery 
in multivessel coronary artery disease: Results from the French Monocentric Study, Circulation 
96:II-1–II-6, 1997.

 176. Hamm CW, Reimers J, Ischinger T, et al: A randomized study of coronary angioplasty compared 
with bypass surgery in patients with symptomatic multivessel coronary disease. German Angioplasty 
Bypass Surgery Investigation (GABI), N Engl J Med 331:1037–1043, 1994.

 177. Hoffman SN, TenBrook JA, Wolf MP, et al: A meta-analysis of randomized controlled trials comparing 
coronary artery bypass graft with percutaneous transluminal coronary angioplasty: One- to eight-
year outcomes, J Am Coll Cardiol 41:1293–1304, 2003.

 178. Goy JJ, Eeckhout E, Moret C, et al: Five-year outcome in patients with isolated proximal left anterior 
descending coronary artery stenosis treated by angioplasty or left internal mammary artery grafting. 
A prospective trial, Circulation 99:3255–3259, 1999.

 179. Rodriguez A, Bernardi V, Navia J, et al: Argentine Randomized Study: Coronary Angioplasty with 
Stenting versus Coronary Bypass Surgery in patients with Multiple-Vessel Disease (ERACI II): 30-day 
and one-year follow-up results. ERACI II Investigators, J Am Coll Cardiol 37:51–58, 2001.

 180. Serruys PW, Unger F, Sousa JE, et al: Comparison of coronary-artery bypass surgery and stenting for 
the treatment of multivessel disease, N Engl J Med 344:1117–1124, 2001.

 181. Legrand VM, Serruys PW, Unger F, et al: Three-year outcome after coronary stenting versus bypass 
surgery for the treatment of multivessel disease, Circulation 109:1114–1120, 2004.

 182. SOS: Coronary artery bypass surgery versus percutaneous coronary intervention with stent 
implantation in patients with multivessel coronary artery disease (the Stent or Surgery trial): 
A randomised controlled trial, Lancet 360:965–970, 2002.

 183. Bainbridge D, Cheng D, Martin J, et al: Does off-pump or minimally invasive coronary artery 
bypass reduce mortality, morbidity, and resource utilization when compared with percutaneous 
coronary intervention? A meta-analysis of randomized trials, J Thorac Cardiovasc Surg 133: 
623–631, 2007.

 184. D'Ancona G, Karamanoukian H, Kawaguchi AT, et al: Myocardial revascularization of the beating 
heart in high-risk patients, J Card Surg 16:132–139, 2001.

 185. Hoff SJ, Ball SK, Coltharp WH, et al: Coronary artery bypass in patients 80 years and over: Is   
off-pump the operation of choice? Ann Thorac Surg 74:S1340–S1343, 2002.

 186. Yokoyama T, Baumgartner FJ, Gheissari A, et al: Off-pump versus on-pump coronary bypass in high-
risk subgroups, Ann Thorac Surg 70:1546–1550, 2000.

 187. Lee JD, Lee SJ, Tsushima WT, et al: Benefits of off-pump bypass on neurologic and clinical morbidity: 
A prospective randomized trial, Ann Thorac Surg 76:18–26, 2003.

 188. Puskas J, Sharoni E, Williams W, et al: Is routine use of temporary epicardial pacing wires necessary 
after either OPCAB or conventional CABG/CPB? Heart Surg Forum 6(Suppl 1):s47, 2003.

 189. Angelini GD, Taylor FC, Reeves BC, et al: Early and midterm outcome after off-pump and on-pump 
surgery in Beating Heart Against Cardioplegic Arrest Studies (BHACAS 1 and 2): A pooled analysis 
of two randomised controlled trials, Lancet 359:1194–1199, 2002.

 190. Khan NE, De Souza A, Mister R, et al: A randomized comparison of off-pump and on-pump 
multivessel coronary-artery bypass surgery, N Engl J Med 350:21–28, 2004.

 191. Cheng DC, Bainbridge D, Martin JE, et al: Does off-pump coronary artery bypass reduce mortality, 
morbidity, and resource utilization when compared with conventional coronary artery bypass? 
A meta-analysis of randomized trials, Anesthesiology 102:188–203, 2005.

 192. Shroyer AL, Grover FL, Hattler B, et al: On-pump versus off-pump coronary-artery bypass surgery, 
N Engl J Med 361:1827–1837, 2009.

 193. Puskas JD, Williams WH, Mahoney EM, et al: Off-pump vs conventional coronary artery bypass 
grafting: Early and 1-year graft patency, cost, and quality-of-life outcomes: A randomized trial, JAMA 
291:1841–1849, 2004.



34

1025

JERROLD H. LEVY, MD, FAHA | JAMES G. RAMSAY, MD | KENICHI TANAKA, MD, MSC |  
JAMES M. BAILEY, MD, PHD

Postoperative Cardiovascular 
Management

34

Postoperative cardiovascular dysfunction is increasingly common 
as older and potentially more critically ill patients undergo cardiac 
 surgery. Biventricular dysfunction and circulatory changes occur after 
cardiopulmonary bypass (CPB) but also can occur in patients under-
going off-pump surgery. Pharmacologic therapy with suitable moni-
toring and mechanical support may be necessary for patients in the 
postoperative period until ventricular or circulatory dysfunction 
improves. This chapter reviews management considerations of postop-
erative  circulatory failure.

OXYGEN TRANSPORT
Maintaining oxygen transport (i.e., oxygen delivery [Do

2
]) satisfac-

tory to meet the tissue metabolic needs is the goal of postoperative 
circulatory control. Oxygen transport is the product of cardiac output 
(CO) times arterial content of oxygen (Cao

2
; i.e., hemoglobin con-

centration × 1.34 mL oxygen per 1 g hemoglobin × oxygen satura-
tion), and it can be affected in many ways by the cardiovascular and 
respiratory systems, as shown in Figure 34-1. Low CO, anemia from 
blood loss, and pulmonary disease can decrease Do

2
. Before altering 

the determinants of CO, including the inotropic state of the ventricles, 
an acceptable hemoglobin concentration and adequate oxygen satura-
tion (Sao

2
) should be provided, enabling increases in CO to provide 

the maximum available Do
2
. As hemoglobin concentration increases, 

so does blood viscosity and, therefore, the work of the heart to eject 
the blood. In normal hearts (e.g., athletes), increasing hemoglobin 
levels to supranormal will increase performance, suggesting that in 
this setting the increased viscosity is less important than the increase 
in oxygen- carrying capacity.1 This has not been examined in patients 
with cardiac disease. Model analysis of data from animal investiga-
tions suggests that maintenance of the hematocrit between 30% and 
33% provides the best balance between oxygen-carrying capacity and 
viscosity.2 This analysis also suggests that, in ischemic states, a hema-
tocrit in this range may be desirable. Patients needing continued ino-
tropic or mechanical  support of ventricular function beyond the first 
few postoperative hours,  especially those in need of intravascular vol-
ume expansion, should  probably be transfused to a hematocrit in this 

KEY POINTS

 1. Maintaining oxygen transport and oxygen 
delivery appropriately to meet the tissue 
metabolic needs is the goal of postoperative 
circulatory control.

 2. Multiple parameters of cardiac function worsen 
after cardiac surgery. Therapeutic approaches 
to reversing this dysfunction are important.

 3. Myocardial ischemia often occurs after surgery, 
and it is associated with adverse cardiac 
outcomes. Multiple strategies have been 
studied to reduce this complication.

 4. Postoperative biventricular dysfunction is 
common, requiring interventions to optimize 
the heart rate and rhythm, provide an 
acceptable preload, and adjust afterload and 
contractility. In most patients, pharmacologic 
interventions can be weaned rapidly or stopped 
within the first 24 hours after surgery.

 5. Supraventricular tachyarrhythmias are common 
in the first postoperative days, with atrial 
fibrillation predominating. Preoperative and 
immediate postoperative pharmacotherapy can 
reduce the incidence and slow the ventricular 
response.

 6. Postoperative hypertension has been a 
common complication of cardiac surgery; newer 
vasodilator drugs are more arterial selective 
and allow greater circulatory stability than older 
nonselective drugs.

 7. Catecholamines, phosphodiesterase inhibitors, 
and the calcium sensitizer levosimendan have 
been studied for treating biventricular dysfunction.

 8. Phosphodiesterase inhibitors and levosimendan 
are clinically effective inodilators. Natriuretic 
peptides such as nesiritide also may have a role 
as a vasodilator to improve cardiac output in 
this setting.

 9. A prolonged bypass run may cause a refractory 
vasodilated state (“vasoplegia”) requiring 
combinations of pressors such as norepinephrine 
and vasopressin.

10. Positive-pressure ventilation has multiple effects 
on the cardiovascular system, with complex 
interactions that should be considered in 
patients after cardiac surgery.

Oxygen
transport = Cardiac

output
Hemoglobin

concentration
Oxygen

saturation

Anemia

Rate
Rhythm
Preload
Afterload
Contractility

Hypoventilation
V/Q mismatch
Intrapulmonary
  shunt
Low mixed venous
  saturation  shunt

Figure 34-1 Important factors that contribute to abnormal oxygen 
transport.
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range, bearing in mind that blood transfusion has been associated 
with decreased organ function and increased mortality in critically 
ill patients. A randomized trial suggested a transfusion threshold of 
7 g, rather than 9 g, was associated with at least equivalent outcomes 
in critically ill patients who did not have acute myocardial infarction 
(MI) or unstable angina.3–5 Neither of these studies identified cohorts 
of patients who had undergone cardiac surgery. Wu et al5 found trans-
fusion for a hematocrit of 30% or lower in elderly patients with acute 
MI was associated with  better outcome. This study supports the con-
cept that this is the desirable hematocrit, especially in elderly cardiac 
surgery patients or those experiencing a complicated course.

Hypoxemia from any cause reduces Do
2
, and acceptable arterial oxy-

genation (Pao
2
) may be achieved with the use of an increased inspired 

oxygen concentration (Fio
2
) or positive end-expiratory pressure 

(PEEP) in the ventilated patient. Use of PEEP or continuous positive 
airway pressure in the spontaneously breathing patient may improve 
Pao

2
 by reducing intrapulmonary shunt; however, venous return may 

be reduced, causing a decrease in CO, with DO
2
 decreased despite an 

increased Pao
2
 (Figure 34-2).6 It is important to measure CO as PEEP 

is applied. Intravascular volume expansion may be used to offset this 
damaging effect of PEEP7 (see Chapter 35).

In patients with marginal arterial oxygenation, pulmonary function 
must be monitored closely to allow prompt therapy to be undertaken 

for abnormalities. Measurements of airway resistance and  respiratory 
 system compliance should be made. When resistance is increased, treat-
ment of bronchospasm may improve the Pao

2
 and CO, because decreases 

in intrathoracic pressure improve venous return. Treatment of lung over-
inflation may decrease pulmonary vascular resistance (PVR), benefiting 
right ventricular (RV) function.8 If compliance is decreased, applica-
tion of PEEP or continuous positive airway pressure may help promote 
 re-expansion of atelectatic areas and move the tidal volume to a more 
compliant section of the pressure-volume relation of the respiratory 
 system9 (Figure 34-3). This will reduce the work expended by the patient 
during spontaneous efforts and may reduce PVR10 (see Chapter 35).

Unexplained hypoxemia may be caused by right-to-left intracar-
diac shunting, most commonly by a patent foramen ovale. This is most 
likely to occur when right-sided pressures are abnormally increased; an 
example is the use of high levels of PEEP.11 If suspected, echocardiogra-
phy should be performed, and therapy to reduce right-sided pressures 
should be initiated.

Patients with pulmonary disease may experience dramatic wors-
ening of oxygenation when vasodilator therapy is started because of 
release of hypoxic pulmonary vasoconstriction in areas of diseased 
lung.12 Although CO may be increased, the worsening in Cao

2
 will 

result in a decrease in Do
2
. Reduced dosage of direct-acting vasodila-

tors or trials of different agents may be indicated.
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Figure 34-2 Mean values ± standard error of the mean of arterial oxy-
gen tension (Pao2), intrapulmonary shunt (QS/QT), total static compliance, 
and oxygen transport, measured at the level of positive end-expiratory 
pressure (PEEP), resulting in maximum oxygen transport (“best PEEP”) 
compared with values obtained at 3 and 6 cm H2O of PEEP above and 
below that level in 15 patients with acute respiratory failure. *P < 5.005 
versus the value at best PEEP. (From Suter PM, Fairley HB, Isenbery MD: 
Optimum end-expiratory pressure in patients with acute pulmonary 
 failure. N Engl J Med 292:284, 1975.)
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Figure 34-3 Pressure-volume diagram of elastic and resistive 
 (nonelastic) work done on noncompliant lungs. Breathing at ambient 
airway pressure and low lung volume (by T tube) (I) versus breathing with 
continuous positive airway pressure (CPAP) at increased lung volume (II). 
Solid line BCHJ is the elastic pressure-volume curve for the lung, deter-
mined by measuring transpulmonary pressures at the instant of zero 
flow. Hatched areas represent nonelastic work (BIC and HI J), whereas 
elastic work is represented by BCD and HJK. With CPAP, both types of 
work are reduced. Without CPAP, the area ABDF is additional elastic 
work partly done by the patient and partly by elastic recoil of the chest 
wall, whereas with CPAP, the additional work represented by MHKL is 
mostly done by the CPAP system. (From Katz JA, Marks JD: Inspiratory 
work with and without continuous positive airway pressure in patients 
with acute respiratory failure. Anesthesiology 63:598, 1985.)
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When Do
2
 cannot be increased to an acceptable level as judged by 

decreased organ function or development of lactic acidemia, measures 
to decrease oxygen consumption (Vo

2
) may be taken while awaiting 

improvement in cardiac or pulmonary function. For example, sedation 
and paralysis may buy time to allow reversible postoperative myocar-
dial dysfunction to improve.

TEMPERATURE
Patients often are admitted to the intensive care unit (ICU) after 
 cardiac surgery with core temperatures less than 35°  C, especially after 
off-pump cardiac surgery. The typical pattern of temperature change 
during and after cardiac surgery and the hemodynamic outcomes are 
illustrated in Figure 34-4. Decreases in temperature after CPB occur, 
in part, because of redistribution of heat within the body and because 
of heat loss. Noback and Tinker13 found that administration of nitrop-
russide and the use of high flows (> 2.2 L/min/m2) during rewarming 
on CPB could improve the uniformity of rewarming and reduce this 
afterdrop from 4°  C to about 2°  C. Monitoring of body sites other than 
the blood and brain (e.g., urinary bladder, tympanic membrane tem-
peratures) can help provide more complete rewarming, but the body 
temperature usually declines after bypass, especially when difficulties 
are encountered and the chest remains open for an extended period, 
and some degree of hypothermia is an almost unavoidable result.14,15 
Intraoperative use of newer forced air warming blankets or cutane-
ous gel pads16 can help reduce the temperature loss during and after 
surgery.

The normal thermoregulatory and metabolic responses to hypo-
thermia remain intact after cardiac surgery, resulting in peripheral 
vasoconstriction that contributes to the hypertension commonly 
seen early in the ICU.17 As temperature decreases, CO is decreased 
because of bradycardia, whereas oxygen consumed per beat is actually 
increased.18 Coagulation, platelet, and immune functions are impaired 
by hypothermia to potentiate postoperative bleeding and infec-
tion.19–21 Other adverse consequences of postoperative hypothermia 

are large increases in Vo
2
 and CO

2
 production during rewarming.22 

When patients  cannot increase CO (i.e., O
2
 delivery), the effects of this 

large increase in Vo
2
 include mixed venous desaturation and meta-

bolic acidosis. Unless end-tidal carbon dioxide is monitored or arterial 
blood gases are analyzed often to show the increased CO

2
 production 

and guide increases in ventilation, hypercarbia will occur, causing cat-
echolamine release, tachycardia, and pulmonary hypertension.23 These 
effects of rewarming are most intense when patients shiver.24 Shivering 
may be treated effectively with meperidine, which lowers the thresh-
old for shivering. Muscle relaxation may provide more stable hemo-
dynamics than meperidine but needs accompanying sedation to avoid 
having an awake and paralyzed patient.25,26

As the temperature increases, usually to about 36°  C, the vasocon-
striction and hypertension are replaced by vasodilation, tachycardia, 
and hypotension, even without hypercarbia. Often, over minutes, a 
patient who needs vasodilators for hypertension transforms into one 
requiring vasopressors or large volumes of fluid for hypotension. 
Volume loading during the rewarming period can help to reduce the 
rapid swings in blood pressure (BP) that may occur. It is important to 
recognize when these changes result from changes in body temperature 
to avoid attributing them to other processes that may call for different 
therapy.

ASSESSMENT OF THE CIRCULATION
Physical Examination

Surgical dressings, chest tubes attached to suction, fluid in the medi-
astinum and pleural spaces, peripheral edema, and temperature gradi-
ents can distort or mask information obtained by the classic techniques 
of inspection, palpation, and auscultation in the postoperative period. 
However, the physician should not be deterred from applying these 
basic techniques in view of the potential benefit. Physical examination 
may be of great value in diagnosing gross or acute pathology, such as 
pneumothorax, hemothorax, or acute valvular insufficiency, but it is 
of limited value in diagnosing and managing ventricular failure. For 
example, in the critical care setting, experienced clinicians (e.g., inter-
nists) using only physical findings often misjudge cardiac filling pres-
sures by a large margin.27 Low CO, in particular, is not consistently 
recognized by clinical signs, and systemic BP does not correlate with 
CO after  cardiac surgery. Oliguria and metabolic acidosis, classic indi-
cators of a low CO, are not always reliable because of the polyuria induced 
by hypothermia, oxygen debts induced during CPB causing acidosis, 
and medications or fluids given during or immediately after bypass.28

Although clinicians are taught that the adequacy of CO can be 
assessed by the quality of the pulses, capillary refill, and peripheral tem-
perature, there is no relationship between these indicators of periph-
eral perfusion and CO or calculated systemic vascular resistance (SVR) 
in the postoperative period.29 By the first postoperative day, there is a 
crude correlation between peripheral temperature and cardiac index 
(CI; r = −0.60). Many patients arrive in the ICU in a hypothermic state, 
and residual anesthetic agents can decrease the threshold for peripheral 
vasoconstriction in response to this condition.30 A patient's extremities 
may therefore remain warm despite a hypothermic core or a decreas-
ing CO. Even after temperature stabilization on the first postoperative 
day, the relation between peripheral perfusion and CO is too crude to 
be used for hemodynamic management.

Invasive Monitoring
Concepts regarding invasive monitoring with a pulmonary artery cath-
eter (PAC) have been revolutionized in the past decade because of  several 
 studies in a variety of settings that fail to show a benefit from its use. 
In addition, there is a poor relation between filling pressures and end-
 diastolic volume, stroke volume (SV), or volume responsiveness. A recent 
review of patients admitted to medical ICUs in the United States demon-
strated a reduction of more than 40% in PAC use in the 10 years before 
2004.31 The same trend was evident in surgical patients, including those 
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Figure 34-4 Nasopharyngeal temperature during and after cardiac 
surgery. (1) Core (i.e., blood) cooling on cardiopulmonary bypass (CPB). 
(2) Core warming on CPB. (3) Afterdrop in temperature (T) after separa-
tion from CPB. (4) Rewarming after admission to the intensive care unit 
(ICU). Systemic vascular resistance (SVR) is increased, and carbon diox-
ide production (Vco2) and oxygen consumption (Vo2) are decreased on 
admission to the ICU because of residual hypothermia. During rapid 
rewarming, SVR decreases and Vco2 and Vo2 increase, which can cause 
marked cardiac and ventilatory instability. OR, operating room. (From 
Sladen RN: Management of the adult cardiac patient in the intensive care 
unit. In Ream AK, Fogdall RP [eds]: Acute Cardiovascular Management: 
Anesthesia and Intensive Care. Philadelphia, JB Lippincott, 1982, 
p 495.)
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undergoing cardiac surgery. The PAC rarely is used in cardiac surgery 
patients in many other countries. Greater availability of high-quality bed-
side echocardiography, often performed by intensivists, has made this 
modality a technique of choice in the postoperative period. Measures of 
volume responsiveness in mechanically ventilated patients, such as pulse 
pressure or SV variability (from arterial waveform analysis devices), are 
widely recognized as more sensitive and  specific indicators of the need for 
intravascular volume expansion than filling pressures.32

Despite the lack of a proven benefit with PAC use, many patients 
in North America continue to have this monitor placed for cardiac 
 surgery. Cardiac anesthesiologists believe the lack of evidence about 
the PAC may reflect the lack of a well-designed randomized trial. There 
are no such trials in cardiac surgery patients, probably attesting to the 
reluctance of cardiac surgeons and anesthesiologists to manage their 
patients without what they consider to be important information. After 
surgery, many cardiac surgical centers do not have in-house physicians, 
and surgeons believe the “objective” PAC data obtained over telephone 
are valuable. As less invasive tools such as echocardiography or arterial 
waveform analysis devices become better known and available, it seems 
likely that PAC use will diminish in cardiac surgery patients.

Specialized PACs have been developed that permit continuous mixed 
venous oxygen saturation (SVo

2
) monitoring, continuous CO measure-

ment, calculation of RV volumes and ejection fraction, or have either 
imbedded electrodes or channels to pass atrial or ventricular  pacing 
wires. The ability to pace through a PAC is particularly valuable in patients 
undergoing “minimally invasive” procedures in which the  surgeon does 
not have adequate access to the heart to place epicardial leads. The 
Svo

2
 catheter helps evaluate the adequacy of Do

2
 and allows continu-

ous assessment of the response to therapy, which may affect Do
2
 or V

o
2
 (e.g., PEEP therapy). The trend in the Svo

2
 may function as an early 

warning signal of worsening in the oxygen supply/demand relation as 
Do

2
 declines or VO

2
 increases. In the postoperative period, the Svo

2
 does 

not correlate with CO because the latter is only one of the factors in 
the oxygen supply/demand relation.33 On the continuous CO catheter, a 
wire coil warms the blood, passing by it at time intervals determined by 
an algorithm, and the measured changes in temperature at the tip of the 
catheter are used to provide a continuous display of the CO. Although 
the CO displayed needs gathering of information over several minutes 
and is therefore not as quick as conventional thermodilution, and it 
does not provide beat-to-beat SV, it avoids having to give injected vol-
umes to the patient (which can add up to a significant amount every  
24 hours) and provides trends that may give earlier warning than inter-
mittent injections. The “volumetric” PAC-computer system (REF-1; 
Edwards Lifesciences, Irvine, CA) uses a high- sensitivity thermistor to 
permit calculation of accurate right-sided volumes34 (see Chapter 14).

Echocardiography
Echocardiography is the technique of choice for acute assessment of 
cardiac function. Just as transesophageal echocardiography (TEE) has 
become essential for intraoperative management in various conditions, 
several studies document its utility in the postoperative period in the 
presence and absence of the PAC.35–38 It provides information that may 
lead to urgent surgery or prevent unnecessary surgery, gives important 
information about cardiac preload, and can detect acute structural and 
functional abnormalities. Although transthoracic echocardiography 
can be performed more rapidly in this setting, satisfactory images can 
be obtained only in about 50% of patients in the ICU39 (see Chapters 
11 to 14).

POSTOPERATIVE MYOCARDIAL 
DYSFUNCTION
Studies using hemodynamic, nuclear scanning, and metabolic tech-
niques have documented worsening in cardiac function after coronary 
artery bypass grafting (CABG) surgery.40–53 Although improvements 
in myocardial protection, surgical techniques, and operative care 

have been reported, similar incidences of early biventricular dysfunc-
tion (90%) were reported between 1979 and 1990. All of these stud-
ies showed significant declines in left ventricular (LV) or biventricular 
(when measured) function in the first postoperative hours, with grad-
ual return to preoperative values by 8 to 24 hours. In one study, this 
decline was evident in only half the patients44; but in the other studies, 
more than 90% of patients showed at least a transient decrease in func-
tion. Decreased ventricular performance at normal or increased filling 
pressures occurs, suggesting decreased contractility. Similarly, “flat-
tening” of the ventricular function curves is usually obvious, suggest-
ing that preload expansion much greater than 10 mm Hg for CVP or 
12 mm Hg for pulmonary capillary wedge pressure is of little benefit. 
In the classic study by Mangano,45 patients with an LV ejection fraction 
of less than 0.45 or ventricular dyssynergy showed more marked and 
prolonged dysfunction than did those patients with normal ventricles.

Satisfactory myocardial protection is important to prevent postop-
erative dysfunction. In off-pump surgery, the idea is to preserve coro-
nary perfusion; but during mechanical manipulation, changes in CO 
and BP can occur. For CABG with CPB, most surgeons use some com-
bination of hypothermia and crystalloid or blood cardioplegia to arrest 
the heart and reduce its metabolism. Although there is little consensus 
that any one technique is preferable in all circumstances, cold inter-
mittent crystalloid cardioplegia with systemic hypothermia is the most 
widely used technique clinically and in the reported studies. Salerno 
et al54 recommended continuous, warm, retrograde blood cardioplegia 
without systemic hypothermia. Mullen et al50 suggested that blood car-
dioplegia had at least short-term benefit with less myocardial damage 
and better function; however, other studies of blood cardioplegia have 
showed mixed results47–52 (see Chapters 28 and 29).

Other proposed factors that contribute to postoperative ventricular 
dysfunction include myocardial ischemia,55 residual hypothermia,46,47 
preoperative medications such as -adrenergic antagonists,53 and isch-
emia/reperfusion injury (Box 34-1). Inflammatory cell activation from 
cytokine generation, upregulation of neutrophil adhesion molecules 
with neutrophil activation, oxygen free radical formation, and lipoper-
oxidation after ischemia/reperfusion injury may be important path-
ways accounting for the dysfunction. Multiple studies have showed 
the importance of limiting myocardial ischemia/reperfusion injury.56,57 
Breisblatt et al40 observed the timing of ventricular dysfunction, and 
recovery after CPB for CABG was similar to what had been suggested 
in animal models of reperfusion injury.58–60 This nadir at 4 hours cor-
responds to the peak in cytokine levels. Cytokines can release nitric 
oxide from endothelium, which produces myocardial depression. Data 
evaluating complement inhibition with pexelizumab in improving 
outcomes represent a novel strategy61 (see Chapter 8).

POSTOPERATIVE MYOCARDIAL ISCHEMIA
Although intraoperative myocardial ischemia has been a focus, studies 
have shown that ischemia often occurs after surgery and is associated with 
adverse cardiac outcomes. Leung et al55 found the  electrocardiographic 

BOX 34-1. RISK FACTORS FOR LOW 
CARDIAC OUTPUT SYNDROME AFTER 
CARDIOPULMONARY BYPASS
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(ECG) and segmental wall motion abnormality evidence of ischemia 
early after surgery in up to 40% of patients undergoing CABG sur-
gery. Postbypass segmental wall motion abnormalities were signifi-
cantly associated with adverse outcomes (e.g., MI, death; Figure 34-5). 
Surprisingly, these abnormalities most often appeared in the regions of 
the heart that had been revascularized. Hemodynamic changes rarely 
preceded ischemia; however, postoperative heart rates (HRs) were, as 
reported in other studies,  significantly greater than intraoperative or 
preoperative values. Jain et al62 found major ECG changes in the 8 hours 
after cross-clamp release in 58% of CABG patients, and these changes 
were independent predictors of perioperative MI. Whether such changes 
occur because of surgery-reperfusion or events after CPB is not known. 
These findings do suggest that monitoring for ischemia must continue 
after revascularization. It may be that early recognition and treatment of 
ischemia or prophylactic medication can help prevent or reduce myo-
cardial ischemia and dysfunction occurring after CABG surgery (see 
Chapters 6, 10, 12, 15, and 18).

Early recovery, or fast-tracking, of the cardiac surgical patient has led 
to some concern that ischemia will occur as patients awaken early after 
surgery in pain, especially because Mangano et al63 showed that seda-
tion with a sufentanil infusion could reduce ischemia in this period. 
A randomized study by Cheng et al64 dispelled this concern because 
awakening and extubation within 6 hours of CABG were not associ-
ated with more CK-MB (isoenzyme of creatine kinase with muscle and 
brain subunits) release or ECG changes than overnight ventilation. 
Wahr et al65 showed that even with the use of propofol sedation, hemo-
dynamic episodes (significant changes in HR and BP) were common 
in the 12 hours after surgery, and ST-segment changes occurred in 12% 
to 13% of patients.

THERAPEUTIC INTERVENTIONS
Therapeutic interventions for postoperative biventricular dysfunction 
include the standard concerns of managing low CO states by control-
ling the HR and rhythm, providing an acceptable preload, and adjusting 
afterload and contractility. In most patients, pharmacologic interven-
tions can be rapidly weaned or stopped within the first 24 hours after 
surgery.

Postoperative Arrhythmias
Patients with preoperative or newly acquired noncompliant ventri-
cles need a correctly timed atrial contraction to provide satisfactory 
 ventricular filling, especially when they are in sinus rhythm before sur-
gery (see Chapters 4, 5, 10, 19, and 25). Although atrial contraction 
provides around 15% to 20% of ventricular filling, this may be more 
important in postoperative patients, when ventricular dysfunction and 
reduced compliance may be present. For example, in medical patients 
with acute MI, atrial systole contributed 35% of the SV.66 The SV is 
relatively fixed in patients with ventricular dysfunction, and the HR is 
an important determinant of CO. Rate and rhythm disorders need to 
be corrected when possible, using epicardial pacing wires. Approaches 
to postoperative rate and rhythm disturbances are listed in Table 34-1. 
The use of a PAC with atrial or ventricular pacing electrodes or use of 
lumens for pacing wires can facilitate temporary pacing if epicardial 
wires are not functioning. Failing that, temporary transvenous pacing 
wires can be placed (see Chapter 25).

Later in the postoperative period (days 1 through 3), supraventricu-
lar tachyarrhythmias become a major problem, with atrial fibrillation 
(AF) predominating. The overall incidence rate is between 30% and 
40%, but with increasing age and valvular surgery, the incidence rate 
may be in excess of 60%.67 There are many reasons for this, including 
genetic factors, inadequate atrial protection during surgery, electrolyte 
abnormalities, change in atrial size with fluid shifts, epicardial inflam-
mation, stress, and irritation.68 Randomized trials of off-pump coro-
nary artery bypass have found a similar incidence of postoperative AF 
compared with on-pump CABG.69,70

Advanced age, a history of AF, and valvular heart surgery are the 
most consistently identified risk factors for AF.68 Because AF is diffi-
cult to treat and potentially increases duration and cost of hospital-
ization, there is a great interest in effective therapy and prophylaxis.67 
Many studies have showed that -blockade significantly reduces the 
incidence of postoperative AF and that withdrawal of -blockers in 
patients receiving them before surgery is an important risk factor. 
Guidelines published by the American Heart Association, American 
College of Cardiology, and North American Society of Pacing and 
Electrophysiology recommend administration of -blockers to prevent 
postoperative AF if there are no contraindications.71 Sotalol, which also 
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has some class III actions, is also effective72 and is currently available in 
the intravenous form in North America (see Chapters 4 and 10).

Several studies have examined the use of amiodarone for prophy-
laxis or treatment and report both oral and intravenous amiodarone. 
Intravenous amiodarone is most often used in clinical practice because 
“acute” loading with oral therapy often is not feasible. Two pivotal 
studies of amiodarone deserve mention.

In the PAPABEAR study, oral amiodarone (10 mg/kg daily) or 
 placebo was given 6 days before surgery through 6 days after sur-
gery (13 days).73 Atrial tachyarrhythmias occurred in fewer amio-
darone patients (48/299; 16.1%) than in placebo patients (89/302; 
29.5%) overall, in patients younger than 65 years (19 [11.2%] vs. 36 
[21.1%], in patients older than 65 years (28 [21.7%] vs. 54 [41.2%]), 
in patients who had CABG surgery only (22 [11.3%] vs. 46 [23.6%]), 
in patients who had valve replacement/repair surgery (25 [23.8%] vs. 
44 [44.1%]), in patients who received preoperative -blocker therapy 
(27 [15.3%] vs. 42 [25.0%]), and in patients who did not receive pre-
operative -blocker therapy (20 [16.3%] vs. 48 [35.8%]), respectively. 
Postoperative sustained ventricular tachyarrhythmias occurred less fre-
quently in amiodarone patients (1/299; 0.3%) than in placebo patients 
(8/302; 2.6%) (P = 0.04).73

In another study, Guarnieri et al74 evaluated 300 patients random-
ized in a double-blind fashion to intravenous amiodarone (1 g/day for 
2 days) or to placebo immediately after cardiac surgery. The primary 
end points of the trial were incidence of AF and length of hospital stay. 
AF occurred in 67 (47%) of 142 patients on placebo versus 56 (35%) 
of 158 on amiodarone (P = 0.01). Length of hospital stay for the pla-
cebo group was 8.2 ± 6.2 days, and 7.6 ± 5.9 days for the amiodarone 
group.

After AF or other supraventricular arrhythmias develop, treatment 
often is urgently needed for symptomatic relief or hemodynamic ben-
efit. The longer a patient remains in AF, the more difficult it may be to 
convert, and the greater the risk for thrombus formation and embo-
lization.68,72 Treatable underlying conditions such as electrolyte dis-
turbances or pain should be corrected while specific pharmacologic 
therapy is being instituted. Paroxysmal supraventricular tachycardia 
(uncommon in this setting) can be abolished or converted by intra-
venous adenosine, and atrial flutter can sometimes be converted by 
 overdrive atrial pacing by temporary wires placed at the time of  surgery. 
Electrical cardioversion may be necessary if hypotension is caused by 
the rapid rate; however, atrial arrhythmias recur in this setting.67 Rate 
control for AF or flutter can be achieved with various atrioventricular 

nodal blocking drugs, and conversion is facilitated by many of these 
drugs as well. Table 34-2 summarizes the various treatment modalities 
for supraventricular arrhythmias. If conversion to sinus rhythm does 
not occur, electrical cardioversion in the presence of antiarrhythmic 
drug therapy should be attempted or anticoagulation with warfarin 
started (see Chapters 4, 10, and 25).

In summary, AF is a frequent complication of cardiac surgery, but 
the incidence can be significantly reduced with suitable prophylac-
tic therapy. -Adrenergic blockers should be administered to patients 
without contraindication, and prophylactic amiodarone can be 
 considered for patients at high risk for postoperative AF. Patients who 
are poor candidates for -blockade may not tolerate sotalol, whereas 
amiodarone does not have this limitation. More studies need to be per-
formed to better assess the role of prophylactic therapy in off-pump 
cardiac surgery. After AF occurs, there is a high incidence of recurrence, 
so treatment with specific continuing pharmacologic therapy is  usually 
necessary.

Preload
The Frank-Starling law states that myocardial work increases as the 
resting length of the myocardial fiber increases.75 In vivo, this implies 
that SV will increase with increasing end-diastolic volume, although 
there is a limit at which SV reaches a plateau (and possibly decreases), 
with further increases in end-diastolic volume caused by excessive 
muscle stretch. In the normal myocardium, the Frank-Starling mecha-
nism is the most important mechanism for increasing CO, and hypo-
volemia is a common cause of decreased CO and hypotension in the 
perioperative period. Assessment of preload is probably the single most 
important clinical skill for managing hemodynamic instability. Preload 
rapidly changes in the postoperative period because of bleeding, spon-
taneous diuresis, vasodilation during warming, the effects of positive-
pressure ventilation and PEEP on venous return, capillary leak, and 
other causes.

Direct assessment of preload is clinically feasible using echocardiog-
raphy. Several studies have demonstrated a fair-to-good  correlation 
between echocardiographic and radionuclide measures of  end- diastolic 
volume, and there is a good correlation between end-diastolic area by 
TEE and SV.76–79 Although the use of echocardiography to assess pre-
load must always be tempered by the realization the clinician is view-
ing a two-dimensional image of a three-dimensional object, this is the 
most direct technique clinically available. Increased awareness of the 
value of TEE in the ICU and increased availability of echocardiography 
in  general have made this modality a first choice in acute assessment 
of preload in the setting of unexplained or refractory hypotension. 
Without echocardiography, pressure measurements are used as sur-
rogates for volume measurements. For example, in the absence of 
mitral valve disease, left atrial pressure is almost equal to LV end-
 diastolic pressure, and pulmonary artery occlusion pressure (PAOP) is 
almost equivalent to these two pressures. In patients without left atrial 
 pressure catheters, the PAOP or, when shown to be equivalent to this 
latter  number, the pulmonary artery diastolic (PA

d
) pressure is used 

(see Chapters 5 and 14).
The use of PAOP as a measure of preload may be misleading in vari-

ous settings, including after cardiac surgery, when changes in pres-
sure may not accurately reflect changes in ventricular end-diastolic 
volume. Studies by Ellis et al80 and Calvin et al81 suggest that fluid 
therapy in postoperative patients could cause a large increase in LV 
end- diastolic volume, with minimal or no change in PAOP. Mangano 
et al45,82 reported that fluid loading after CPB can uncover LV dys-
function and have also shown there is little benefit to be derived from 
exceeding a PAOP of about 12 mm Hg. Whether this is secondary to 
an open  pericardium, which allows overdistention of the left ventri-
cle, the use of PEEP causing RV distention, or other factors is unclear. 
Breisblatt et al83 evaluated changes in ventricular pressure-volume 
 relations after CABG surgery while keeping a low-to-normal PAOP (10 
to 15 mm Hg). The increase seen in LV end-diastolic volume was not  

Postoperative Rate and Rhythm Disturbances

Disturbance Usual Causes Treatments

Sinus bradycardia Preoperative/
intraoperative 

-blockade

Atrial pacing
-Agonist

Anticholinergic
Heart block (first, 

second, and third 
degree)

Ischemia
Surgical trauma

Atrioventricular 
sequential pacing

Catecholamines
Sinus tachycardia Agitation/pain Sedation/analgesia

Hypovolemia Volume administration
Catecholamines Change or stop drug

Atrial tachyarrhythmias Catecholamines Change or stop drug
Chamber distention
Electrolyte disorder 

(hypokalemia, 
hypomagnesemia)

Treat underlying cause 
(e.g., vasodilator, give 
K+/Mg2+)

May require 
synchronized 
cardioversion or 
pharmacotherapy

Ventricular tachycardia 
or fibrillation

Ischemia
Catecholamines

Cardioversion
Treat ischemia, 

may require 
pharmacotherapy

Change or stop drug

TABLE  
34-1
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significant enough to explain the degree of ventricular dysfunction they 
noted. Bouchard et al84 compared ventricular performance assessments 
from the PAC (i.e., LV stroke work index) with fractional area change 
and regional wall motion score index from TEE in 60 patients during 
and after  cardiac surgery. They found no correlation between LV stroke 
work index and fractional area change and postulated that changes in 
 ventricular compliance, loading conditions, and ventricular function 
alter the pressure-volume relation of the left ventricle in a manner that 
leads to discordant interpretations between the two techniques.

When ventricular compliance is normal and the ventricle is not 
distended, small changes in end-diastolic volume are usually accom-
panied by small changes in end-diastolic pressure. In patients with 
noncompliant ventricles from preexisting congestive heart failure 
(HF), chronic hypertrophy resulting from hypertension or valvular 
disease, postoperative MI, or ventricular dysfunction, small increases 
in ventricular volume may produce rapid increases in end-diastolic 
pressure, requiring therapeutic intervention.83–89 Increased intraven-
tricular pressure will increase myocardial oxygen demand (MVo

2
) and 

decrease subendocardial coronary blood flow.90 Myocardial ischemia 
may be the result. Increases in LV end-diastolic pressure are transmit-
ted to the pulmonary circulation, causing congestion and, possibly, 
hydrostatic pulmonary edema. Although PAOP or left atrial  pressure 
may not always show true preload, there are still good reasons to 
monitor them. The periods when patients are at particular risk for 
increases in end-diastolic pressure include awakening, endotracheal 
suctioning, and rapid-volume resuscitation. If myocardial ischemia 
or acute HF occurs, sudden increases in the end-diastolic pressure 
may result.

Many drugs may be used to reduce cardiac preload. Direct-acting 
vasodilators, especially nitroglycerin, increase venous capacitance, 
decreasing end-diastolic volume and pressure.89–91 Intravenous 
 furosemide, besides its diuretic effect, increases venous capacitance.92 

Diuretics are important to help remove the fluid that is mobilized 
in the days after surgery. In patients who may not tolerate the acute 
volume loss that is induced by the loop diuretics, a furosemide infu-
sion allows a more gradual diuresis. Such infusions have been shown 
to be effective in patients with renal dysfunction.93,94 In a patient who 
appears refractory to diuresis, it is important to evaluate the circula-
tory state. Such refractoriness may suggest that a renal insult has been 
suffered, but it may also suggest underperfusion of the kidneys. In the 
latter case, the preload must be kept at the upper range of normal and 
CO augmented.

A new agent used in treatment of acute decompensated left-heart 
 failure is recombinant B-type natriuretic peptide (nesiritide). The mech-
anism of action occurs by specific cell-surface receptors, stimulation of 
which increases levels of intracellular cyclic guanosine  monophosphate 
(cGMP). The physiologic effects are mainly vasodilation, natriuresis, 
and renin inhibition. The result is balanced vasodilation, reducing 
 preload and afterload, while simultaneously increasing SV and CO and 
promoting diuresis.95 Nesiritide has not been studied widely in the car-
diac surgery population, but it has been used anecdotally in patients 
with poor ventricular function and high filling pressures, pulmonary 
hypertension, or RV failure.96 A related drug, human atrial natriuretic 
peptide, was shown in a small, randomized trial to reduce the need for 
dialysis and to improve dialysis-free survival after complicated cardiac 
surgery.97

Angiotensin-converting enzyme (ACE) inhibitors also can cause  
venodilation and reduce preload. Alternatively, opioids or ben-
zodiazepines, or both, used to reduce endogenous catecholamine  
release, should be considered in the patient who needs mechanical 
ventilation. Morphine causes histamine release, which directly induces 
venodilation. In the patient with oliguria and renal failure who is fluid 
overloaded, peritoneal dialysis, hemodialysis, or continuous hemofil-
tration or dialysis may be needed.98,99

*See specific drug monographs for full description of indications, contraindications, and dosage. Doses are for intravenous administration; use lowest dose and administer slowly in 
patients with hemodynamic compromise.

†Verify pacer is not capturing ventricle.
‡Infusion may provide better control. This drug is less useful than diltiazem because of myocardial depression.
§Limited experience; may cause less hypotension than verapamil.
¶¶When diagnosis is unclear (ventricular vs. supraventricular) and there is no acute hemodynamic compromise (i.e., cardioversion not indicated).
¶Rate of administration depending on urgency of rate control.
**Less useful than other drugs because of slow onset and modest effect.
AV, atrioventricular; IV, intravenously; NSR, normal sinus rhythm; PAT, paroxysmal atrial tachycardia; PO, orally; PRN, as needed; SVT, supraventricular tachycardia.

Treatment Modalities for Supraventricular Arrhythmias

Treatment Specifics* Indications

Overdrive pacing by atrial wires† Requires rapid pacer (up to 800/min); start above arrhythmia  
rate and slowly decrease

PAT, atrial flutter

Adenosine Bolus dose of 6–12 mg; may cause 10 seconds of complete  
heart block

AV nodal tachycardia
Bypass-tract arrhythmia
Atrial arrhythmia diagnosis

Amiodarone 150 mg IV over 10 minutes, followed by infusion Rate control/conversion to NSR in atrial fibrillation/flutter
-Blockade Esmolol, up to 0.5 mg/kg load over 1 minute, followed by infusion 

if tolerated
Rate control/conversion to NSR in atrial fibrillation/flutter

Metoprolol, 0.5–5 mg, repeat effective dose q4-6h Rate control/conversion to NSR in atrial fibrillation/flutter
Propranolol, 0.25–1 mg; repeat effective dose q4h‡

Labetalol, 2.5–10 mg; repeat effective dose q4hr‡ Conversion of atrial fibrillation/flutter to NSR
Sotalol, 40–80 mg PO q12h Conversion of PAT to NSR

Ibutilide 1 mg over 10 minutes; may repeat after 10 minutes Rate control/conversion to NSR in atrial fibrillation/flutter
Verapamil 2.5–5 mg IV, repeated PRN‡

Diltiazem 0.2 mg/kg over 2 minutes, followed by 10–15 mg/hr§ Rate control/conversion to NSR in atrial fibrillation/flutter
Procainamide 50 mg/min up to 1 g, followed by 1–4 mg/min Rate control/conversion to NSR in atrial fibrillation/flutter

Prevention of recurrence of arrhythmias
Treatment of wide-complex tachycardias¶¶

Digoxin¶ Load of 1 mg in divided doses over 4–24 hours**; may give 
additional 0.125-mg doses 2 hours apart (3–4 doses)

Rate control/conversion to NSR in atrial fibrillation/flutter

Synchronized cardioversion 50–300 J (external); most effective with anteroposterior patches Acute tachyarrhythmia with hemodynamic compromise 
(usually atrial fibrillation or flutter)

TABLE  
34-2
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Contractility
Contractility is a well-defined concept in vitro, where it can be mea-
sured by the velocity of shortening of isolated muscle strips. However, 
it has been more complex to quantify the contractility of the intact 
heart because it has been difficult to find a variable to measure contrac-
tility that is also independent of preload and afterload. The pioneering 
work of Suga and Sagawa100,101 has shown that contractility can be mea-
sured by the end-systolic elastance of the ventricle, defined as

in which P
ES

 is the end-systolic pressure, V
ES

 is the end-systolic  volume, 
and V

0
 is a dead-space term. E

ES
 is strictly determined by evaluating 

 ventricular pressure-volume loops for different preloads or after-
loads and by defining end-systole as the point in time at which the 
time-varying elastance is maximal.102 The slope of the line connect-
ing the points at end-systole is E

ES
. This parameter varies with changes 

in inotropic state but is nearly independent of preload and afterload. 
Routine measurement of end-systolic elastance is not clinically feasible. 
However, consideration of the above definition underscores the util-
ity of TEE for the qualitative evaluation of contractility in the clinical 
 setting. A decrease in contractility is manifested as some combination 
of a decrease in pressure or an increase in V

ES
 (i.e., a decrease in SV). 

End-systolic volume can be estimated using TEE. A large V
ES

 (implying 
a low ejection fraction) with a low or normal BP suggests a low value 
for E

ES
 and poor contractility. If BP is high, a large value of V

ES
 may 

be seen even if contractility is normal. By interpreting end-diastolic 
 volume, end-systolic volume, and ejection fraction in the context of 
BP, an assessment of contractility is possible with TEE (see Chapters 5 
and 12 to 14).

An alternative measure of contractility is the preload-recruitable 
stroke work, which is the slope of the line relating stroke work to pre-
load.103 In the operating room or ICU, it often is estimated by the extent 
of the increase in CO that accompanies an increase in preload and is 
not dependent on the availability of TEE. If preload is increased by a 
change in patient position, BP can be a surrogate for CO because it is 
unlikely that SVR will change in the short time needed for the posi-
tion change. A change in BP, therefore, is proportional to the change 
in CO.

Therapy for decreased contractility should be directed toward 
 correcting any reversible causes, such as myocardial depressants, 
 metabolic abnormalities, or myocardial ischemia. If the cause of 
depressed myocardial contractility is irreversible, positive inotropic 
agents may be necessary to keep a CO satisfactory to support organ 
function (see Chapters 5, 10, 28, and 32).

Afterload
Afterload is a concept that is well defined in vitro, where it refers to the 
added tension imposed on isolated muscle strips with contraction, but it 
is harder to define in vivo. In analogy with in vitro studies, afterload can 
be equated with ventricular wall stress, expressed as the product of cavity 
radius times transmural pressure divided by wall thickness, as described 
by the law of Laplace. However, many investigators find this definition 
unsatisfactory because it implies the heart generates its own afterload 
and because afterload would be viewed as changing during the cardiac 
cycle.104 If afterload is viewed as the external forces opposing ejection, 
possibly the best definition is the aortic input impedance, the complex 
ratio of pressure to flow, expressed in terms of magnitude, and the phase 
angle between flow and pressure for any given frequency. However, it 
has been difficult to quantitatively analyze the impact of impedance on 
overall cardiac performance (see Chapter 5). Sunagawa et al105 proposed 
a simplified theory of ventricular-vascular coupling within the frame-
work of the end-systolic pressure-volume relation. Using the definition 
of end-systolic elastance produces the following:

Equating SV with V
E
 − V

ES
 (ignoring the difference between end-

 ejection and end-systole), it is a matter of algebra to show that

This means that an increase in SV implies a decrease in P
ES.

 The inter-
pretation of this from the perspective of the heart is that the work that 
can be done is finite, and that a greater SV can only be achieved by 
decreasing the end-systolic pressure, if contractility (E

ES
) is fixed. At the 

same time, it is known that from the perspective of the vasculature, if 
the SV increases, BP increases when vascular tone does not change.

The application of an electrical law describing constant voltages 
and flows to the circulation, in which pulsatile flow is generated by a 
pump, has resulted in estimates of afterload that are questionable.104 
Although SVR is a component of impedance, it cannot be equated with 
it. The correct downstream pressure is probably not the CVP.106 There 
is instead a critical opening pressure that should be used in calculating 
SVR that is not measurable in routine clinical care.106 Clinical use of 
such calculated resistances is made complex by the relation of CO to 
body size; the normal resistance of a small patient is much higher than 
that of a large one. The use of a resistance index (i.e., using CI instead 
of CO) partly overcomes this problem, but it is not widely used.

Calculated SVR continues to be widely used in guiding therapy or 
drawing conclusions about the state of the circulation. This should 
only be done with caution, if at all. SVR is not a complete indicator 
of  afterload. Even if SVR were an accurate measure of impedance, the 
response to vasoactive agents depends on the coupling of ventricular-
vascular function, not on impedance alone. Hemodynamic  therapy 
should be guided based on the primary variables, BP and CO. If  preload 
is appropriate, low BP and low CO are treated with an inotropic drug. 
If BP is acceptable (and preload appropriate) but CO is low, a vaso-
dilator alone or in combination with an inotropic drug is used. If the 
patient is hypertensive (with low CO), vasodilators are indicated; if the 
patient is vasodilated (low BP and high CO), vasoconstrictors are used 
(Box 34-2).

POSTOPERATIVE HYPERTENSION
Hypertension has been a common complication of cardiac surgery, 
reported to occur in 30% to 80% of patients from studies in the 1970s 
when CABG was common in patients with normal ventricular func-
tion.107–109 The current population of older, sicker patients appears to 
have fewer problems with hypertension than with low-output syn-
dromes or vasodilation. Although hypertension most commonly 
occurs in patients with normal preoperative ventricular function, after 
aortic valve replacement, or a prior history, any patient may experience 
development of hypertension. Multiple reasons contribute to postop-
erative hypertension, including preoperative hypertension, preexisting 
atherosclerotic vascular disease, awakening from general anesthe-
sia, increases in endogenous catecholamines, activation of the plasma 
renin-angiotensin system, neural reflexes (e.g., heart, coronary arter-
ies, great vessels), and hypothermia.110 Arterial vasoconstriction with 
 various degrees of intravascular hypovolemia is the hallmark of peri-
operative hypertension.

The hazards of untreated postoperative hypertension include 
depressed LV performance, increased MVo

2
, cerebrovascular  accidents, 

ES ES ES 0E P /(V V )

ES ES ES 0E P /(V V )

ES ES ED 0 ESP E (V V ) E SV

BOX 34-2. HEMODYNAMIC THERAPY 
GUIDELINES

Blood Pressure Cardiac Output Treatment
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suture line disruption, MI, rhythm disturbances, and increased 
 bleeding.108,111,112 Historically, therapy for hypertension in cardiac 
 surgery was sodium nitroprusside because of its rapid onset and 
short duration of action.113 With multiple vasodilators available in the 
 current era, sodium nitroprusside is no longer the drug of choice for 
many reasons. Nitroprusside is a potent venodilator, increasing venous 
capacitance (decreasing preload), and can produce arterial vasodila-
tion, often leading to precipitous decreases in BP and a hyperdynamic 
cardiac state. Sodium nitroprusside can cause coronary arteriolar dila-
tion with the potential for a steal phenomenon, resulting in myocardial 
ischemia.114 In patients with renal failure, the elimination of sodium 
nitroprusside is reduced, potentially leading to toxic effects of its 
metabolites cyanide or thiocyanate. This can occur if large doses are 
given to patients with normal renal function.

There are many alternative drugs to sodium nitroprusside for treat-
ing hypertension after cardiac surgery, including nitroglycerin,115 
adrenergic-blocking agents such as -adrenergic blockers,116 and the 
mixed - and -adrenergic blocker labetalol.117 Direct-acting vasodi-
lators, dihydropyridine calcium channel blockers (e.g., nicardipine,118 
isradipine,119 clevidipine,120–123) ACE inhibitors,113 and fenoldopam 
(a dopamine

1
 [D

1
] receptor agonist)124,125 also have been used. Novel 

therapeutic approaches are listed in Table 34-3.
Dihydropyridine calcium channel blockers are particularly effective 

in cardiac surgical patients because they relax arterial resistance vessels 
without negative inotropic actions or effects on atrioventricular nodal 
conduction and are important therapeutic options. Dihydropyridines are 
arterial-specific vasodilators of peripheral resistance arteries,  resulting in 
a generalized vasodilation, including the renal, cerebral, intestinal, and 
coronary vascular beds. In doses that effectively reduce BP, the dihydro-
pyridines have little or no direct negative effect on cardiac contractil-
ity or conduction. Although the dihydropyridines are more vasoselective 
than verapamil and diltiazem, there are also differences between dihy-
dropyridines in this respect. Nifedipine is the least vasoselective of the 
dihydropyridines, isradipine and clevidipine are the most selective, and 
nicardipine and nimodipine are intermediately selective.120 Nicardipine 
is available for intravenous administration and is an important ther-
apeutic agent to consider because of its lack of effects on vascular 
capacitance vessels and preload in patients after cardiac surgery.126 The 
pharmacokinetic profile of nicardipine suggests that effective adminis-
tration requires variable rate infusions when trying to treat hypertension 
because of the half-life of 40 minutes. If even more rapid control is essen-
tial, a dosing strategy consisting of a loading bolus or rapid infusion dose 
with a constant-rate infusion may be more efficient. The effect of nicar-
dipine may persist even though the infusion is stopped. Clevidipine, a 
new ultra-short-acting dihydropyridine approved in 2008 in the United 
States for clinical use, has a half-life of only minutes, represents a poten-
tial alternative to sodium nitroprusside, and has been studied extensively 
in cardiac surgical patients.121–123

Fenoldopam is a short-acting dopamine agonist approved for short-
term intravenous therapy that causes arterial-specific vasodilation by 
stimulation of D

1
 receptors. Unlike sodium nitroprusside, D

1
-receptor 

stimulation also increases renal blood flow to produce diuresis and 
natriuresis. Fenoldopam and sodium nitroprusside were similarly 
effective in reducing BP in patients who experienced development of 
hypertension after CABG surgery.124 Fenoldopam often needs greater 
doses for severe hypertension that may be associated with increases 
in HR.

The ACE inhibitors are used in treating chronic hypertension and 
ventricular dysfunction. Enalaprilat is the intravenous preparation 
used for administration in the postoperative setting.127 These drugs 
are indirect vasodilators that function by inhibiting angiotensin II 
formation and breakdown of bradykinin. Intravenous enalaprilat has 
an unpredictable effect and may be long acting. A suitable role is for 
replacing intravenous ACE inhibitors in a patient being weaned from 
short-acting agents or with HF.

POSTOPERATIVE VASODILATION
Vasodilation and a need for vasoconstrictor support are relatively 
 frequent complications of cardiac surgery with and without CPB. The 
reported incidence rate is 4% to 44%, but this wide range largely results 
from lack of a common definition.128–130 Vasodilation alone should be 
associated with a hyperdynamic circulatory state presenting as systemic 
hypotension, in association with an increased CO (and a low calculated 
SVR). More commonly, after cardiac surgery, a combination of vaso-
dilation and myocardial dysfunction occurs, requiring vasoconstric-
tor and inotropic therapy. Gomez et al131–133 coined the term vasoplegia 
syndrome for the condition that requires high doses of vasoconstric-
tors, and they reported its occurrence after off-pump and on-pump 
surgery.

Multiple humoral and inflammatory cascades are activated by sur-
gery alone and by CPB, aortic cross-clamping, and reperfusion, generat-
ing complement anaphylatoxins, kinins, and cytokines, many of which 
cause vasodilation by direct and indirect vascular mechanisms.134–136 
Another potential cause of systemic vasodilation is splanchnic circu-
latory insufficiency resulting in endotoxemia, and this, too, has been 
noted after off-pump surgery137,138 (see Chapter 8). The cellular mech-
anisms and pathogenesis of vasodilatory shock were summarized by 
Landry and Oliver.135 Although the most common clinical context of 
vasodilatory shock is sepsis, the similarity in the cytokine response and 
 clinical syndrome seen in sepsis with the vasodilated state seen after 
 cardiac  surgery is striking. As Landry and Oliver135 described, the stim-
uli of cytokines and increased tissue lactate lead to increased nitric oxide 
 synthase and the generation of vasodilating GMP. Nitric oxide and met-
abolic acidosis activate potassium channels, which hyperpolarize the cell 
membrane, making it refractory to calcium entry and thereby refractory 
to norepinephrine and angiotensin II action. At this time, plasma vaso-
pressin levels are low because of central depletion. Reports of marked 
vasodilatory shock after CPB responsive to vasopressin appeared when 
this pathophysiology was investigated.139 The ability of vasopressin to 
block the potassium channels and interfere with nitric oxide signal-
ing makes it an important therapy for this syndrome. Provided there 
is an acceptable CO, vasopressin is a valuable agent for treating vaso-
dilation after cardiac surgery, significantly reducing the dose require-
ment for norepinephrine. Systemic vasodilation also can result from 
hyperthermia caused by excessive warming during CPB (see Chapters 8,  
28, and 29) and during warming in the ICU.

When patients experience development of acute systemic vasodila-
tion after administration of drugs or blood products, an anaphylactic 
reaction should be considered. Acute anaphylaxis caused by immuno-
globulin E (IgE)–mediated responses can present with systemic vaso-
dilation and increased CO.140 Alternatively, complement-mediated 
transfusion reactions to any blood product can present with hypoten-
sion produced by systemic vasodilation or by thromboxane-mediated 
acute pulmonary vasoconstriction and RV dysfunction. Antibodies in 
the donor blood called leukoagglutinins, when directed against recipi-
ent white cell antigens, can actively produce white cell aggregation and 
thromboxane generation. These reactions have been called transfusion-
related acute lung injury, which can manifest with hypotension, RV 
failure, and noncardiogenic pulmonary edema.140 Monitoring of RV 
function may, therefore, help to identify these transfusion reactions.

While underlying causes are being sought and treated, the 
 therapeutic approach to systemic vasodilation includes intravascu-
lar volume expansion, -adrenergic agents, and vasopressin. Admini-
stration of vasoconstrictors for more than a brief period must be 

Novel Vasodilators

Drug Mechanism of Action Half-Life

Nicardipine Calcium channel blocker Intermediate
Clevidipine Calcium channel blocker Ultra-short
Fenoldopam Dopamine

1
-receptor agonist Ultra-short

Nesiritide Brain natriuretic agonist Short
Levosimendan K+-ATP channel modulator Intermediate

TABLE  
34-3
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guided by measures of cardiac performance because restoration of BP 
may camouflage a low-output state. There are no established guidelines 
for beginning vasoconstrictor therapy; autoregulation in vital organs is 
lost at mean arterial pressures (MAPs) less than 60 mm Hg, and it is rea-
sonable to try to achieve this pressure in normotensive patients (pos-
sibly higher in hypertensive patients). A study in septic shock patients 
was unable to show a benefit from MAPs greater than 65 mm Hg.141

Clinicians often are concerned about the potential for constricting 
supply vessels or the microcirculation to vital beds (e.g., brain, kid-
ney); although not fully evaluated in the postoperative setting, giving 
vasoconstrictors in septic states does not appear to have such harmful 
effects.142 Use of relatively low doses of vasopressin to restore responsive-
ness to catecholamines is physiologically sensible, but there is no clear 
evidence to suggest that use of vasopressin besides or instead of nor-
epinephrine is associated with better outcome. However, dopamine was 
recently demonstrated to increase mortality in cardiogenic shock.143

CORONARY ARTERY SPASM
Coronary artery or internal mammary artery vasospasm can occur after 
surgery. Mechanical manipulation and underlying atherosclerosis of the 
native coronary circulation and the internal mammary artery have the 
potential to produce transient endothelial dysfunction. The endothelium 
is responsible for releasing endothelium-derived  relaxing  factor, which 
is nitric oxide, a potent endogenous vasodilator substance that preserves 
normal endogenous vasodilation (see Chapters 6 and 8). Thromboxane 
can be liberated because of heparin-protamine interactions, CPB, platelet 
activation, or anaphylactic reactions to produce coronary vasoconstric-
tion.144,145 Calcium administration, increased -adrenergic tone from 
vasoconstrictor administration (especially in bolus doses), platelet throm-
boxane liberation, and calcium channel blocker withdrawal represent 
added reasons that may put the cardiac surgical patient at risk for spasm 
of native coronary vessels and arterial grafts. Engelman et al145 reported 
four patients who experienced development of coronary artery spasm 
after discontinuation of their calcium channel blockers 8 to 18 hours 
before surgery. In three of these patients, spasm was identified by the ECG 
pattern and documented as the cause of ischemia in the distribution of 
a nondiseased right coronary artery, with the fourth patient developing 
spasm in a bypassed native vessel. In two of the patients, the problem was 
recognized retrospectively; MIs developed, and one patient died. In the 
other two patients, spasm was recognized, and intravenous nitroglycerin 
was given (1 to 3 g/kg/min) in combination with nifedipine, 10 mg sub-
lingually every 5 to 6 hours, to reverse the ischemic process. The therapy 
of choice remains empirical. Nitroglycerin is a first-line drug, but nitrate 
tolerance can occur. Phosphodiesterase (PDE) inhibitors represent novel 
approaches to this problem and have been reported to be effective in vas-
cular models of spasm.146 Intravenous dihydropyridine calcium channel 
blockers are also important therapeutic considerations.147

Reports of successful use of the radial artery as a bypass conduit have 
rekindled interest in this vessel.148–150 In the early days of CABG sur-
gery, this conduit was abandoned because of its propensity to spasm. 
In later reports, techniques developed in the use of the internal mam-
mary artery have been applied to the radial artery, as well as prophylac-
tic use of diltiazem infusions.148,150 Which components of this approach 
are responsible for the reported success are not known, but use of a 
calcium channel blocking drug is recommended by many surgeons. 
The arterial selectivity of the dihydropyridine drugs (e.g., nicardipine) 
should be an advantage in this setting. However, addition of a vasodi-
lator drug to prevent spasm of the radial artery in a patient needing a 
vasopressor for systemic vasodilation makes no pharmacologic sense.

DECREASED CONTRACTILITY
Drugs that increase contractility all result in increased calcium mobi-
lization from intracellular sites to and from the contractile proteins 
or sensitize these proteins to calcium. Although calcium chloride has 
been used to increase inotropy, evidence suggests that after CPB, its 

principal action is peripheral vasoconstriction.151 The same group of 
investigators has shown that exogenously administered calcium chlo-
ride attenuates the response to catecholamines in this setting.152 The 
administration of calcium salts will improve myocardial performance 
if there is severe hypocalcemia or hyperkalemia and may be indicated 
during rapid transfusion of citrated blood.153

Catecholamines, through 
1
-receptor stimulation in the myocar-

dium, increase intracellular cyclic adenosine monophosphate (cAMP). 
This second messenger increases intracellular calcium, causing an 
improvement in myocardial contraction.154 Inhibition of the break-
down of cAMP by PDE inhibitors increases intracellular cAMP inde-
pendent of the  receptor.155 Intracellular calcium availability can be 
increased by inhibiting Na+/K+-ATPase with digitalis glycosides, pro-
moting transmembranous Na+/Ca++ exchange. However, the use of 
digoxin to increase myocardial contractility for postoperative ventric-
ular dysfunction is limited by its slow onset, low potency, and narrow 
therapeutic safety margin. The “calcium sensitizers” constitute a new 
class of inotropic agents. One drug in this class, levosimendan, is being 
evaluated in clinical trials (Box 34-3).

 Catecholamines
The catecholamines used after surgery include dopamine, dobutamine, 
epinephrine, norepinephrine, and isoproterenol (Box 34-4). These 
drugs have various effects on  and  receptors and, therefore,  various 
effects on HR, rhythm, and myocardial metabolism (see Chapters 10 
and 32). Dosing recommendations for the catecholamines are  provided 
in Table 34-4.

Isoproterenol
Isoproterenol is the most potent -agonist in the heart (

1
) and in 

the periphery (
2
). Its positive inotropic effect is accompanied by an 

increase in HR and a propensity for arrhythmias. In patients with 
coronary artery disease, tachycardia and associated peripheral vaso-
dilation increase MVo

2
 and decrease coronary perfusion pressure. In 

patients with bradycardias in whom pacing is not an immediate or 
practical option, or in those in whom an increased HR is desirable 
(e.g.,  cardiac transplant recipients, patients with regurgitant valvular 
lesions),  isoproterenol may be used with caution bearing in mind its 
rather  narrow therapeutic window. Although used for its 

2
 effects in 

the  pulmonary vasculature, it is a weak pulmonary vasodilator.

BOX 34-3. PHARMACOLOGIC APPROACHES FOR 
PERIOPERATIVE VENTRICULAR DYSFUNCTION

2 1

BOX 34-4. DISADVANTAGES OF 
CATECHOLAMINES



 34 Postoperative Cardiovascular Management 1035

Epinephrine
Epinephrine is a potent adrenergic agonist with the desirable  feature 
that, in low doses (< 3 g/min), 

1
 - and 

2
-receptor effects predomi-

nate. As the dose is increased,  effects (e.g., vasoconstriction) and 
tachycardia occur. However, in the acutely failing heart after surgery, 
only drugs such as epinephrine or norepinephrine provide adequate 
positive inotropy and perfusion pressure. These features and its low 
cost make it a common first-line drug in the postoperative setting. 
Despite what is often stated in older literature, epinephrine causes 
less tachycardia than dopamine156 or dobutamine157 at equivalent 
inotropic doses.158 Epinephrine is a first-line therapy for anaphy-
laxis and, when titrated, does not produce ventricular arrhythmias. 
Because of the metabolic actions of 

2
-receptor stimulation, epi-

nephrine infusion can cause hyperglycemia and increased serum 
lactate levels.159

Norepinephrine
Norepinephrine, which has potent 

1
- and -receptor effects, 

 preserves coronary perfusion pressure while not increasing HR, 
actions that are favorable to the ischemic, reperfused heart. When 
norepinephrine is used alone without a vasodilator or PDE inhibi-
tor, the potent 

1
-receptor effects may have variable effects on CO. 

Ventricular filling pressures usually increase when this drug is given 
because of constriction of the capacitance vessels. Administration 
of a vasodilator, including the PDE inhibitors, with norepinephrine 
may partially oppose the vasoconstriction. Clinicians may express 
concern for the renal blood flow when norepinephrine is given for 
hypotension; however, norepinephrine has long been used as a first-
line agent for hypotension and shock in ICU settings and after car-
diac surgery. Despite perceived concerns, when norepinephrine is 
infused to increase MAP to more than 70 mm Hg in sepsis, increased 
urine flow and increased creatinine clearance rate occurred after 24 
hours.160 Furthermore, its use in circulatory shock did not increase 
mortality.161 End-organ ischemia would appear to be unlikely if CO 
can be preserved at normal levels when norepinephrine is given. PDE 
inhibitors in combination with norepinephrine attenuate the arterial 
vasoconstrictive effects.146

Dopamine
A precursor of norepinephrine, dopamine probably achieves its ther-
apeutic effects by releasing myocardial norepinephrine or preventing 
its reuptake, especially when administered in high doses.162 This indi-
rect action may result in reduced effectiveness when given to patients 
with chronic HF or shock states because the myocardium becomes 
depleted of norepinephrine stores.163 In contrast with dobutamine, 
the -agonist properties of dopamine cause increases in pulmonary 
artery pressure (PAP), PVR, and LV filling pressure.164–166 At low doses 
(< 2 g/kg/min), dopamine stimulates renal dopaminergic receptors to 
increase renal perfusion more than can be explained by an increase in 
CO.167 Despite this action, a multicenter study demonstrated that use 
of low-dose dopamine in critically ill patients confers no protection 
from renal dysfunction.168 One review suggests there is no  justification 

for low-dose dopamine in the ICU and that it is “bad medicine.”169 At 
doses greater than 10 g/kg/min, tachycardia and vasoconstriction 
become the predominant actions of this drug. Tachycardia is a consis-
tent side effect, and in patients with cardiogenic shock, dopamine was 
recently shown to increase mortality.142,161

Dobutamine
In contrast with dopamine, dobutamine shows mainly 

1
-agonist prop-

erties, with decreases in diastolic BP, and sometimes, decreased systemic 
BP being observed.170,171 Dobutamine is functionally similar to isopro-
terenol, with less tendency to induce tachycardia in the postoperative 
setting.172 However, Romson et al173 demonstrated that after CPB, the 
principal effect of dobutamine is a dose-related increase in HR. A mod-
est effect on SV was observed in patients with poor ventricular func-
tion. Salomon et al174 showed that dobutamine increased Mvo

2
, which 

was matched by an increase in coronary blood flow, whereas dopamine 
increased Mvo

2
 but failed to increase coronary blood flow. However, 

the favorable actions of dobutamine may be limited if a tachycardia 
develops, and like dopamine, its inotropic potency is modest in com-
parison with that of epinephrine or norepinephrine.174

Phosphodiesterase Inhibitors
The PDE inhibitors are nonglycosidic, nonsympathomimetic drugs 
that have positive inotropic effects independent of the 

1
-adrenergic 

receptor and unique vasodilatory actions independent of endothe-
lial function or nitrovasodilators.154,155 Patients with HF have down-
regulation of the 

1
-receptor, with a decrease in receptor density and 

altered responses to catecholamine administration.154,175 Milrinone, 
amrinone, and enoximone bypass the 

1
 receptor, causing increases 

in intracellular cAMP by selective inhibition of PDE fraction III, a 
cAMP-specific PDE enzyme.155,176 In vascular smooth muscle, these 
agents cause vasodilation in the arterial and capacitance beds.177 
PDE inhibitors increase CO, decrease pulmonary capillary wedge 
pressure, and decrease SVR and PVR in patients with biventricu-
lar dysfunction, and they are important therapeutic approaches in 
postoperative cardiac surgical patients. Sildenafil and other PDE5 
inhibitors also are being used increasingly for pulmonary hyper-
tension.178 The PDE5 inhibitor sildenafil, marketed with a different 
name from Viagra, called Revatio, was approved for the treatment 
of pulmonary arterial hypertension by the U.S. Food and Drug 
Administration and by the European Medicines Agency in 2005178 
(see Chapters 10 and 24).

Effects on Vascular Responses
Any drug that increases cyclic nucleotides (e.g., cAMP, cGMP) in vas-
cular smooth muscle will produce vasodilation.176–178 The concentra-
tion of cGMP can be increased by the release of nitric oxide produced 
by nitroglycerin, sodium nitroprusside, and inhaled nitric oxide, 
and cAMP can be increased by prostaglandin E

1
 (PGE

1
) or PGI

2
, or 

by inhibiting its breakdown by PDE inhibition. Increasing cAMP in 
vascular smooth muscle promotes calcium uptake by the sarcoplas-
mic reticulum, decreasing calcium available for contraction. The net 
effect of increasing calcium uptake is smooth muscle relaxation. This 
effect can also occur through stimulation by drugs that inhibit the 
breakdown of cGMP (e.g., nonspecific PDE inhibitor). Sildenafil and 
its congeners are PDE5 inhibitors that were originally developed for 
nitrate tolerance but are marketed for erectile dysfunction and pulmo-
nary hypertension.178

PDE III inhibitors have a clinical effect as inodilators; they produce 
dilation of arterial and venous beds, decreasing the MAP and cen-
tral filling pressures. Increases in CO are induced by multiple mecha-
nisms, including afterload reduction and positive inotropy, but not by 
increasing HR.179–189 The net effect is a decrease in myocardial wall ten-
sion, representing an important contrast with most sympathomimetic 
agents.181 Catecholamine administration often needs the simultane-
ous administration of vasodilators to reduce ventricular wall tension. 

*Less than 2 g/kg/min predominantly “dopaminergic” (renal and mesenteric artery 
dilatation).

†If 10 g/kg/min is ineffective, change to epinephrine or norepinephrine.
‡Dose to effect; may require greater dose than indicated.

Catecholamines Used after Surgery

Drug Infusion Dose ( g/kg/min)

Dopamine*† 2–10
Dobutamine† 2–10
Epinephrine‡ 0.03–0.20
Norepinephrine‡ 0.03–0.20
Isoproterenol‡ 0.02–0.10

TABLE 
34-4
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Milrinone and other PDE inhibitors also have unique mechanisms of 
vasodilation that may be favorable for coronary artery and internal 
mammary artery flow146 (Box 34-5).

Sildenafil inhibits PDE5, an enzyme that metabolizes cGMP, thereby 
increasing the cGMP-mediated relaxation.178 The current treatment 
modalities for pulmonary hypertension include conventional sup-
portive therapies and more specific pharmacologic therapies that 
are targeted at abnormalities of endothelial function. NO and PDE5 
inhibitors induce pulmonary vasodilation by increasing intracellular 
cGMP concentrations. Sildenafil citrate is a selective inhibitor of PDE5. 
Investigations in animal models and recent clinical case reports with 
some studies in the pediatric population suggest that sildenafil may 
be a promising agent in treating pulmonary hypertension. The effect 
of sildenafil on pulmonary vasculature appears to be independent of 
the underlying cause, thereby providing a role in idiopathic pulmo-
nary arterial hypertension, pulmonary arterial hypertension associated 
with congenital heart disease, pulmonary hypertension secondary to 
lung disease, or persistent pulmonary hypertension of the newborn. It 
also may be beneficial in postoperative pulmonary hypertension and 
in patients who are difficult to wean from inhaled NO. It is adminis-
tered easily and effectively and has minimal adverse systemic effects182 
(see Chapter 24).

Combination Therapy: Catecholamines 
and Phosphodiesterase Inhibitors
Catecholamine therapy depends on the capacity of the myocardial cell 
to respond to 

1
-agonist activity. In patients with preoperative HF, the 

number of effective 
1
 receptors decreases because of downregulation, 

which refers to reduced density or uncoupling, such that fewer recep-
tors are available for binding with the 

1
-agonist.154,175 When postoper-

ative ventricular dysfunction is treated, a pharmacologic ceiling effect 
may occur with increasing doses of a single 

1
-agonist or even when 

other catecholamines are added.176 Combining PDE inhibitors with a 
catecholamine may significantly increase cAMP levels in patients with 

1
-receptor downregulation, such as patients after cardiac surgery.190 

The two forms of therapy may attenuate each other's adverse effects. 
Catecholamine stimulation of vascular 

1
 receptors induces vasocon-

striction, which is attenuated by PDE inhibitors.146 Catecholamines 
with potent 

1
-agonist effects may be necessary to prevent hypoten-

sion when PDE inhibitors are given after surgery; or, alternatively, 
when an  agent is necessary to obtain an acceptable perfusion pres-
sure, PDE inhibitors may be administered to augment CO. The addi-
tive improvement in hemodynamic effects of catecholamines plus 
amrinone, milrinone, or enoximone has been also described.187,191–195 
Combined therapy may theoretically avoid dose-related adverse effects 
of high doses of each individual agent and is useful in RV failure196 
(Box 34-6; see Chapter 10).

Dosage and Administration
Suggested dosing is provided in Table 34-5. Available drugs are reviewed 
in the following sections.

Amrinone
Amrinone, the first bipyridine evaluated for HF during and after car-
diac surgery, has a half-life of 3.5 hours.197–201 In HF patients, an intra-
venous loading dose of 1.5 mg/kg and an infusion of 10 g/kg/min 
resulted in a plasma concentration of 1.7 g/mL and produced a 30% 
increase in CI.197 The original recommended dosing included a bolus 
dose of 0.75 mg/kg given intravenously over 2 to 3 minutes, followed 
by a maintenance infusion of 5 to 10 g/kg/min. This dose regimen 
produced subtherapeutic concentrations after 5 to 10 minutes, and it 
failed to show any hemodynamic effect after it was given 10 minutes 
before termination of CPB.201,202 A loading dose of 1.5 to 2.0 mg/kg of 
this drug during CPB will produce therapeutic concentrations for 30 
to 60 minutes, after which an infusion is required to keep therapeutic 
blood levels. With prolonged administration, amrinone will produce 
thrombocytopenia. Amrinone has been replaced with milrinone for 
the most part.

Milrinone
Milrinone, an analog of amrinone, is a bipyridine derivative with an 
 inotropic activity that is almost 20 times more potent than that of 
 amrinone, and it has a shorter half-life.183 Milrinone is an effective 
 inodilator for patients with decompensated HF and low CO after cardiac 
surgery. Suggested dosing for milrinone is a loading dose of 50 g/kg over 
10 minutes, followed by an infusion of 0.5 g/kg/min (0.375 to 0.75 g/
kg/min). By using slower loading doses, high peak concentrations can 
be prevented, and the vasodilation that is observed with rapid loading 
can be attenuated.183 A milrinone loading dose of 50 g/kg, in combina-
tion with an infusion of 0.5 g/kg/min, consistently maintained plasma 
concentrations more than 100 ng/mL. Clearance was 3.8 ± 1.7 mL/kg/
min, volume of distribution was 465 ± 159 mL/kg, and  terminal elimi-
nation half-time was 107 ± 77 minutes  (values expressed as mean ± 
SD).183 Pharmacokinetic parameters were  independent of dose. The 
relation between plasma concentration and pharmacodynamic effects 
produced about a 30% improvement in CI with plasma levels of 100 
ng/mL, and there was a curvilinear relation between plasma levels and 
improvement in CI. Bailey et al183 observed that a dose of 50 g/kg with 
an infusion rate of 0.5 g/kg/min can keep plasma concentrations near 
the threshold of its therapeutic effects. Compared with amrinone, mil-
rinone has a shorter context-sensitive half-time after administration is 
stopped, without adverse effects on platelet function.189

Kikura et al194 reported the effects of milrinone on  hemodynamics 
and LV function in cardiac surgical patients who were already treated 
with catecholamines. After emergence from CPB, patients were  randomly  

BOX 34-5. ADVANTAGES OF PREEMPTIVE 
PHOSPHODIESTERASE INHIBITOR 
ADMINISTRATION

BOX 34-6. ACUTE HEART FAILURE: 
THERAPEUTIC GOALS AND TREATMENT 
SUMMARY

Goals Treatment

*Loading doses should be administered over 5 to 10 minutes to avoid excessive 
vasodilation.

Drug Loading Dose* Infusion Rate

Amrinone 1.5–2.0 mg/kg 5–20 g/kg/min
Milrinone 50 g/kg 0.375–0.75 g/kg/min
Enoximone 0.5–1.0 mg/kg 5–10 g/kg/min

Dosing for Phosphodiesterase Inhibitors (Cyclic 
Adenosine Monophosphate–Specific) Used after 
Surgery

TABLE  
34-5
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assigned to a control group (n = 10) or to one of the  milrinone dosing 
groups: intravenous milrinone at 50 g/kg (n = 8), 50 g/kg + 0.5 g/ 
kg/min (n = 10), or 75 g/kg + 0.75 g/kg/min (n = 9). Hemodynamics 
and TEE were recorded while constant filling pressures were maintained 
by volume reinfusion. In all three milrinone groups, CI and velocity of 
circumferential fiber shortening significantly increased from the base-
line, and both were significantly greater at 5 and 10 minutes than those 
in the control group. The plasma concentration of milrinone with half 
of the maximal increase in velocity of circumferential fiber shorten-
ing was 139 ng/mL on the dose-response curve. Milrinone improves 
hemodynamics and LV function when constant loading conditions are 
maintained.194

Feneck et al203 studied 99 adult patients with a low CO after elec-
tive cardiac surgery. Milrinone was administered as a loading dose of 
50 g/kg over a 10-minute period, followed by a continuous infusion 
of 0.375, 0.5, or 0.75 g/kg/min (low-, middle-, and high-dose groups, 
respectively) for a minimum of 12 hours. They observed that milri-
none therapy was associated with a rapid and well-sustained increase 
in CO and a decrease in PAOP in all groups. They found the increase in 
CI was associated with increases in SV and HR (Table 34-6).

Enoximone
Enoximone, an imidazolone derivative, is eliminated mostly by sul-
foxidation, is solubilized in propylene glycol, and cannot be diluted 
when administered intravenously. The loading dose is 0.5 to 1.0 mg/kg, 
 followed by an infusion of 5 to 10 g/kg/min. Gonzalez et al187 reported 
using enoximone in managing a CI less than 2.2 L/min/m2 despite a 
pulmonary capillary wedge pressure of 15 mm Hg, catecholamine 
administration (e.g., dobutamine, dopamine), or IABP counterpulsa-
tion after cardiac surgery. Enoximone was administered as a 1-mg/kg 
loading dose over 10 minutes after a minimum of 4 hours of unsuc-
cessful conventional therapy. An extra dose (0.5 mg/kg) was given if 
the increase in CO was less than 20%. A continuous infusion of the 
drug was administered at 3 to 10 g/kg/min and continued for at 
least 8 hours. In all patients, significant increases in CI and a signifi-
cant decrease in pulmonary capillary wedge pressure occurred. Naeije 
et al204 also reported variable effects on BP, HR, and CO of enoximone 
in a dose of 0.5 mg/kg after cardiac surgery. Boldt et al193 demonstrated 
potentiating effects of enoximone, 0.5 mg/kg, with epinephrine in a 
dose of 0.1 g/kg/min.

 Levosimendan
Levosimendan is a calcium-sensitizing drug that exerts positive 
 inotropic effects through sensitization of myofilaments to calcium and 
vasodilation through opening of ATP-dependent potassium channels 
on vascular smooth muscle. These effects occur without  increasing 
intracellular cAMP or calcium and without an increase in MVo

2
 

at  therapeutic doses. As would be expected with an inodilator, the 
 hemodynamic effects include a decrease in PAOP in association with 
an increase in CO. -Blockade does not block the hemodynamic effects 
of this drug. Levosimendan itself has a short elimination half-life, but 
it has active metabolites with elimination half-lives up to 80 hours. 
A study in patients with decompensated HF found hemodynamic 
improvements at 48 hours were similar whether patients received the 
drug for 24 or 48 hours. Increasing plasma levels of the active metabo-
lite were found for 24 hours after the drug infusion was stopped.205 
Currently, levosimendan is not approved for use in the United States.

A randomized study enrolling 203 low-output HF patients found 
that levosimendan improved hemodynamics more effectively than 
dobutamine and was associated with a lower 6-month mortality rate.206 
However, the latter finding may be caused more by adverse effects related 
to dobutamine than by a positive effect of levosimendan. Another 
study in 504 patients with LV dysfunction after acute MI demonstrated 
better 6-month survival with levosimendan, this time compared with 
placebo.207 In a small study after cardiac surgery, patients were given 
levosimendan; of 11 patients with severely impaired CO and hemo-
dynamic compromise, 8 patients (73%) showed evidence of hemo-
dynamic improvement within 3 hours after the start of  levosimendan 
infusion. Specifically, CI and SV were increased significantly, whereas 
MAP, indexed SVR, mean PAP, right atrial pressure (RAP), and PAOP 
were decreased significantly.208 Clinical studies continue to evaluate the 
potential role for this new positive inotropic agent in patients with HF.

RIGHT-HEART FAILURE
HF after cardiac surgery usually results from LV impairment. Although 
an isolated right-sided MI can occur perioperatively, most periopera-
tive inferior MIs show variable involvement of the right ventricle.209 
The myocardial preservation techniques that are best for the left ven-
tricle may not offer ideal RV protection because the right ventricle is 
thin walled and more exposed to body and atmospheric temperature. 
Cardioplegic solution given through the coronary sinus (retrograde) 
may not reach parts of the right ventricle because of positioning of 
the cardioplegia cannula in relation to the venous outflow from this 
chamber and because the thebesian veins do not drain into the coro-
nary sinus.210 Impairment of RV function after surgery is more severe 
and persistent when preoperative right coronary artery stenosis is pres-
ent.211 Although depression of the ejection fraction is compensated by 
preload augmentation, right ventricular ejection fraction (RVEF) can-
not be preserved if coronary perfusion pressure is reduced or imped-
ance to ejection is increased.

Certain aspects of the physiology of the right ventricle make it differ-
ent from the left. Normally, the RV free wall receives its blood flow dur-
ing systole and diastole; however, systemic hypotension or increased RV 
systolic and diastolic pressures may cause supply-dependent depression 
of contractility when MVo

2
 is increased, whereas coronary perfusion 

pressure is decreased.212 The normal thin-walled right ventricle is at 
least twice as sensitive to increases in afterload as is the left ventricle213 
(Figure 34-6). Relatively modest increases in outflow impedance from 
multiple causes in the postoperative period can exhaust preload reserve, 
causing a decrease in RVEF with ventricular dilation. RV  pressure over-
load may be complicated by volume overload caused by functional tri-
cuspid regurgitation.214 Decreases in RV SV will decrease LV filling, and 
dilation of the right ventricle can cause a leftward shift of the interven-
tricular septum, interfering with diastolic filling of the left ventricle 
(i.e., ventricular interaction; Figure 34-7). A distended right ventricle 
limited by the pericardial cavity further decreases LV filling. RV fail-
ure has the potential to affect LV performance by decreasing pulmo-
nary venous blood flow, decreasing diastolic distending pressure, and 
decreasing LV diastolic compliance. The resulting decrease in LV out-
put will further impair RV pump function. The mechanical outcomes 
of RV failure in postoperative cardiac surgical patients are depicted in 
Figure 34-8. It can, therefore, be appreciated how, once established, RV 
failure is self-propagating, and aggressive treatment interventions may 
be needed to interrupt the vicious cycle (see Chapter 24).

Loading dose of 50 g/kg over 10 minutes, then 0.375 (low, n = 34), 0.5 (mid, n = 34), 
and 0.75 (high, n = 31) g/kg/min.

*p < 0.001 vs. control.
†p < 0.05 vs. control.
‡p < 0.01 vs. control.
CI, cardiac index; PCWP, pulmonary capillary wedge pressure.
From Feneck RO: Effects of variable dose milrinone in patients with low cardiac output 

after cardiac surgery. Am Heart J 121(Suppl 2):1995, 1991.

Hemodynamic Effect of Milrinone after Cardiac 
Surgery

% Change (Mean ± SEM)

Parameter 15 Minutes 60 Minutes 12 Hours Post

CI (L/min/m2)
Low +40* (4.2) +42* (4.9) +58* (8.8) +44* (6.3)
Mid +30* (4.5) +34* (4.5) +49* (5.1) +27* (3.8)
High +36* (4.9) +44* (4.7) +66* (6.5) +47* (6.6)
PCWP (mm Hg)
Low −30* (4.7) −20* (4.7) −15† (7.2) +22‡ (6.3)
Mid −34* (4.5) −25* (4.1) −20* (4.3) −3 (6.7)
High −35* (4.0) −22* (4.3) −15† (6.0) −6‡ (6.3)

TABLE  
34-6
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Although not consistently proved, PVR has been shown to be 
reversibly increased immediately after CPB and for several hours 
into the postoperative period.215,216 The possible mechanisms include 
extravascular compression by increased lung water,216 endocrine-
mediated or autonomic nervous system–mediated increases in 
pulmonary vascular tone,217 vasoactive substances released from acti-
vated platelets and leukocytes,218 and leukocytes or platelet aggregates 
obstructing pulmonary vascular beds.219 Hypoxic pulmonary vaso-
constriction may result in increased PVR; more commonly, hypercar-
bia causes an important increase in PAP.220,221 The pulmonary vascular 
bed has been shown to be more sensitive to the vasoconstrictor influ-
ences of respiratory acidosis after CPB as compared with the preop-
erative situation.222 Moderate respiratory acidosis was shown to cause 

depression of the RVEF and increased RV end-diastolic  volume, and 
these changes were immediately reversed when normocarbia was 
reinstituted.223

Diagnosis
In the postoperative cardiac surgical patient, a low CI with RAP 
increased disproportionately compared with changes in left-sided 
 filling pressures is highly suggestive of RV failure. The PAOP also may 
increase because of ventricular interaction, but the relation of RAP to 
PAOP stays close to or greater than 1.0. The absence of a step-up in 
pressure in going from the right atrium (RA) to the pulmonary artery 
(mean), provided PVR is low, suggests that RV failure is severe and 
the right side of the heart is acting only as a conduit. This hemody-
namic presentation is typical of cardiogenic shock associated with RV 
infarction. The venous waveforms are accentuated with a prominent 
Y descent similar to constrictive pericarditis, suggesting reduced RV 
compliance.224 Large V waves also may be discernible and may relate to 
tricuspid regurgitation.

The use of a volumetric PAC to calculate right-sided volumes and 
ejection fraction could potentially guide management in the setting 
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Figure 34-7 Sequence inducing right ventricular (RV) failure and 
causing a downward spiral of events. LV, left ventricular; RCA, right 
coronary artery.
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Figure 34-8 Mechanical changes produced by acute right ven-
tricular failure. LA, left atrium; LV, left ventricle; PFO, patent foramen 
ovale; PV, pulmonary veins; RA, right atrium; R L, right to left; RV, right 
ventricle.
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of RV failure, because increased end-diastolic volume in association 
with a decreased RVEF indicates decompensation. This catheter-com-
puter system has been validated in comparison with radionuclear and 
 ventriculographic measures, but it may not be accurate when there is 
tricuspid regurgitation34,225,226 (see Chapter 14). Unfortunately,  tricuspid 
regurgitation is a common finding with RV dilation.

Echocardiography allows a qualitative interpretation of RV size, 
contractility, and configuration of the interventricular septum 
and can provide a definitive diagnosis of RV dysfunction or fail-
ure. Because of the crescent shape of the right ventricle, volume 
 determination is not easy, but the qualitative examination and assess-
ment for tricuspid regurgitation are valuable. TEE is also useful to 
determine whether the increased RAP opens a patent foramen ovale, 
producing a  right-to-left shunt (see Chapters 12, 13, and 22). This is 
important because traditional methods to treat hypoxemia such as 
PEEP and larger tidal volumes in this setting will only increase the 
afterload of the right ventricle and potentially increase the shunt and 
hypoxemia.

Treatment
Treatment approaches in postoperative RV failure may differ from those 
used in LV failure, and they are affected by the presence of pulmonary 
hypertension (Table 34-7). In all cases, preload should be increased 
to the upper range of normal; however, the Frank–Starling relation is 
flat in RV failure, and to avoid ventricular dilation, the CO response to 
an increasing CVP should be determined. Volume loading should be 
stopped when the CVP exceeds 10 mm Hg and CO does not increase 
despite increases in this pressure.227,228 If a volumetric PAC is in use, an 
increase in the end-diastolic volume with unchanged or declining RVEF 
suggests there will be no advantage to further volume loading. The CVP 
should not be permitted to exceed the PAOP because if these pressures 
equalize, any increase obtained in pulmonary blood flow will be offset 
by decreased diastolic filling of the left ventricle by ventricular inter-
dependence.229 The atrial contribution to RV filling is important when 
the ventricle is dilated and noncompliant. Maintenance of sinus rhythm 
and use of atrial pacing are important components of treating postop-
erative RV failure (see Chapters 4, 5, 10, 13,14, 19, 23–25 and 32).

Although vasodilators may lead to cardiovascular collapse in RV 
infarction (as a result of decreases in RV filling and coronary perfusion), 
postoperative RV failure is often associated with increased PVR and 
pulmonary hypertension. In this context, attempts to decrease RV out-
flow impedance may be worthwhile. Intravenous vasodilators invari-
ably reduce systemic BP, mandating the simultaneous administration 
of a vasoconstrictor. One way to reduce the pulmonary effects of the 
needed vasoconstrictor is to administer the vasoconstrictor through a 
left atrial catheter, treating RV dysfunction with intravenous PGs and 
left atrial norepinephrine.230 The PDE inhibitors commonly are used for 
their effect on the pulmonary vasculature and RV function. In recent 
years, there have been an increased interest in and availability of aero-
solized pulmonary vasodilators. This route of administration reduces 
or even abolishes the undesirable systemic vasodilation. Delivery of the 
drug directly to the alveoli improves pulmonary blood flow to these 
alveoli, potentially improving oxygenation by better matching blood 
flow to ventilation. Three drugs have been used: nitric oxide, PGI

2
  

(i.e., epoprostenol or prostacyclin), and milrinone.231,232

Nitric oxide is an important signaling molecule throughout the 
body. In the lung, it rapidly diffuses across the alveolar-capillary 
 membrane and activates soluble guanylate cyclase, leading to smooth 
muscle relaxation by several mechanisms.231 Inhaled nitric oxide is 
given through a specialized delivery system in a concentration of 5 to 
80 parts per million. It is available commercially in the United States, 
but it is costly. It has been used successfully to treat RV dysfunction 
associated with pulmonary hypertension after cardiac surgery,231 mitral 
valve replacement,233 cardiac transplantation,234 and placement of LV 
assist devices.235 Although it is used widely to treat the same problem in 
lung transplantation, a randomized trial of prophylactic inhaled nitric 
oxide in this population failed to show a benefit.236 This finding should 
not prevent its use should RV dysfunction occur in the lung trans-
plant recipient. Potential adverse effects of inhaled nitric oxide include 
toxicity from forming nitrogen dioxide (NO

2
) and methemoglobin, 

rebound pulmonary hypertension from abrupt disconnection or with-
drawal, and pulmonary vascular congestion because of increased pul-
monary blood flow in patients with poor LV function. If administered 
at the recommended dosage, toxicity should not be observed; patients 
should have the drug gradually withdrawn, and those with poor ven-
tricular function should be monitored closely for increases in left-sided 
filling pressures.

A less expensive alternative to inhaled nitric oxide is aerosolized 
 epoprostenol (i.e., prostacyclin or PGI

2
). This compound binds to 

cell-surface PG receptors, activating adenylate cyclase, which activates 
protein kinase A to cause a decrease in cytosolic free calcium. It also 
stimulates endothelial release of nitric oxide. It is a profound vasodila-
tor and inhibitor of platelet aggregation. Similar to inhaled nitric oxide, 
its delivery to ventilated alveoli can improve oxygenation by augment-
ing blood flow to these alveoli. Aerosolized PGI

2
 has been used suc-

cessfully to treat pulmonary hypertension after cardiac surgery,232,237 
pulmonary embolism,238 and to treat hypoxemia in patients with lung 
injury.239,240 Its use needs collaboration with pharmacy and respiratory 
therapy, as well as suitable care and monitoring of the nebulizer device. 
Adverse effects include the possibility of vagus-mediated bradycardia 
at low doses and risks similar to those of inhaled nitric oxide for abrupt 
withdrawal or left-sided HF.

Haraldsson et al241 studied the use of inhaled (i.e., aerosolized) 
 milrinone in patients with mild pulmonary hypertension after CPB. 
They found that when delivered by this route, milrinone was an effec-
tive pulmonary vasodilator without causing systemic hypotension, and 
the pulmonary vasodilation was additive to that caused by inhaled PGI

2
.

Even a moderate increase in arterial carbon dioxide tension (Paco
2
) 

should be avoided in patients with RV failure. Although induced 
hypocarbia is of proven benefit in controlling PVR in neonates, the 
evidence in adults does not warrant this as a standard therapy because 
mechanical ventilation-induced changes in intrathoracic pressure have 
important therapeutic implications242,243 (see Chapter 35). An IABP 
may be of great benefit, even in patients in whom the right ventricle 
is mainly responsible for circulatory decompensation. This beneficial 

cAMP, cyclic adenosine monophosphate; CVP/PCWP, central venous pressure/pulmonary 
capillary wedge pressure; PEEP, positive end-expiratory pressure; PGE

1
, prostaglandin 

E
1
; PGI

2
, prostaglandin I

2
.

Treatment Approaches in Postoperative Right-Heart 
Failure

Preload Augmentation
Volume, vasopressors, or leg elevation (CVP/PCWP < 1)
Decrease juxtacardiac pressures (pericardium and/or chest open)
Establish atrial kick and treat atrial arrhythmias (sinus rhythm, atrial pacing)
Afterload Reduction (pulmonary vasodilation)
Nitroglycerin, isosorbide dinitrate, nesiritide
cAMP-specific phosphodiesterase inhibitors, B

2
-adrenergic agonists

Inhaled nitric oxide
Nebulized PGI

2

Intravenous PGE
1
 (+left atrial norepinephrine)

Inotropic Support
cAMP-specific phosphodiesterase inhibitors, isoproterenol, dobutamine
Norepinephrine
Levosimendan
Ventilatory Management
Lower intrathoracic pressures (tidal volume < 7 mL/kg, low PEEP)
Attenuation of hypoxic vasoconstriction (high F

I
O

2
)

Avoidance of respiratory acidosis (PaCO
2
 30–35 mm Hg, metabolic control with 

meperidine or relaxants)
Mechanical Support
Intra-aortic counterpulsation
Pulmonary artery counterpulsation
Right ventricular assist devices

TABLE  
34-7
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effect is mediated by increased coronary perfusion. Right-heart assist 
devices have a place as temporizing measures in severe intractable fail-
ure. Pulmonary artery counterpulsation is experimental, and its clini-
cal role is uncertain.244 In cases of severe RV failure, it may be necessary 
to leave the sternum open or to reopen the chest if it has been closed. 
This decreases the tamponade-like compression of the left ventricle by 
the distended right ventricle, RA, and edematous mediastinal tissues.

Effects of Mechanical Ventilation in  
Heart Failure
HF at the time of surgery has been identified as a significant predic-
tor of postoperative respiratory complications.245 Maintenance of gas 
exchange in these situations usually mandates prolonged ventilatory 
support. Besides improving Pao

2
, mechanical ventilation can influence 

Do
2
 through its effects on CO. Suppression of spontaneous respiratory 

efforts may substantially decrease the work of breathing and improve 
the oxygen supply/demand relation (see Chapter 35). Traditionally, 
the influence of mechanical ventilation on hemodynamics has been 
viewed as negative. The unavoidable increase in intrathoracic pressure 
caused by positive-pressure ventilation or PEEP is associated with a 
decreased CO.246 However, in the presence of HF or myocardial ischemia, 
increased intrathoracic pressure has the potential to favorably affect 
the determinants of global cardiac performance. Understanding these 
heart-lung interactions is essential for the integrated management of 
the ventilated patient with HF after cardiac surgery. The effects of venti-
lation on RV and LV failure need to receive independent consideration.

Systemic venous return is proportional to the pressure gradient 
between the systemic veins and the RA. Changes in intrathoracic pres-
sure imposed by positive-pressure ventilation or PEEP are transmit-
ted to the compliant RA, causing an increase in RAP. This decreases 
the driving pressure for venous return, with a decrease in RV preload 
as the clinically most important mechanism of the decrease in RV SV 
caused by ventilatory support.247 The effects of mechanical ventilation 
on RV preload may be accentuated by hypovolemia or by an increase in 
venous capacitance caused by vasodilator administration.248 The effects 
of increased intrathoracic pressure can be overcome by fluid admin-
istration, leg elevation, or even vasopressors to increase the systemic 
venous pressure. Preload augmentation must be done with caution 
with RV failure.

Two other factors related to increased intrathoracic pressure poten-
tially impede the diastolic filling of the left ventricle. If positive-pressure 
ventilation or PEEP causes an increase in PVR, RV systolic emptying 
may be impaired and the right ventricle will dilate. This may cause 
leftward displacement of the interventricular septum and decrease LV 
compliance.229 Independent of ventricular interaction, increased lung 
volume also increases juxtacardiac pressures, decreasing the transmu-
ral distending pressure.249

The end-diastolic volume and systolic BP are directly proportional 
to systolic wall stress or ventricular afterload. Because ventricles and 
the outflow vessels are surrounded by intrathoracic pressure, increases 
in this pressure by positive-pressure ventilation decrease the trans-
mural pressure load (aortic or PAP relative to intrathoracic pressure) 
of each ventricle.250 On the right side of the heart, the hemodynamic 
effects of ventilatory support usually result from changes in PVR. To 
the extent that PEEP increases lung volume above functional residual 
capacity, PVR may decrease from reduced compression of extraalveo-
lar vessels.251 Beyond that, large tidal volumes and high levels of PEEP 
increase PVR.252 The increase in PVR may be obvious even with normal 
tidal volumes in airflow-limited diseases. The effects of increased PVR 
in RV failure are decreased CO and further dilation.

Increased intrathoracic pressure may significantly improve LV 
 performance as a result of the reduced transmural pressure needed to 
achieve an acceptable systemic BP.253 This can be viewed as afterload 
reduction, a favorable effect separate from the resistance to venous 
return that also may help such patients. Clinically significant improve-
ments in cardiac function have been documented in patients ventilated 

for cardiogenic respiratory failure produced by myocardial ischemia 
and after CABG surgery.254,255 High LV filling pressures may help iden-
tify a subgroup benefiting from reduced afterload with increased 
intrathoracic pressure.256

Increased intrathoracic pressure and PEEP also have been suggested 
to affect the inotropic state of the ventricles. Dilation of the right ven-
tricle in response to an increase in afterload increases the RV distending 
pressure, which can reduce the pressure gradient for subendocardial 
coronary blood flow. Decreased RV contractility related to a decreased 
coronary blood flow has been described with high levels of PEEP in 
an animal model with critical right coronary artery obstruction212 and 
in patients with significant right coronary artery disease.256 Left ven-
tricular contractility does not seem to be affected by this mechanism.257 
Increased intrathoracic pressure and lung distention also may modu-
late contractility by stimulating vagal afferents258 and releasing PGs.259 
The impairment of contractility by these mechanisms appears to be 
minimal.

The circulatory responses to changes in ventilation always should 
be assessed in patients with cardiac disease; the goal of improving or 
maintaining Do

2
 must be kept in mind. This usually requires measure-

ment of arterial oxygenation and CO. In right and biventricular failure, 
the increase in the airway pressure caused by ventilatory support should 
be kept, at a minimum, compatible with acceptable gas exchange. This 
means avoidance of high levels of PEEP and trials of decreased inspira-
tory times, flow rates, and tidal volumes. Breathing modes that empha-
size spontaneous efforts such as intermittent  mandatory ventilation, 
pressure support, or continuous positive airway pressure should be 
considered. Alternatively, if isolated LV failure is the reason for ventila-
tory therapy, improvements in cardiac performance may be achieved 
by positive-pressure ventilation with PEEP. In particular, patients with 
increased LV filling pressures, mitral regurgitation, and reversible isch-
emic dysfunction may improve from afterload reduction related to 
increased airway and intrathoracic pressures. Newer modes of ven-
tilatory support that decrease mean airway pressure, such as cardiac 
cycle–specific, high-frequency jet ventilation260 and airway pressure 
release ventilation,261 and their roles in supporting heart function are 
discussed in Chapter 35.

Effects of Ventilatory Weaning on 
Heart Failure
Traditional criteria for weaning of ventilatory support assess the ade-
quacy of gas exchange and peak respiratory muscle strength.262 In the 
patient with HF, the response of global hemodynamics to spontaneous 
respirations must also be considered. The changes of the loading con-
ditions of the heart brought about by resuming spontaneous ventila-
tion can induce a vicious cycle resulting in hypoxemia and pulmonary 
edema.

Pulmonary congestion, often present in patients with LV dys-
function, decreases pulmonary compliance. Thus, large decreases in 
inspiratory intrathoracic pressure are necessary to cause satisfactory 
lung inflation. These negative swings of intrathoracic pressure increase 
venous return.263 Increased diaphragmatic movements may increase 
intra-abdominal pressure, further increasing the pressure gradient 
for venous return.264 Decreased intrathoracic pressure also increases 
the ventricular transmural pressures, increasing the impedance to 
 ventricular emptying. The increased afterload causes further increases 
in preload, with these changes jeopardizing the myocardial oxygen 
balance. Accordingly, worsening of myocardial ischemia as shown by 
ST-segment deviations was demonstrated when ventilatory support 
was removed in patients ventilated after MI.265 Spontaneous ventilation 
episodes also precipitated ischemic dysfunction, causing LV  dilation 
and altered thallium-201 uptake, in ventilator-dependent patients after 
lung injury caused by infection or complications of surgery.266

In the patient with severe ventricular dysfunction, one of the main 
methods of improving cardiac performance to allow separation 
from CPB and to maintain function in the postoperative period is to 
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 augment preload with fluid therapy. The unavoidable consequence is a 
positive fluid balance and a weight gain of several kilograms, even after 
uncomplicated surgery. Diuretic therapy to reduce this hypervolemia, 
as well as vasodilator therapy to reduce ventricular wall stress, should 
be considered before these patients are exposed to the afterload stress 
of ventilatory weaning.263,267

CARDIAC TAMPONADE
Cardiac tamponade is an important cause of the low CO state after 
cardiac surgery and occurs when the heart is compressed by an 
external agent, most commonly blood accumulated in the mediasti-
num. Hemodynamic compromise, to some degree attributable to the 
 constraining effect of blood accumulating within the chest, is often 
observed in the 3% to 6% of patients needing multiple blood trans-
fusions for hemorrhage after cardiac surgery.268 Postoperative  cardiac 
tamponade usually manifests acutely during the first 24 hours after 
 surgery, but delayed tamponade may develop 10 to 14 days after 
 surgery, and it has been associated with postpericardiotomy syndrome 
or postoperative anticoagulation.269–271

The mechanism of hemodynamic deterioration during tamponade 
is discussed in Chapter 22 and mainly is the result of impaired fill-
ing of one or more of the cardiac chambers. As the external pressure 
on the heart increases, the distending or transmural pressure (exter-
nal intracavitary pressure) is decreased. The intracavitary pressure 
increases in compensation lead to impaired venous return and eleva-
tion of the venous pressure. If the external pressure is high enough 
to exceed the ventricular pressure during diastole, diastolic ventricular 
collapse occurs. These changes have been documented in the right and 
the left hearts after cardiac surgery.272 As the end-diastolic volume and 
end-systolic volume decrease, there is a concomitant decrease in SV. In 
the most severe form of cardiac tamponade, ventricular filling occurs 
only during atrial systole. Adrenergic and endocrine mechanisms are 
activated in an effort to maintain venous return and perfusion pres-
sure.273,274 Intense sympathoadrenergic activation increases venous 
return by constricting venous capacitance vessels. Tachycardia helps to 
maintain CO in the face of a reduced SV. Adrenergic mechanisms may 
also explain decreased urinary output and sodium excretion, but these 
phenomena also may be caused by reduced CO or a reduction in atrial 
natriuretic factor from decreased distending pressure of the atria.273

The diagnosis of cardiac tamponade depends on a high degree of 
 suspicion. Tamponade after heart surgery is a clinical entity distinct 
from the tamponade typically seen in medical patients in whom the 
pericardium is intact and the heart is surrounded by a compressing 
fluid. In the setting of cardiac surgery, the pericardial space is often left 
open and in communication with one or both of the pleural spaces, 
and the compressing blood is, at least in part, in a clotted, nonfluid 
state and able to cause localized compression of the heart. Serious 
 consideration should be given to the possibility of tamponade after 
cardiac surgery in any patient with inadequate or worsening hemo-
dynamics, as evidenced by hypotension, tachycardia, increased filling 
pressures, or low CO, especially when there has been excessive chest 
tube drainage. A more subtle presentation of postoperative tampon-
ade is gradually increasing needs for inotropic and pressor support. 
Many of the classic signs of tamponade may not be present in these 
patients, partly because they are usually sedated and ventilated, but also 
because the pericardium is usually left open, resulting in a more gradual 
increase in the restraining effects of blood accumulation. There may be 
localized accumulations that affect one chamber more than another.275 
The classic findings of increased CVP or equalization of CVP, PA

d
, and 

PAOP may not occur.276,277 It may, therefore, be difficult in the face of a 
declining CO and increased filling pressures to distinguish tamponade 
from biventricular failure. A useful clue may be pronounced respira-
tory variation in BP with mechanical ventilation in association with 
high filling pressures and low CO because the additional external pres-
sure applied to the heart by positive-pressure ventilation may further 
impair the already compromised ventricular filling in the presence of 
tamponade.

Echocardiography may provide strong evidence for the diagnosis of 
tamponade.277–280 Echolucent crescents between the RV wall and the 
 pericardium or the posterior LV wall and the pericardium are  visible 
with transthoracic imaging or TEE. Echogenicity of grossly bloody 
 pericardial effusions, especially when clots have been formed, may 
sometimes make delineation of the borders of the pericardium and the 
ventricular wall difficult, compromising the sensitivity of this  technique. 
A classic echocardiographic sign of tamponade is diastolic collapse of 
the RA or right ventricle, with the duration of collapse bearing a rela-
tion to the severity of the hemodynamic alteration, but such findings 
are often absent in the postcardiac surgery patient.277,281,282 Often, trans-
thoracic imaging is difficult because of mechanical ventilation, and TEE 
is required for satisfactory imagining (see Chapters 12 and 13).

The definitive treatment of tamponade is surgical exploration with 
evacuation of hematoma. The chest may have to be opened in the ICU 
if tamponade proceeds to hemodynamic collapse. For delayed tam-
ponade, pericardiocentesis may be acceptable. Medical palliation in 
anticipation of re-exploration consists of reinforcing the physiologic 
responses that are already occurring while preparing for definitive 
treatment. Venous return can be increased by volume administration 
and leg elevation. The lowest tidal volume and PEEP compatible with 
adequate gas exchange should be used.283 Epinephrine in high doses 
gives the needed chronotropic and inotropic boost to the ventricle and 
increases systemic venous pressures. Sedatives and opioids should be 
given with caution because they may interfere with adrenergic dis-
charge and precipitate abrupt hemodynamic collapse. Occasionally, 
patients experience development of significant cardiac tamponade 
without accumulation of blood in the chest. Edema of the heart, lungs, 
and other tissues in the chest after CPB may not allow chest closure 
at the first operation and need staged chest closure after the edema 
has subsided.284 Similarly, it was found that some patients with inad-
equate hemodynamics after cardiac surgery despite maximum support 
in the ICU improved with opening of the chest because of relief of this 
tamponade effect. Reclosure of the chest in the operating room often 
is possible after a few days of continued cardiovascular support and 
diuresis.

TRANSPLANTED HEART
Postoperative circulatory control in the heart transplant  recipient 
 differs from that of the nontransplant population in three major 
respects: The transplanted heart is noncompliant with a relatively fixed 
SV, acute rejection must be considered when cardiac performance is 
poor or suddenly deteriorates, and these patients are at risk for acute 
RV failure if pulmonary hypertension develops.285

The fixed SV combined with denervation of the donor heart means 
that maintenance of CO often is dependent on therapy to maintain an 
increased HR (110 to 120 beats/min). The drug most commonly used 
is isoproterenol because it is a potent inotropic agent and because 
it causes a dose-related increase in HR. Its vasodilating 

2
-receptor 

effect on the pulmonary vasculature may be of benefit if PVR is above 
 normal. Alternatively, atrial pacing may be used to maintain HR if con-
tractility appears normal. Pacing is often used to allow the withdrawal 
of  isoproterenol in the first postoperative days. Parasympatholytic 
drugs, such as atropine, do not have any effect on the transplanted 
heart (see Chapter 23).

Major concerns in monitoring and therapy for the transplant recipi-
ent are the potential for infection and rejection. Immunosuppressive 
therapy regimens include cyclosporine and usually steroids or azathi-
oprine, or both. These drugs also suppress the patient's response to 
infection, and steroid therapy may induce increases in the white blood 
cell count, further confusing the issue. Protocols for postoperative care 
stress strict aseptic technique and frequent careful clinical evaluations 
for infection.

The adequacy of immunosuppression is monitored by percutane-
ous myocardial biopsy, usually performed at weekly intervals in the 
first month. Less invasive techniques, such as echocardiographic evalu-
ation of diastolic function and sophisticated ECG analysis, are being 
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evaluated.286 Although acute rejection is diagnosed histologically, if 
suspected clinically (i.e., acute deterioration in cardiac function), it 
must be treated with intense immunosuppressive therapy. The agents 
and doses used vary from institution to institution, but they usually 
include high-dose steroids and monoclonal antibody to T

3
 lympho-

cytes (OKT3).287 Pharmacologic management and sometimes mechan-
ical support of biventricular function are required because severe 
impairment of contractility, ventricular dilation, and even cardiovas-
cular collapse may occur.

Preoperative evaluation helps screen patients with fixed pulmo-
nary hypertension because the normal donor right ventricle may fail 
acutely if presented with an increased PAP in the recipient.285 However, 
patients may have progression of disease between the time of evalua-
tion and surgery, or the right ventricle may be inadequately protected 
during harvest or transport. When separation from CPB is attempted, 

acute RV dilation and failure occur, and such patients may emerge from 
the operating room on multiple drug therapy, including the inhaled 
agents nitric oxide and prostacyclin, as described earlier. Gradual with-
drawal of these drugs occurs in the first postoperative days, with close 
monitoring of PAPs and oxygenation.

There is a heightened concern for fluid balance in the perioperative 
period because transplant recipients are often fluid overloaded due to 
chronic biventricular failure and the potential for edema in the donor 
heart. It is not unusual for vigorous diuretic therapy to be initiated 
within 24 hours of surgery, with the goals of negative fluid balance and 
a PAOP less than 12 mm Hg. Inotropic agents rather than preload aug-
mentation are used to keep CO at an acceptable level while this is being 
done. Electrolyte abnormalities induced by this therapy and the use 
of cyclosporine (which causes potassium and magnesium wasting) are 
common in this period.
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Postoperative Respiratory Care

Patients undergoing cardiac surgery experience physiologic stresses 
from anesthesia, thoracotomy, surgical manipulation, and cardiopul-
monary bypass (CPB). Each of these interventions can create transient 
deleterious effects on pulmonary function even with normal lungs; 
the effects may be exaggerated in the presence of preexisting pulmo-
nary pathology. Important pulmonary changes after cardiac surgery 
include diminished functional residual capacity after general anesthe-
sia and muscle relaxants,1 transient reduction in vital capacity (VC) 
after median sternotomy and intrathoracic manipulation, atelecta-
sis, and increased intravascular lung water.2 Acute functional residual 
capacity reduction creates arterial hypoxemia because of a mismatch 
between ventilation and perfusion, and diminishes lung compliance 
with increased work of breathing. This additional work of breathing, 
which increases oxygen consumption by up to 20% in spontaneously 
breathing patients,3 also increases myocardial work at a time when 

KEY POINTS

 1. Pulmonary complications after cardiopulmonary 
bypass are relatively common, with up to 12% 
of patients experiencing acute lung injury 
and about 1.5% tracheostomy for long-term 
ventilation.

 2. Risk factors for respiratory insufficiency include 
advanced age, presence of diabetes or renal 
failure, smoking, chronic obstructive lung 
disease, peripheral vascular disease, prior 
cardiac operations, and emergency or unstable 
status.

 3. Patients with preexisting chronic obstructive 
pulmonary disease have greater rates of 
pulmonary complications, atrial fibrillation, 
and death.

 4. Operating room events that increase risk 
include reoperation, blood transfusion, 
prolonged cardiopulmonary bypass time, 
and low cardiac output states, particularly if a 
mechanical support device is required.

 5. Transesophageal color-Doppler 
echocardiography is an important tool for real-
time bedside monitoring in the postoperative 
period and has additional applications 
in assessing ability to wean from chronic 
ventilatory support.

 6. Hospital-acquired infections are an important 
cause of postoperative morbidity and 
nosocomial pneumonia. Strategies to reduce 
the incidence of ventilator-associated 
pneumonia include early removal of gastric 
and tracheal tubes, formal infection control 
programs, hand washing, semirecumbent 
positioning of the patient, use of disposable 
heat and moisture exchangers, and scheduled 
drainage of condensate from ventilator circuits.

 7. Patients at risk for acute lung injury and those 
experiencing development of acute respiratory 
distress syndrome should be switched to a 
lung-protective ventilation strategy, which 
involves maintaining peak inspiratory pulmonary 
pressure less than 35 cm H2O and restricting 
tidal volumes to less than 6 mL/kg of ideal body 
weight.

 8. Permissive hypercapnia may be necessary to 
accomplish lung-protective ventilatory strategy. 
It should be used judiciously in patients with 

pulmonary hypertension because acidosis can 
exacerbate pulmonary vasoconstriction and 
further impair right ventricular function and 
cardiac output.

 9. Impediments to weaning and extubation 
include delirium, unstable hemodynamics, 
respiratory muscle dysfunction, renal failure 
with fluid overload, and sepsis.

 10. Short-term weaning success can be achieved 
with any variety of ventilation modes. The 
long-term patient requires an individualized 
approach, which may encompass pressure-
support ventilation, synchronized intermittent 
mandatory ventilation weaning, or T-piece trials.

 11. Although a number of parameters exist to 
assess respiratory strength and endurance, the 
single best parameter is the frequency-to-tidal 
volume ratio (f/VT).

 12. Long-term administration of neuromuscular 
blocking agents is associated with persistent 
muscle weakness. Possible causes include 
accumulation of drug metabolites, critical illness 
polyneuropathy, or neurogenic atrophy.

 13. A very small percentage of patients will not 
be able to wean from ventilation support. 
Characteristics of these patients include 
persistent low-output state with multisystem 
organ failure. Echocardiography can be helpful 
in establishing ventricular filling, contractility, 
and cardiac output at baseline and during 
weaning trials. Long-term weaning may be best 
accomplished in a specialized unit rather than 
an acute cardiovascular recovery area.
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myocardial reserves may be limited. Changes in spirometric measure-
ments and respiratory muscle strength can last up to 8 weeks after 
surgery.4

Thus, a sizeable proportion of cardiac surgical patients can be 
expected to have respiratory complications. In our experience, about 
a fourth of cardiac surgical patients were extubated in the operating 
room or within 4 hours of intensive care unit (ICU) arrival, and about 
half within 8 hours of ICU arrival. Median postprocedure intuba-
tion time was 7.6 hours. About 8% of patients experienced prolonged 
mechanical ventilation (defined as  72 hours after ICU arrival), and 
about 7% required reintubation of the trachea either shortly after initial 
extubation or because of delayed respiratory failure. Acute lung injury 
(ALI), sometimes progressing to acute respiratory distress syndrome 
(ARDS), can occur in up to 12% of postoperative cardiac patients.5 
Tracheostomy was performed in 1.4% of post-CPB patients to facilitate 
recovery and weaning from ventilatory support. Although these figures 
represent the experience of one referral center, others have reported 
similar results (Table 35-1). A more recent study at this same institu-
tion showed a trend toward less ventilator dependency but little change 
in the rate of tracheostomy.6 In this study, 5.5% experienced ventilator 
dependency, whereas 1.45% required tracheostomy.

RISK FACTORS FOR RESPIRATORY 
INSUFFICIENCY
The lung is especially vulnerable because disturbances may affect it 
directly (atelectasis, effusions, pneumonia) or indirectly (via fluid 
overload in heart failure, as the result of mediator release from CPB, 
shock states, or infection, or via changes in respiratory pump func-
tion as with phrenic nerve injury). Postoperative status will be deter-
mined, in part, by the patient's preoperative pulmonary reserve, as well 
as by the level of stress imposed by the procedure. Thus, a patient with 
reduced VC caused by restrictive lung disease undergoing minimally 
invasive surgery may have fewer postoperative pulmonary issues than 
a relatively healthy patient undergoing simultaneous CABG and valve 
replacement with its longer accompanying operative/anesthetic and 
CPB times. Respiratory muscle weakness contributes to postoperative 
pulmonary dysfunction, and prophylactic inspiratory muscle train-
ing has been shown to improve respiratory muscle function, pulmo-
nary function tests, and gas exchange. Training reduces the percentage 
of patients requiring more than 24 hours of postoperative ventilation 
support from 26% to 5%.7

Assessing Risk Based on Preoperative 
Status
A number of robust models are available to stratify mortality outcome 
by preoperative risk factors in patients undergoing cardiac surgery.8 The 
independent (predictive) variables and their weighting vary somewhat 
from model to model and vary between models predicting mortality 
versus those predicting morbidity or length-of-stay outcomes,9 but the 
commonalities are greater than the differences. The Society of Thoracic 
Surgeons National Adult Cardiac Surgery Database is widely used in the 
United States and offers, in addition to a mortality prediction, a model 
customized to predict prolonged ventilation.10,11 The EuroSCORE is 

commonly used in Europe.12 Factors common to outcome risk adjust-
ment models include age, sex, body surface area, presence of diabetes 
or renal failure, chronic lung disease, peripheral vascular disease, cere-
brovascular disease, prior cardiac surgery, and emergency or unstable 
status.9–11 Chronic obstructive pulmonary disease (COPD) might be 
expected to be a major risk for postoperative respiratory morbidity and 
mortality and appears as a factor in many models. However, hospi-
tal mortality with mild-to-moderate COPD is not especially high; it 
is the minority of patients with severe COPD, especially those older 
than 75 years and receiving steroids, who are at greatest risk.13 Patients 
with preexisting COPD have greater rates of pulmonary complications 
(12%), atrial fibrillation (27%), and death (7%).13 Obesity, defined by 
increased body mass index, does not appear to increase the risk for 
postoperative respiratory failure.14 In contrast, even modest increases 
of serum creatinine concentration (> 1.5 mg/dL) are independently 
associated with greater morbidity and mortality.9,15

At least four studies have used multivariate regression techniques to 
elucidate factors specifically associated with postoperative respiratory 
failure (Table 35-2). The studies differ in their end points for outcome 
and in their choice of preoperative versus operative versus postop-
erative variables. Spivack et al16 examined 513 consecutive patients 
undergoing CABG and identified reduced left ventricular ejection 
fraction, preexisting congestive heart failure, angina, current smoking, 
and diabetes mellitus as predictors of mechanical ventilation support 
beyond 48 hours. In this study, pulmonary diagnosis, lung mechanics, 
and blood gas parameters were not independently useful in predict-
ing outcome. Branca et al17 found that the mortality rate predicted by 
the Society of Thoracic Surgeons model10 was the single best predictor 
of mechanical ventilation support for longer than 72 hours, but also 
identified mitral valvular disease, age, vasopressor and inotrope use, 
renal failure, operative urgency, type of operation, preoperative venti-
lation, prior cardiac surgery, female sex, myocardial infarction within 
30 days, and previous stroke as contributors.17 Rady et al18 examined 
both preoperative and intraoperative factors and noted that transfu-
sion of more than 10 units of blood products or total CPB time in 
excess of 120 minutes were important operative events in addition to 
the usual preoperative predictors of extubation failure. Canver and 
Chandra19 looked only at operative and postoperative predictors versus 
the end point of mechanical ventilation for more than 72 hours; they 
found that  prolonged CPB time, sepsis and endocarditis, gastrointes-
tinal bleeding, renal failure, deep sternal wound infection, new stroke, 
and bleeding requiring reoperation were important predictors of pro-
longed ventilatory support. None of these models, general or specific 
for respiratory complications, is sufficiently sensitive or specific to pro-
hibit consideration of surgery for an individual patient, but they do 
provide the clinician with early warning for patients at high risk.

Operating Room Events
Identification of the patient who is difficult to intubate is important for 
planning extubation for a time when sufficient personnel and equip-
ment are available to deal with a potentially difficult reintubation. 
Opioids and neuromuscular blocking agents with long half-lives might 
be expected to influence extubation time. It is not the  specific dura-
tion of action of these drugs but rather the skill of the anesthesiolo-
gist in knowing how to use them well that influences extubation time. 

NR, not reported.

Pulmonary Complications

 
Reference

 
No. of Patients

Median Time to 
Extubation (days)

 
Mechanical Ventilation

 
Reintubation

 
Tracheostomy

In-hospital 
Mortality Rate

Rady et al (1993–1996)18 11,330 2.2 NR 6.6% NR 3.5%
Branca et al (1996–1997)17 4,863 2 (1–105) 5.9% (> 72 hours) 3.2% 0.8% 1.95%
Cleveland Clinic Experience 

(1998–2001, unpublished 
data)

13,191 0.32 4–11% 7% 1.4% NR

TABLE  
35-1
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Reoperative patients are at risk18–20 partly because of longer CPB time, 
increased blood transfusion, and the additional likelihood of bleeding 
in this population. CPB time is repeatedly identified as a risk,18–20 and 
a correlation between CPB time and inflammatory cytokine release 
has been demonstrated.21 However, levels of C-reactive protein, an 
inflammatory marker, do not correlate with outcomes such as time 
on mechanical ventilation.22 Genetic polymorphisms are associated 
with respiratory complications,23 suggesting that risk prediction may 
require more sophisticated understanding of individual patient vari-
ables. Recent observations of dose-dependent reductions in adverse 
events after CABG in patients receiving statins are also intriguing.24,25

Low cardiac output states may be important predictors of prolonged 
ventilation because prolonged periods of inadequate perfusion result 
in additional mediator release. Patients maintained on an intra-aortic 
balloon pump (IABP) or a ventricular assist device may have border-
line or insufficient cardiac output; it makes little sense to impose the 
additional work of breathing3 until their cardiac issues have resolved. 
Cardiovascular collapse occasionally occurs at the time of chest closure 
secondary to severe distension or edema of the lungs. Physiologically, 
this acts much like cardiac tamponade, and the solution is to leave the 
chest open for 24 to 48 hours. An open chest delays early extubation 

and also has a potential to produce long-term ventilator dependency 
should infection or sternal osteomyelitis develop.

The prognostic and therapeutic implications of an IABP depend on 
the reasons for which the device was inserted (Figure 35-1). Not sur-
prisingly, mortality and ventilation-dependency rates are lowest in 
those not requiring any mechanical support. In patients in whom the 
IABP was placed before surgery for unstable angina, definitive surgery 
should correct the problem and removal of the IABP and extubation 
need not be delayed. In all other scenarios, intubation and ventila-
tory support may be required beyond the time of removal of the IABP 
because of residual cardiac dysfunction, fluid overload, or associated 
organ injury. Patients whose IABP was placed for preoperative cardio-
genic shock, as an assist to separating from CPB, or for low output 
states in the postoperative period have a high mortality risk and fre-
quently need  prolonged ventilatory support.

Positive end-expiratory pressure (PEEP) while on CPB has been 
advocated as one method to prevent atelectasis. This turns out to be 
impractical in patients with COPD because air trapping interferes with 
surgical exposure. Recruitment maneuvers after CPB have  variable 
impact on intubation time; most studies show it to be  ineffective 
in reducing the need for long-term ventilatory support. Alveolar 

BUN, blood urea nitrogen; CABG, coronary artery bypass grafting; CHF, congestive heart failure; CPB, cardiopulmonary bypass; COPD, chronic obstructive pulmonary disease, DO
2
, 

systemic oxygen delivery; GI, gastrointestinal, Hct, hematocrit; LVEF, left ventricular ejection fraction; MI, myocardial infarction; STS, Society of Thoracic Surgeons.

Factors Predicting Postoperative Respiratory Outcome

Spivack et al16 Branca et al17 Rady et al18 Canver and Chandra19

End point Mechanical ventilation  
> 48 hours

Mechanical ventilation > 72 hours Extubation failure (reintubation 
after initial extubation)

Mechanical Ventilation > 72 hours

Risk factors
estimate

 65 years

 34%
 24 mg/dL

 4.0 mg/dL
2
  320mL/mm/L2

 120 minutes

TABLE  
35-2
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Figure 35-1 The prognostic implications of an intra-aortic balloon pump (IABP) depend on the timing and reason for insertion. In patients undergo-
ing isolated coronary artery bypass grafting, the basal mortality rate is less than 1%. Patients who received a preoperative IABP for unstable angina have 
a 6.2% mortality rate. Preoperative insertion for cardiogenic (CG) shock has the worst prognosis, with nearly 35% mortality. Intraoperative insertion of a 
balloon pump, generally to facilitate separation from cardiopulmonary bypass, carries an 11% mortality rate. The worst prognosis is if a balloon pump 
is required after surgery for any reason. Patients in the highest-risk category are likely to require prolonged ventilatory support.
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 recruitment  maneuvers can be performed without deleterious effects, 
even in morbidity obese patients, as long as intravascular volume is ade-
quate.26 There are no compelling data that fluid management choices 
or the use of steroids before CPB have substantial effects on intubation 
time or respiratory failure. A number of studies27,28  suggest that infu-
sion of small volumes of hypertonic saline prepared in a hydroxyethyl 
starch solution may reduce total fluid needs, improve cardiac index, 
and lessen the pulmonary gas exchange compromise, but studies have 
not examined whether these differences in the operating room trans-
late to improved outcome or shorter length of stay.

Postoperative Events
The expected postoperative course is a short period of ventilatory sup-
port while the patient is warmed, allowed to awaken, and observed for 
bleeding or hemodynamic instability. Preoperative risks, issues with 
difficult intubation, and operating room events should be commu-
nicated from the operating room team to the ICU team at the time 
of ICU admission. Box 35-1 outlines criteria to be met before routine 
extubation. Reduced cuff leak volume reliably identifies patients at 
risk for laryngeal edema. Intravenous methylprednisolone can reduce 
the incidence of postextubation stridor.29 Prophylactic nasal continu-
ous positive airway pressure (CPAP) at 10 cm H

2
O for a minimum of 

6 hours has been shown to reduce hypoxemia, pneumonia, and reintu-
bation rates after elective cardiac surgery.30

Aspiration of mouth flora or gastric contents is a major risk factor 
for later pulmonary compromise. Oral rather than nasal routes should 
be used for the endotracheal and gastric sump tubes, and these devices 
removed at the earliest possible opportunity. Before extubation, a quick 
neurologic examination should be performed to rule out new cerebro-
vascular events, presence of excess opioids, or residual neuromuscu-
lar blocking agents. Knowing that the work of breathing can consume 
up to 20% of cardiac output should preclude immediate extubation 
in the hemodynamically unstable patient. Although patients may be 
successfully extubated while on IABP, the need to lie flat after balloon 
and sheath removal may interfere with their ability to resolve atelectasis 
and clear secretions. This limitation often dictates continued tempo-
rary ventilator support until the patient is able to sit up.

Although postoperative care of low-risk cardiac surgical patients has 
come to resemble a recovery room model, high-risk patients benefit 
from postoperative involvement of anesthesiologists, cardiologists, and 
critical care specialists.31 Numerous individual studies and systematic 
reviews32 have confirmed the value of full-time intensive care special-
ists in a variety of settings, although there is at least one  dissenting 

opinion.33 Wide variation continues in adherence to the Leapfrog 
group physician staffing standard,34 despite demonstrated financial 
return on investment.35 It is likely that a robust organizational envi-
ronment, rather than the mere presence of intensivists, is necessary to 
achieve the best results.36

Hospital-acquired infections are an important cause of postoperative 
morbidity and nosocomial pneumonia is common in patients receiv-
ing continuous mechanical ventilation. The historic risk for ventilator-
associated pneumonia (VAP) appears to be around 1% per day when 
diagnosed using protected specimen brush and quantitative culture 
techniques.37 More recent data suggest that VAP rates can be decreased 
by an order of magnitude with careful attention to patient manage-
ment.38,39 Strategies believed to be effective at reducing the incidence of 
VAP include early removal of nasogastric or endotracheal tubes, formal 
infection control programs, hand washing, semirecumbent position-
ing of the patient,40 daily sedation “vacation,”41 avoiding unnecessary 
reintubation, providing adequate nutritional support, avoiding gastric 
overdistention, use of the oral rather than the nasal route for intuba-
tion, scheduled drainage of condensate from ventilator circuits,42 and 
maintenance of adequate endotracheal tube cuff pressure.43 Strategies 
that are not considered effective include routine changes of the ven-
tilator circuit, dedicated use of disposable suction catheters, routine 
changes of in-line suction catheters, daily replacement of heat and 
moisture exchangers, and chest physiotherapy.44 The literature sup-
ports both continuous aspiration of subglottic secretions and use of 
silver-coated endotracheal tubes to reduce the incidence of VAP.45–47

DIAGNOSIS OF ACUTE LUNG INJURY 
AND ACUTE RESPIRATORY DISTRESS 
SYNDROME
ARDS may develop as a sequela of CPB or, more commonly, in the 
 postoperative patient with cardiogenic shock, sepsis, or multisystem 
organ failure. Components of ARDS include diffuse alveolar dam-
age resulting from endothelial and type I epithelial cell necrosis, as 
well as noncardiogenic pulmonary edema caused by breakdown of 
the endothelial barrier with subsequent vascular permeability. The 
exudative phase of ARDS occurs in the first 3 days after the precipi-
tating event and is thought to be mediated by neutrophil activation 
and sequestration. Neutrophils release mediators causing endothelial 
damage. Ultimately, the alveolar spaces fill up with fluid as a result of 
increased endothelial permeability.

Intravascular and intra-alveolar fibrin deposition are common. 
Procoagulant activity becomes enhanced in ARDS, and bronchoal-
veolar lavage will reveal increased tissue factor levels.48 The clinical 
presentation is typically an acute onset of severe arterial hypoxemia 
refractory to oxygen therapy, with a PaO

2
 to F

i
O

2
 (P/F ratio) of less 

than 200 mm Hg. ARDS is classically diagnosed only in the absence of 
left ventricular failure, which complicates the diagnosis in the postop-
erative cardiac patient who may also be in heart failure. Other findings 
in ARDS include decreased lung compliance (< 80 mL/cm H

2
O) and 

bilateral infiltrates on chest radiograph.49 Murray et al50 created a Lung 
Injury Score that awards points for affected quadrants on chest radio-
graph, P/F ratio, amount of PEEP applied, and the static compliance of 
the lung. Scores above zero, but less than 2.5, are considered ALI, and 
scores greater than 2.5 meet the threshold for ARDS.

The proliferative phase of ARDS occurs on days 3 to 7 as inflam-
matory cells accumulate as a result of chemoattractants released by 
the neutrophils. At this stage, the normal repair process would remove 
debris and begin repair, but a disordered repair process may result in 
exuberant fibrosis, stiff lungs, and inefficient gas exchange. Evidence 
suggests that careful fluid and ventilator management may affect this 
process.51,52 Conventional ventilator support after cardiac surgery is 
to maintain large tidal volumes (V

T
; typically 10 mL/kg) to reopen 

atelectatic but potentially functional alveolae. The problem is that the 
compromised lung is no longer homogenous, and high pressures can 
further damage the remaining normal lung. Direct mechanical injury 

BOX 35-1. CRITERIA TO BE MET BEFORE EARLY 
POSTOPERATIVE EXTUBATION

Neurological:

Cardiac:

Respiratory:

O O

Renal:

Hematologic:
Temperature:
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may occur as a result of overdistention (volutrauma), high pressures 
(barotrauma), or shear injury from repetitive opening and closing. 
“Biotrauma” also may occur as a result of inflammatory mediator 
release and impaired antibacterial barriers. Nahum et al53 showed that 
dissemination of Escherichia coli via bacterial translocation from the 
lung was highest in dogs ventilated with a high-V

T
 strategy. Thus, cur-

rent clinical practice with known or suspected lung injury is to limit 
inflation pressures. The maximal “safe” inflation pressure is not known, 
but evidence favors keeping peak inspiratory pressures less than 35 cm 
H

2
O and restricting V

T
 to 6 mL/kg of ideal body weight in patients 

at risk for ALI.54 The landmark ARDSNet trial randomized patients to 
6 versus 12 mL/kg of ideal body weight and demonstrated a signifi-
cant difference in 28-day survival with the low-V

T
 group.55 The same 

study showed significant decreases in interleukin-6 (IL-6) release when 
the low-V

T
 strategy was used. Most recently, ventilation with lower 

V
T
 has been shown to be beneficial in critically ill patients even with-

out ALI, as measured by plasma IL-6 levels and progression to lung 
injury,56 but this issue has not yet been studied in the cardiac surgical 
population. A conservative strategy of fluid administration has been 
shown to improve oxygenation and shorten the duration of mechani-
cal ventilation.51

THERAPY WITH ACUTE LUNG INJURY/
ACUTE RESPIRATORY DISTRESS 
SYNDROME
Maintaining a lung protective ventilatory strategy can involve permis-
sive hypercapnia,57 if normal PCO

2
 levels cannot be achieved with low 

V
T
. The acid-base changes must be monitored carefully, especially in 

patients with reactive pulmonary vasculature. Prone positioning can be 
useful in achieving oxygenation.58 A short daily turn to the prone posi-
tion does not appear to improve outcome in ARDS, although one post 
hoc analysis found lower mortality in the sickest patients.59 Lower V

T
  

with increasing amounts of PEEP may increase alveolar recruitment 
and thus improve oxygenation.60 Taken to an extreme, patients with 
ALI may be ventilated with high-frequency oscillation, which is essen-
tially high PEEP with tiny (smaller than dead space), frequently deliv-
ered V

T
. Other techniques for patients who did not respond successfully 

to conventional therapy include extracorporeal CO
2
 removal,61 extra-

corporeal membrane oxygenation,62 partial liquid ventilation,63 inhaled 
nitric oxide,64,65 and inhaled prostacyclin.66 Although clearly beneficial 
to some individuals in extreme circumstances, prospective controlled 
trials are lacking. High-dose corticosteroids have been in and then out 
of fashion for treatment of ARDS. More recently, Miduri et al gave 
 prolonged lower dose methylprednisolone therapy for unresolving 
ARDS and were able to document improvements in P/F ratio, better 
ICU survival, and shortened duration of mechanical ventilation.67

In the healthy cardiac surgical population, the use of PEEP usually 
is not necessary.68,69 Increased levels of PEEP may decrease cardiac out-
put, unless volume loading is used to stabilize preload by maintaining 
transmural filling pressures.70 The effects of PEEP are most marked in 
the presence of abnormal right ventricular function, particularly if the 
right coronary artery is compromised.71 PEEP neither protects against 
the development of ARDS72 nor reduces the amount of mediastinal 
bleeding after cardiac surgical procedures involving CPB.73 Most cli-
nicians will routinely use 5 cmH

2
O of PEEP in ventilated patients. 

However, greater levels of PEEP (often 8 to 15+ cmH
2
O) are usually 

necessary to maintain adequate oxygenation with ALI or develop-
ing ARDS; application of PEEP in the postoperative patient usually 
involves a trade-off between cardiac and pulmonary goals.

Lung Recruitment
In laboratory and clinical models, an important component of a lung 
protective ventilatory strategy is recruitment of the lung. This is the 
closed-chest analogy to the open-chest recruitment maneuver typi-
cally done at the end of CPB to re-expand the collapsed lung. The goal 

of opening the lung is to allow ventilation to occur at a point on the 
pressure-volume curve that avoids repetitive atelectasis (by staying 
above a critical closing pressure) and at the same time avoids overin-
flation.74 ARDSNet data suggest that the short-term effects of recruit-
ment maneuvers are highly variable and that further study is necessary 
to determine the role of recruitment maneuvers in the management 
of ALI/ARDS.75 With anesthetic techniques geared to early extubation, 
suboptimal oxygenation in the early postoperative period appears to 
be more common today. In most instances, impaired oxygenation is 
due to atelectasis and responds quickly to brief recruitment maneu-
vers. These should be performed with caution because of the adverse 
impact of increased airway pressure on venous return and cardiac out-
put if the patient is intravascularly “empty.” Although the benefits of 
early application of the lung protective ventilatory strategy in the high-
risk cardiac surgical patient have not been studied formally, the bene-
fits of lung protective ventilatory strategy in other populations suggest 
that this strategy should be considered as soon as ALI is identified, and 
 perhaps even prophylactically in high-risk patients.56

Permissive Hypercapnia
Conventional management is to maintain PaCO

2
 within a “normal” or 

eucapnic range, classically between 35 and 45 mm Hg. A patient who 
chronically retains CO

2
 would be considered eucapnic at his or her 

higher baseline PaCO
2
. The traditional reason for maintaining eucapnia 

is primarily that acute deviation from a normal or acclimatized PaCO
2
 

will result in alkalemia or acidemia to which the kidneys will respond 
by retaining or excreting bicarbonate ion. Normal kidneys can com-
pensate for a PCO

2
-induced pH change in 12 to 36 hours.76 If high air-

way pressures would be required to maintain a “normal” PaCO
2
, then 

PaCO
2
 values up to 60 mm Hg are acceptable as long as cardiovascular 

stability is present and the pH remains greater than 7.30. It has been 
hypothesized that increased PCO

2
 levels might even be protective and 

that low levels of PCO
2
 could play a role in organ injury.77 Permissive 

hypercapnia should be used judiciously in patients with pulmonary 
 hypertension because acidosis can exacerbate pulmonary vasocon-
striction and further impair right ventricular function and cardiac out-
put.78 (See Chapter 24.)

Cardiopulmonary Interactions
An understanding of cardiopulmonary interactions associated with 
mechanical ventilation is critical to the cardiothoracic intensiv-
ist. Hemodynamic changes may occur secondary to changes in lung 
 volume and intrathoracic pressure even when V

T
 remains constant.79 

Pulmonary vascular resistance and mechanical heart-lung interactions 
play prominent roles in determining the hemodynamic response to 
mechanical ventilation. Because lung inflation alters pulmonary vas-
cular resistance and right ventricular wall tension, there are limits to 
intrathoracic pressure that a damaged heart will tolerate. High lung 
volumes also may mechanically limit cardiac volumes. In patients with 
airflow obstruction, occult PEEP (auto-PEEP) may also contribute to 
hypotension and low cardiac output.80 Auto-PEEP can be detected by 
respiratory waveform monitoring or by pressure monitoring with the 
ventilator's expiratory port held closed at end-exhalation. Auto-PEEP 
may respond to bronchodilators and/or increased expiratory time to 
permit more complete exhalation.

General Support Issues
Patients requiring long-term ventilatory support are prone to a number 
of complications including venous thromboembolism, central venous 
catheter–related bloodstream infections, surgical site infections, VAP, 
pressure ulcers, nutritional depletion, delirium, and gastrointestinal 
bleeding. The Agency for Healthcare Research and Quality has identi-
fied a number of patient safety practices applicable to the ICU patient; 
high on the list are appropriate venothromboembolism prophylaxis, 
use of perioperative -blockers, use of maximum  sterile barriers 
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during catheter insertion, and appropriate use of antibiotic prophy-
laxis.81 Standard practice in long-term ventilator patients includes 
prophylaxis against gastrointestinal bleeding with histamine blockers 
or proton pump inhibitors (unless the patient is receiving continu-
ous gastric feedings), head of bed elevation to 30 degrees or more in 
hemodynamically stable patients,40 a brief daily wake up from seda-
tion,82 use of in-line suction catheters, glucose control,83 and appro-
priate venothromboembolism prophylaxis. Box 35-2 summarizes these 
risk-reduction efforts. Ensuring that each of these goals is met on each 
patient every day requires extra work but can be accomplished with a 
daily goals form84 or with information technology.85

IMPEDIMENTS TO WEANING AND 
EXTUBATION
Factors that limit the removal of mechanical ventilatory support 
include delirium, neurologic dysfunction, unstable hemodynamics, 
respiratory muscle dysfunction, renal failure with fluid overload, and 
sepsis. Figure 35-2 outlines one approach to identifying readiness to 
wean and possible alternative approaches to weaning.

Neurological Complications
Delirium is common in long-stay ICU patients and is associated with 
greater costs in the ICU and for the entire hospital stay.86 Delirium after 
cardiac surgery is a common complication in cardiovascular ICUs; 
estimated incidence rates are approximately 30% in the general car-
diac surgical population to 83% in mechanically ventilated patients.87,88 
Delirium resolves spontaneously or with pharmacologic intervention 
in almost all patients by postoperative day 6. Evidence from a large trial 
of mostly medical critical care patients suggests dexmedetomidine is 
associated with less delirium than midazolam.89 Dexmedetomidine has 
been shown to be safe and effective in the post-CABG population.90 
Alcohol or benzodiazepine withdrawal should be considered in the dif-
ferential diagnosis of delirium. Recent evidence suggests that  ketamine 
may attenuate delirium in CPB patients, possibly because of anti-
inflammatory effects.91 Initial postoperative management of agitation 
consists of reassurance and orientation of the patient, as well as  control 
of pain with opioids. Agitation accompanied by disorientation may 
be worsened by benzodiazepines, which should be restricted to treat-
ment of oriented but anxious patients or for prophylaxis of  alcohol and 

benzodiazepine withdrawal. If the patient remains agitated and disori-
ented, haloperidol is useful.92 Newer agents such as risperidone, olan-
zapine, and quetiapine also may be useful, but they have not been well 
studied in the cardiothoracic ICU setting.

Diaphragmatic paralysis may complicate any procedure, but it is 
more common in patients undergoing reoperation, because of the 
 difficulty in identifying the phrenic nerve in fibrotic pericardial tissue. 
In our experience, permanent bilateral diaphragmatic paralysis occurs 
in less than 0.1% of patients after CPB, but temporary diaphragmatic 
weakness may occur in 4% or more. The diagnosis of diaphragmatic 
paralysis should be suspected whenever a patient does not success-
fully wean from mechanical ventilation; it should be documented by 
observing paradoxic movement of the diaphragm during inspira-
tion, and by comparing VC and V

T
 in the supine and seated positions. 

Differences in supine and seated VC of more than 10% to 15% should 
prompt fluoroscopic examination of the diaphragm (“sniff” test). 
Bilateral paralysis may be missed by this test, because comparison of 
left and right diaphragmatic excursion has lower specificity when both 
diaphragms are involved. Transient diaphragmatic paralysis can occur 
secondary to cold injury to the phrenic nerve.93 Less often, the phrenic 
nerve is injured or transected during dissection of the internal mam-
mary arteries or during mobilization of the heart in patients undergo-
ing reoperation.

Patients with respiratory failure and systemic inflammatory response 
syndrome frequently develop critical illness polyneuropathy, the first 
sign of which may be failure to wean from the ventilator.94 Disuse atro-
phy95 and steroid administration96 also contribute to muscle weak-
ness. Patients with severe COPD who are dependent on diaphragmatic 
breathing before surgery are most likely to manifest diaphragmatic 
weakness as postoperative ventilator dependency. Full recovery of dia-
phragmatic function may take from 4 months to more than 2 years, and 
partial recovery is apparent when the patient can lie flat without dysp-
nea.97 Adjuncts to improving diaphragmatic strength include inspira-
tory muscle training,7 normalizing calcium and phosphate  levels, and 
possibly the use of aminophylline.98

Cardiac Complications
Acute myocardial dysfunction occurs in almost all post-CPB patients, 
reaching a nadir about 4 hours (range, 2 to 6) after CPB. Patients with 
persistent low-output syndrome have an increased risk for cardiac 
death, as well as complications such as renal failure, respiratory failure, 
disseminated intravascular coagulation, gastrointestinal bleeding, and 
neurologic sequelae. Regional differences in blood flow also can occur 
even in the presence of an adequate overall cardiac output, so a normal 
whole-body cardiac index does not guarantee adequate perfusion of 
individual organs. Multiorgan failure may be precipitated by a period 
of gut ischemia or hyperpermeability followed by translocation of gut 
bacteria and release of endotoxin and other vasoactive substances, 
leading to generalized inflammation and organ injury.99

Patients maintained on chronic amiodarone therapy are prone to 
postoperative respiratory failure, longer intubation times, and longer 
ICU stays, even with only subclinical evidence of pulmonary amio-
darone toxicity.100 Rarely, patients taking amiodarone experience devel-
opment of life-threatening pulmonary complications, including ARDS. 
Histologic lung examination of these patients demonstrates marked 
interstitial fibrosis with enlarged air spaces (“honeycomb” appearance) 
and hyperplasia of type II pneumocytes.101

Acute left ventricular dysfunction may occur in patients with 
COPD during the shift from mechanical to spontaneous ventilation.102 
Attention to fluid balance and aggressive diuresis or use of ultrafiltra-
tion help with weaning. Although it is useful to compare the patient's 
current and preoperative body weights, catabolic states arising after 
surgery, and especially during sepsis, reduce lean body weight. Patients 
may be “unweanable” until fluid removal reduces body weight to 
 several kilograms less than the preoperative value.

Patients with valvular disease have significantly higher respiratory 
system and lung elastances and resistances than those undergoing 

BOX 35-2. SPECIFIC WAYS TO REDUCE 
INTENSIVE CARE UNIT–ASSOCIATED MORBIDITY



1052 SECTION VI Postoperative Care

 surgery for ischemic heart disease, but these may correct with success-
ful surgery.103 Thus, valve surgery patients have less work of  breathing 
and improved respiratory function after correction of the valvular 
pathology, but CABG patients are less likely to show dramatic improve-
ment after surgery.

Utility of Echocardiography in 
the Intensive Care Unit Setting
For many years, echocardiography has been practiced routinely in the 
operating room to assess ventricular function and valvular pathol-
ogy. In recent years, transesophageal color-Doppler echocardiogra-
phy (TEE) or transthoracic echocardiography (TTE) has moved to 
the bedside.104–106 High-quality images from TEE/TTE can be a valu-
able diagnostic tool in the management of critically ill patients, as 
well as in the diagnosis and treatment of respiratory disease related 

to  cardiopulmonary dysfunction.107 Use of a focused cardiovascular 
examination frequently alters perioperative management.108

Pleural Effusion
Accumulation of fluid in the pleural space from bleeding or collection 
of fluid can compress the lung parenchyma and cause basal atelectasis, 
resulting in impaired gas exchange. An undetected pleural effusion also 
may act as a potential source of postoperative infection. As with the 
ultrasound probe used by radiologists, the TTE probe can be used to 
assess the size of a pleural effusion, mark the skin at the site that is opti-
mal for needle insertion to drain the effusion, and verify that there is 
no lung tissue in the area where the physician plans to insert the needle 
(Figure 35-3). Orihashi et al109 have described the TEE appearance of 
pleural fluid. When the patient is supine, fluid pools in the dorsal and 
caudal portions of the pleural space. From the four-chamber view, the 
TEE probe is rotated counterclockwise to obtain the short-axis view 

Examine patient and assess readiness for weaning
(must satisfy all criteria below)

Criteria met?

t modes:  Assist/control or SIMV
  sufficient to ablate spontaneous respiratory drive
Weaning modes:  If patient is on SIMV plus PSV,

  convert to PSV alone.  Initial PSV level usually 2/3
  peak inspiratory pressure delivered on A/C or SIMV
Wean PSV in small increments (1 to 2 cm H2O as

  long as f/Vt ≤ 50 and RR ≤ 30 bpm
 see box below

Trial of spontaneous
breathing through ETT

Resume mechanical ventilation with either
pressure support or assist/control; continue
once-daily trials of spontaneous breathing

Sustained for > 30 minutes without distress?
(RR < 35, SpO2 > 90%; HR < 20% increase,

SBP 90 to 180; minimal anxiety or diaphoresis)

Upper airway patent? (consider leak test)
Able to cough and clear secretions?

Capable of protecting airway?

Tube feeding must be off for 1 hour

Leave ETT in place, perhaps
with low-level pressure support

while addressing airway patency,
neurologic status and/or secretions

Pr
Search for and correct causes:
Neurologic
Cardiac
Respiratory

Hematologic
Infectious
Nutritional

Renal/Fluids
Psychological
Iatrogenic

ysical and occupational therapy
  (patient must be able to support weight
  and eventually walk with assistance)

Tracheostomy for > 14 days anticipated ETT
volve patient in weaning process

vent decubitus (specialized beds)

  IMV weaning:  Set initial rate low enough to
encourage breathing over machine rate; decrease IMV rate by 2 as

long as RR < 24; pH > 7.32 and patient remains stable and comfortable
T   Begin with 1- to 2-minute spontaneous trials every

2 hours and increase duration as tolerated without patient distress

Yes

Yes

Fail

No

No

Pass

Hemodynamically stable off pressor/inotrope infusions
Minute ventilation < 12 L/min
PO2 > 60 mm Hg at FIO2 < 0.60 and PEEP < 10 cm H2O
f/Vt < 105 on brief trial of spontaneous breathing
MIP < –25 cmH2O and spontaneous Vt ≥ 5 mL/kg
Respiratory drive intact (neurological status, drugs)

Figure 35-2 This flow chart addresses the broad categorization of patients, both short and long term, in the cardiothoracic intensive care unit. All 
patients require periodic assessment for readiness for weaning, and if they meet criteria are eligible for spontaneous trials leading to extubation. 
Patients who do not meet the criteria should have mechanical ventilation maintained until criteria are met. Pressure-support weaning may be possible; 
if not, alternative approaches include intermittent mandatory ventilation weaning and TP weaning. Patients who stall in their weaning progress should 
have a comprehensive examination and an assessment of organ systems to search for correctable causes. A/C, assist control; ETT, endotracheal tube; 
f/VT, frequency-to-tidal volume ratio; HR, heart rate; IMV, intermittent mandatory ventilation; MIP, maximal inspiratory pressure; PEEP, positive end-
 expiratory pressure; PSV, pressure-support ventilation; RR, respiratory rate; SBP, systolic blood pressure; SIMV, synchronized intermittent mandatory 
ventilation; TP, T-piece.
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of the descending aorta. In the presence of left-side pleural effusion, 
a crescent shape linked to a tiger's claw could be noted. The probe is 
rotated clockwise from the four-chamber view position to examine for 
a right pleural effusion. A crescent-shaped, echo-free space adjacent to 
the transducer is noted.

Treatment of pleural effusion is thoracentesis or placement of tube 
thoracostomy. Talmor et al110 showed that drainage of pleural fluid 
resulted in a significant improvement in oxygenation in patients with 
acute respiratory failure with pleural effusions who were refractory to 
treatment with mechanical ventilation and PEEP.

Patent Foramen Ovale
When a mechanically ventilated patient becomes more hypoxemic 
despite efforts to improve ventilation, shunt-induced hypoxemia 
caused by a patent foramen ovale should be suspected, among other 
causes such as pulmonary embolism. Only echocardiography can iden-
tify such specific abnormalities in mechanically ventilated patients, 
when weaning is difficult or refractory hypoxemia is not explained by 
pulmonary disease alone.111

Septic Shock
The treatment of critically ill patients frequently requires a compre-
hensive evaluation of the hemodynamic status. Pulmonary artery cath-
eters are widely used but have not been shown to improve survival112 
and have substantial limitations.113 Echocardiography appears to be an 
alternative modality for assessment of patients with circulatory fail-
ure in the ICU,114 allowing rapid assessment and differentiation of the 
cause of shock.

The diagnostic accuracy of TEE has been superior to that of TTE 
in identifying the cardiac source of shock, especially in ventilated 
patients.115 Inotropic support may be necessary to facilitate weaning 
from mechanical ventilation.116 In the presence of tricuspid regur-
gitation, the measurement of cardiac output by thermodilutional 
techniques will underestimate its value. Balik et al117 confirmed that 
the severity of tricuspid regurgitation, an abnormality frequently 
observed in mechanically ventilated ICU patients,118 reduces the 
agreement between thermodilution and TEE for the cardiac output 
determination.

Inadequate fluid administration can be detrimental, but avoiding 
inefficient and potentially deleterious volume expansion is equally 

important. Bedside echocardiography is one option for goal-directed 
therapy.119 Pulse-pressure variation under volume-controlled ventila-
tion has been used successfully to predict the response to a fluid chal-
lenge in patients with sepsis because this variation is mainly based on 
the respiratory change in the left ventricular stroke volume. Feissel 
et al120 were able to measure the variation of aortic blood flow velocity 
by echo Doppler and predict preload responsiveness in septic venti-
lated patients. Variation of aortic Doppler velocities was calculated as 
the ratio of the difference between maximal (inspiratory) and min-
imal (expiratory) velocities to the mean of these two velocities, and 
responders were defined as patients who increased their cardiac index 
by at least 15% after fluid challenge. Passive leg raising has been shown, 
using esophageal Doppler and respiratory variation in pulse pressure, 
to predict fluid responsiveness.121 Vieillard-Baron et al122 showed that 
the collapsibility index (maximal diameter on expiration - minimal 
diameter on inspiration/maximal diameter on expiration expressed as 
a percentage) of the superior vena cava greater than 36% using TEE 
accurately distinguished responders from nonresponders to a fluid 
challenge. The pathophysiology and treatment of ARDS often impose 
additional strain on the right ventricle. Echocardiography can be use-
ful in helping in the assessment of the management of fluids, mechani-
cal ventilation, and inotropic support on right ventricular function.123 
A recent review summarized the advantages and disadvantages of min-
imally invasive cardiac output monitoring in the perioperative setting 
(see Chapter 14).124

Pericardial Effusion
The Beck triad of jugular venous distention, muffled heart sounds, 
and hypotension are present in less than 40% of patients with tam-
ponade. When these signs are present, it is not until late in the clini-
cal scenario. TEE is an essential tool in making the accurate diagnosis 
of pericardial effusion, especially in a hypotensive patient who does 
not respond to volume expansion or inotropic support. Findings of a 
pericardial effusion include systolic collapse of the right atrium, dia-
stolic collapse of the right ventricle, and mitral valve inflow decrease 
by 25% during inspiration (in spontaneously breathing patients) or 
tricuspid valve inflow decrease in ventilated patients are all consistent 
with tamponade.

Renal Failure and Fluid Overload
Significant oliguria or anuric renal failure occurs after 1% to 4% of 
cardiac surgical procedures, and lesser degrees of renal dysfunction, 
marked by increased serum creatinine concentration, occur in up to 
30%. Univariate predictors of serious acute renal failure include low 
cardiac output at the end of CPB, advanced age, preoperative heart fail-
ure, need for postoperative circulatory support or blood transfusions, 
and prolonged time on CPB.125

When renal failure occurs, it often follows one of three well-defined 
patterns.126 Abbreviated acute renal failure occurs after an isolated 
insult, results in a peak in serum creatinine around the fourth post-
event day and generally resolves if no other events occur. The sec-
ond pattern initially resembles the first, except that the acute insult 
is accompanied by prolonged circulatory failure. This pattern runs a 
longer course, with recovery typically occurring in the second or third 
week after injury, in tandem with improvements in cardiac output. In 
the third pattern, recovery is complicated by a second insult such as 
sepsis, massive gastrointestinal bleeding, or myocardial infarction, and 
permanent renal failure may result. Because fluid overload with renal 
failure may precipitate respiratory and cardiac failure, early applica-
tion of hemodialysis and related techniques to remove excess fluid can 
facilitate separation from ventilator support.127

Infectious Complications
Mediastinitis, sternal dehiscence, or both, are complications of 
CABG, with an incidence rate of about 1%, a mortality rate of about 
13%, and a tendency to prolong ventilator dependency. Predisposing 

Figure 35-3 Pleural effusion, left hemithorax. With the patient seated 
erect, the transducer is oriented perpendicular to the left chest wall at 
the skin mark, and the following measurements are obtained: depth to 
enter the fluid collection: 1.7 cm; depth to midfluid collection: 3.7 cm.
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factors for wound complications after cardiac surgery include dia-
betes, low cardiac output, use of bilateral internal mammary grafts, 
and reoperation for control of bleeding.128 Keeping the blood  glucose 
less than 200 mg/dL in the perioperative period reduces the sternal 
wound infection rate from 2.4% to 1.5%.129 Mediastinal infection 
manifests as unexplained fever, an unstable sternum, and sometimes, 
failure to wean. In addition to selective antibiotic therapy, surgi-
cal debridement and drainage of the wound are usually necessary. 
Polymicrobial isolates are associated with poor outcome. Additional 
management of mediastinitis may include primary or delayed sternal 
closure using pectoralis or omental flaps.

Pneumonia, tracheobronchitis, catheter sepsis, and urinary tract 
infections are frequent in the ventilator-dependent patient. Continuous 
lateral rotational therapy reduces the prevalence of pneumonia but 
may not affect mortality or length of mechanical support.130 The diag-
nosis of VAP131–157 can be difficult to confirm because upper airway 
organism can contaminate the sputum specimen. Special suction cath-
eters with a protected tip may be used for a “mini”-bronchoalveolar 
lavage to improve the yield of sputum cultures. Because typical peri-
operative antibiotic prophylaxis consists of an antistaphylococcal peni-
cillin or cephalosporin, nosocomial pneumonia is likely to occur with 
organisms such as Pseudomonas, Klebsiella, Serratia, Acinetobacter, or 
methicillin-resistant Staphylococcus aureus. Treatment of the second-
ary infection may be followed by a tertiary infection with more difficult 
organisms, such as Candida, Torulopsis, or other fungal species.

Gastrointestinal Complications
Gastrointestinal complications requiring intervention occur in 1% to 
3% of patients. Postoperative ileus can affect diaphragmatic excur-
sion and increase work of breathing. Upper gastrointestinal bleeding is 
common. Pancreatitis, mesenteric ischemia, perforation, and bleeding 
elsewhere in the gastrointestinal tract are problems of any critically ill 
patient with multisystem failure. Mesenteric ischemia can be the result 
of low perfusion or embolic atheroma from large-vessel manipulation. 
Gut ischemia is a potential source of bacteremia, especially problematic 
for patients with artificial valves. The risk for gastrointestinal bleeding 
can be minimized with antacid therapy, histamine blockers, or barrier 
protection agents. Enteral nutritional support also appears to protect 
the gastric mucosa.

Diarrhea can occur as the result of mesenteric ischemia, but is also 
frequently caused by Clostridium difficile overgrowth in patients treated 
with antibiotics, especially later-generation cephalosporins. Patients on 
prolonged mechanical ventilation have a significantly greater risk for 
concurrent C. difficile–associated diarrhea, with attendant increases in 
hospital length of stay and costs. The rapid assay for C. difficile can 
miss certain strains; culture of stool is not as rapid but is more reli-
able. Treatment of C. difficile colitis can be accomplished with oral or 
intravenous metronidazole or enteral (not intravenous) vancomycin. 
Toxic megacolon is a surgical emergency requiring immediate atten-
tion. Nutrition depletion is common in long-term ventilated patients, 
and early enteral feeding should be implemented in high-risk patients 
unless there are specific contraindications such as ongoing bowel 
ischemia.

Nutritional Support and Weaning
Respiratory failure can be precipitated by high carbohydrate loads 
delivered during attempts to provide nutritional support, so the goals 
should be to institute support early before serious depletion occurs, 
and to use an appropriate mix of fat and carbohydrate to maintain 
a respiratory quotient less than 1.0. Weekly monitoring of transferrin 
or prealbumin levels screens for changes in nutritional status; more 
sophisticated analysis including metabolic monitoring and nitrogen 
balance can identify reasons for poor response to therapy.

The adequacy of nutritional support has a strong influence on the 
ability to wean from ventilation. Successful weaning occurs in about 
93% of those with adequate nutritional support but only 50% of those 

with inadequate nutrition. Increases in albumin and transferrin level 
with parenteral nutrition predict eventual ability to wean.

MODES OF VENTILATOR SUPPORT
Positive-pressure ventilators used outside the operating room have a 
nonrebreathing circuit, may be volume or pressure limited, and may be 
triggered by changes in flow or changes in pressure. All modern ven-
tilators contain multiple modes of ventilatory support that accommo-
date both mandatory and patient-triggered breaths. The most common 
modes of positive-pressure ventilation are assist control, synchronized 
intermittent mandatory ventilation (SIMV), and pressure-support ven-
tilation (PSV). With volume modes, the inspiratory flow rate, targeted 
volume, and inspiratory time are set by the clinician, and inspiratory 
peak pressure will vary depending on the patient's lung compliance and 
synchrony with the ventilator. Volume cycling ensures consistent deliv-
ery of a set V

T
 as long as the pressure limit is not exceeded. With non-

homogenous lung pathology, however, delivered volume tends to flow 
to areas of low resistance, which may result in overdistension of healthy 
segments of lung and underinflation of atelectatic segments and con-
sequent ventilation/perfusion (V/Q) mismatching. Figure 35-4 dem-
onstrates pressure and flow tracings with volume ventilation. Volume 
breaths may be triggered by a timer (control mode ventilation) or by 
patient effort between the control mode breaths (assist control ventila-
tion). In either case, the V

T
 delivered will be determined by the ventila-

tor settings. This can present a problem in a patient with tachypnea as a 
response to neurologic injury. If the patient breathes inappropriately in 
response to normal arterial levels of carbon dioxide, significant respi-
ratory alkalosis will result. Assist-control mode is most appropriate for 
the patient whose respiratory drive is normal but muscles are weak, 
or when neuromuscular blockade is used, in which case assist control 
essentially becomes control-mode ventilation.

Intermittent mandatory ventilation (IMV) and SIMV were devel-
oped to facilitate weaning from mechanical ventilatory support. With 
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Figure 35-4 Top tracing shows the inspiratory flow, which is close to a 
square wave. Originally this flow pattern was dictated by the function of 
mechanical valves but may now be duplicated electronically. Note that 
the flow waveform becomes negative during the exhalation phase. The 
typical volume cycle breath with a square waveform results in a rapid 
increase to peak inspiratory pressure followed by a gradual decline. If 
the safety pressure limit is exceeded, the peak of the pressure waveform 
may be truncated.



 35 Postoperative Respiratory Care 1055

either IMV modality, a basal respiratory rate is set by the clinician, 
which may be supplemented by patient-initiated breaths. In contrast 
with assist-control ventilation, however, the V

T
 of the patient's sponta-

neous breaths will be determined by their own respiratory strength and 
lung compliance rather than delivered as a preset volume. SIMV mode 
is appropriate for patients with normal lungs recovering from opioid 
anesthesia. Weaning is accomplished by reducing the mandatory IMV 
rate and allowing the patient to assume more and more of the respira-
tory effort over time. SIMV mode has been used for weaning complex 
patients, but the weaning effort may stall at very low IMV rates if the 
patient cannot achieve spontaneous volumes sufficient to activate their 
pulmonary stretch receptors. Under these circumstances, the patient 
is likely to become tachypneic and not respond to weaning attempts. 
Thus, other methods of weaning from ventilatory support may need 
to be used.

Pressure-Controlled Ventilation
Pressure-controlled ventilation is available on most newer  ventilators 
and allows the clinician to specify a target inspiratory pressure; the ven-
tilator then calculates and delivers the optimal flow rate to achieve the 
desired V

T
 and inspiratory-to-expiratory ratio. Figure 35-5 demon-

strates the difference between pressure- and volume-controlled ven-
tilation with regard to inspiratory flow. Pressure-controlled inverse 
ratio ventilation (PC-IRV) is pressure-controlled ventilation with an 
inspiratory time that exceeds expiratory time (I:E ratio > 1.0). Opening 
alveoli with damaged lungs sometimes requires exceeding a criti-
cal opening pressure for an adequate amount of time (Figure 35-6). 
With standard ventilation, this time above the critical pressure only 

can be lengthened by increasing the peak inspiratory pressure, which 
is generally undesirable with a damaged lung. With PC-IRV, the pres-
sure waveform is optimized to allow a long inspiratory time above the 
critical opening pressure while avoiding high peak pressures. The dis-
advantage of PC-IRV is that the increased inspiratory time necessarily 
reduces exhalation time, which may lead to stacking of breaths or auto-
PEEP in patients with abnormal lungs. Tharat et al137 demonstrated 
that PC-IRV allowed a reduction in minute ventilation and reduced 
peak pressures while increasing mean airway pressures in patients with 
ARDS. At a given plateau pressure (similar end-inspiratory distention), 
lower V

T
 and increased PEEP are associated with better recruitment 

and oxygenation.
Changing a patient from conventional volume ventilation to 

 pressure-control or PC-IRV can be accomplished by noting the existing 
V

T
, inspiratory pressures, and inspiration-to-expiration (I:E) ratio, and 

switching to pressure-controlled ventilation mode with similar inspira-
tory peak pressure, rate, and inspiratory time. The level of inspiratory 
pressure is then titrated to deliver a V

T
 similar to what the patient was 

receiving with volume-control ventilation. Then, the inspiratory time 
can be lengthened to achieve better oxygenation or decreased to allow 
sufficient exhalation time if auto-PEEP is evident. In any patient with 
abnormal lungs, but particularly if an IRV mode is used, the patient 
must be monitored for the development of auto-PEEP, identified either 
by monitoring failure of the pressure waveform to return to base-
line between breaths or instituting an expiratory hold and noting the 
 difference in pressure between the ventilator's pressure gauge and the 
level of PEEP that was specified. Sedation and neuromuscular  blockade 
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Figure 35-6 Volume- and pressure-cycle modes are compared as in 
Figure 35-5. If there is a critical opening pressure to recruit atelectatic 
lung segments, a pressure-controlled ventilation mode, particularly if 
the inspiration-to-expiration (I:E) ratio is inverted, is far more successful 
at maintaining an inspiratory pressure above the critical opening pres-
sure for a greater length of time. Attempting to increase the volume-
cycled flow would result in unacceptably high peak inspiratory pressures 
in an attempt to achieve more time above the critical opening pres-
sure. But even in volume control, inspiratory pauses or changes to the 
flow rate in I:E ratio may be able to achieve longer sustained inspiratory 
pressures. PCIRV, pressure-controlled inverse ratio ventilation; SIMV, 
synchronized intermittent mandatory ventilation.
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Figure 35-5 The difference between pressure-cycled breaths and 
volume-cycled breaths is demonstrated. With a pressure-cycle breath, 
the flow is titrated by a feedback mechanism to maintain a set inspira-
tory pressure. Thus, flow is very rapid at the beginning of the inspira-
tory cycle and rapidly tapers, in contrast with a volume-cycled breath in 
which the waveform is more or less consistent throughout the inspira-
tory cycle. Bottom graph shows the difference in pressure tracings. As 
noted earlier, volume-cycled ventilation reaches a peak and then falls 
back. In contrast, pressure-cycled ventilation reaches a lower, but sus-
tained, pressure limit and holds at that level for the inspiratory time. In 
the absence of significant pulmonary disease, either mode of ventilation 
results in a rapid decrease of pressure once exhalation occurs.
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are often  necessary if the I:E ratio is inverted. Adjusting the ventilator set-
tings in pressure-control mode is not always intuitive. Increased rates may 
paradoxically decrease CO

2
 elimination if V

T
 decreases. Improvements 

in oxygenation may not occur until the patient is stabilized and given 
time to recruit atelectatic segments. Recruitment maneuvers when ini-
tiating pressure-controlled ventilation may help to open up atelectatic 
segments, and the hope is that these segments will remain open once 
recruited. Airway pressure release ventilation is functionally similar to 
PC-IRV in terms of recruitment but often can be accomplished in spon-
taneously breathing patients. Adaptive support ventilation, a micropro-
cessor-controlled mode that maintains preset minute ventilation, also 
has been used in the cardiothoracic surgical population.

Pressure-Support Ventilation
PSV, which is primarily a weaning technique, must be distinguished 
from pressure-control ventilation, which is generally utilized during the 
maintenance phase of ALI. PSV may be used in conjunction with CPAP 
or SIMV modes. Pressure support augments the patient's spontaneous 
inspiratory effort with a clinician-selected level of pressure. Putative 
advantages include improved patient comfort, reduced ventilatory work, 
and more rapid weaning. The volume delivered with each PSV breath 
depends on the pressure set for inspiratory assist, as well as the patient's 
lung compliance. The utility of PSV in weaning from chronic ventilatory 
support is that it allows the patient's ventilatory muscles to assume part 
of the workload while augmenting V

T
, thus preventing atelectasis, suffi-

ciently stretching lung receptors, and keeping the patient's spontaneous 
respiratory rate within a reasonable physiologic range. With some older 
(and now mostly obsolete) ventilators, the inspiratory phase of PSV is 
terminated when flow falls to less than 25% of the initial value. In the 
presence of a cuff leak around the endotracheal tube, the flow rate may 
not decline to sufficiently low levels to terminate the breath, and the 
patient will struggle trying to exhale against the inspiratory flow. This 
problem is rare or nonexistent with the newer ventilators. V

T
 will vary 

markedly with the patient's lung compliance, so close clinical observa-
tion is necessary with the initiation of PSV. Monitoring end-tidal CO

2
, 

as well as pulse oximetry readings, during the PSV weaning phase helps 
limit the need for arterial blood gases.

LIBERATION FROM MECHANICAL 
SUPPORT (WEANING)
An important concept to consider is that weaning from ventilatory 
 support is not synonymous with extubation. There are conditions in 
which weaning is possible, but extubation is not—for example, upper 
airway edema or compression, glottic dysfunction with aspiration, neu-
rologic dysfunction, or any other inability to protect the airway. A sec-
ond important concept is that a formal weaning process is not essential 
in a normal postoperative patient, although SIMV or PSV weaning may 
be convenient. In the absence of significant cardiopulmonary dysfunc-
tion, extubation depends more on a stable clinical condition, adequate 
warming, elimination and metabolism of anesthetics, and reversal 
of neuromuscular blockade. Weaning strategies, however, are almost 
always required after more than 3 days of ventilatory support.

When terminating mechanical ventilation, two phases of decision 
making are involved. First, there should be resolution of the initial 
process for which mechanical ventilation was begun. The patient can-
not be septic, hemodynamically unstable, or burdened with excessive 
respiratory secretions. If these general criteria are met, then specific 
weaning criteria can be examined. These include oxygenation (typi-
cally a PaO

2
 > 60 mm Hg on 35% inspired oxygen and low levels of 

PEEP), adequate oxygen transport (measurable by O
2
 extraction ratio 

or assumed if the cardiac index is adequate and lactic acidosis is not 
present), adequate respiratory mechanics (V

T
, maximal inspiratory 

pressure), adequate respiratory reserve (minute ventilation at rest of 
< 10 L/min), and a low frequency-to-tidal volume ratio (f/V

T
 < 100), 

indicating  adequate volume at a sustainable respiratory rate.

Objective Measures of Patient Strength 
and Endurance
Although clinicians may use a variety of parameters to determine read-
iness for extubation, few have been examined carefully. VC, defined 
as the volume of gas exhaled after maximal inspiration, is normally 
greater than 70 mL/kg. A clinical readiness threshold of 10 to 15 mL/kg  
has been proposed but is neither sensitive nor specific. For short-
term ventilated patients, VC is less reliable than the ability to main-
tain a pH value greater than 7.35 while the IMV rate is decreased to 
CPAP. Maximal inspiratory pressure is often referred to as inspiratory 
force, negative inspiratory force, or peak negative pressure, and quanti-
fies inspiratory effort as a marker of respiratory muscle strength. The 
proper technique involves airway occlusion for up to 20 seconds start-
ing at full exhalation using a one-way valve that allows the patient to 
exhale after attempted inspiration. Normal values of maximal inspira-
tory pressure should exceed 100 cm H

2
O in male patients and 80 cm 

H
2
O in female patients. Values are usually expressed as an absolute to 

avoid confusion with “less than” or “greater than” when referring to a 
negative number. The classic cutoff value of 20 to 30 cm H

2
O is associ-

ated with a 26% false-positive and 100% false-negative rate. Maximal 
inspiratory pressure is best used for serial evaluation of patients and is 
more a measure of strength than endurance.

Attempts have been made to predict endurance using the resting 
minute ventilation rate, but using the common value of 10 L/min as the 
cutoff results in a false-positive rate of 11% and a false-negative rate of 
75% in predicting successful extubation. Similarly, the ability to sustain 
maximum voluntary ventilation twice the minute ventilation correctly 
predicts in only about 75% of the patients. More sophisticated mea-
surement of endurance can be accomplished using a diaphragmatic or 
intercostal electromyogram power spectrum, but these are not practical 
for routine clinical use. Yang and Tobin142 attempted to develop a scor-
ing system for weaning that integrated lung compliance, respiratory 
rate, oxygenation levels, and maximum inspiratory pressure to predict 
weaning success. Although all of these elements and the total score have 
some predictive valve, the best index turned out to be the f/V

T
. An f/V

T
 

greater than 105 has a predictive value of 89% for weaning failure. The 
tension-time index of the diaphragm (TT

di
) integrates the inspiratory 

pressure with time and is a reliable measurement of endurance, but it is 
difficult to perform in the clinical setting. If the percentage of inspira-
tory time over total time in a spontaneously breathing patient is more 
than 15%, respiratory failure will eventually ensue, probably because of 
limitations of diaphragmatic blood flow, which occurs only during the 
expiratory phase. The tension time of the human diaphragm (TT

DI
) 

is calculated by plotting the inspiratory time on the y-axis against the 
ratio of transdiaphragmatic pressure with normal and maximal effort 
on the x-axis. Fatigue is unlikely with values of TT

DI
 less than 0.15; val-

ues greater than 0.18 define the fatigue zone. Commercially available 
equipment such as the BiCor CP-100 pulmonary monitor can provide 
Ti/T total, f/V

T
, and P 0.1, a marker of respiratory drive. Some newer 

ventilators also incorporate this technology. A problem with all mea-
sured respiratory parameters or scoring systems relying on pulmonary 
function is that they do not include the nonrespiratory parameters 
affecting weaning (Box 35-3).

Weaning: The Process
The actual process of weaning from mechanical ventilatory sup-
port must be individualized. There is no “one size fits all” method. 
Although gradually decreasing the SIMV rate in increments of 2 
breaths/min generally works for short-term ventilatory support, long-
term patients often have difficulty making the transition from SIMV 
rates of 2 to CPAP. The time-honored method of weaning by maintain-
ing a patient on full ventilatory support alternating with increasingly 
longer periods of spontaneous ventilation on a T-piece is effective but 
time- consuming, because it requires setting up additional equipment 
and requires a nurse or respiratory therapist to be immediately avail-
able at bedside during each weaning attempt. Diaphragmatic effort 
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is  significantly lower during a T-piece trial with a deflated tracheos-
tomy tube cuff than with the cuff inflated. Weaning trials with the cuff 
deflated may thus be more physiologic when attempting to wean the 
difficult patient. Breath-to-breath monitoring, display of V

T
, and ven-

tilator alarms will not be available during a T-piece trial. More com-
monly, pressure support is used as an adjunct to weaning either with 
IMV or CPAP, while still connected to the ventilator and its alarm 
system. Our preference is to conduct CPAP weaning with pressure 
support alone (i.e., no additional IMV rate) because mechanical ven-
tilation introduces one more variable into the evaluation of a patient's 
progress. Sufficient CPAP is applied to maintain open alveoli (gen-
erally 5 to 8 cm H

2
O, but often higher, when recovering from ALI/

ARDS) and then the pressure-support level is titrated to provide the 
patient with sufficient volume and a respiratory rate less than 24. As 
the patient's exercise tolerance improves, the pressure-support level 
can be decreased in increments of 2 to 3 cm H

2
O. It is usually neces-

sary to address fluid overload, nutritional support, and other nonpul-
monary factors to achieve the pressure-support reduction.

Regardless of which weaning method is chosen, it is important to 
end each weaning trial with success rather than to stress the patient 
to the point of fatigue. Cohen et al146 identified the clinical sequence 
of inspiratory muscle fatigue. The earliest sign of inspiratory muscle 
fatigue was a spectrum shift in the electromyogram power spectrum, 
which is impractical in the clinical setting. However, the next most sen-
sitive sign was an increase in respiratory rate, which occurred before 
respiratory alternans, abdominal paradox, and increase in the PaCO

2
 

level, or acidemia. Thus, respiratory rate can serve as a sensitive marker 
of weaning progress.

Specific Impediments to Weaning
Weaning from ventilator support affects cardiac output because of 
changes in pulmonary vascular resistance. Increased pulmonary vas-
cular resistance can lead to septal shifts and consequent changes in the 
efficiency of right and left ventricular function. Thus, it makes little 
sense to attempt weaning in the hemodynamically unstable patient. 
Our approach has been to keep these patients on full ventilator sup-
port with sedation and neuromuscular blockade, if necessary, until the 
acute cardiac problem is resolved.

Older ventilators with demand-valve systems impose an additional 
work of breathing, although it would be rare to see such ventilators 
(Bear I & II, Puritan Bennett MA-II) in clinical use today. Most newer 
ventilators use computer-assisted demands valve technology to sup-
ply a variable flow rate, unlike older ventilators in which a fixed low 
gas flow rate occasionally resulted in the inability to supply peak flow 
on demand. Nonetheless, if the patient is demonstrating apparent 
air hunger during the weaning process, a quick check of the inspira-
tory flow rates often can solve the problem. Pulmonary effusions 

and  pneumothorax can develop in otherwise stable patients and also 
may present as stalled weaning. Stacking of breaths or auto-PEEP 
can occur if the expiratory time is too short for patients, particularly 
those with obstructive disease, to exhale fully before the next breath 
is delivered. Brown and Pierson147 demonstrated that the magnitude 
of auto-PEEP varied between 0 and 16 cm H

2
O during routine ven-

tilator checks.

Ventilator Dyssynchrony
Increases in intercostal muscle tone and increases in abdominal mus-
cle tone, pressure, or contents will decrease chest cage compliance. 
During volume-cycled ventilation, a decrease in chest cage com-
pliance results in increased intrathoracic pressure that may reduce 
venous return to the right heart. A patient also may actively attempt 
to impede flow during the inspiratory cycle, a process referred to as 
“fighting,” being “out of phase,” or “breathing against” the ventilator. 
This should not be confused with a patient making ventilatory efforts 
during the ventilator's expiratory cycle, which has little, if any, detri-
mental effect.

The most common reasons for fighting the ventilator are (1) inad-
equate ventilation (hypercarbia), (2) acidemia, (3) inadequate oxy-
genation, (4) central nervous system dysfunction, and (5) pain or 
anxiety. Assisting the patient with manual ventilation or switching to 
assist modes for a short time will allow the patient to settle down and 
return to synchrony with the ventilator. These maneuvers are tempo-
rizing during evaluation and treatment of the underlying cause for 
the patient/ventilator dyssynchrony. Endotracheal cuff leak, misplaced 
endotracheal tube, inadequate inspiratory flow rates, pneumothorax, 
abdominal distention, pain, and anxiety should all be considered in the 
differential diagnosis.

Muscle Weakness and Critical Illness Polyneuropathy
Long-term administration of neuromuscular blocking agents, par-
ticularly those such as vecuronium with a steroid structure, has been 
associated with persistent paralysis. One explanation may be the accu-
mulation of the metabolite 3-desacetylvecuronium, which rarely is seen 
in patients with normal renal function but is quite common in patients 
with delayed recovery.148 However, prolonged paralysis also can be seen 
after treatment with other drugs such as pancuronium, metocurine, 
and cisatracurium, which do not necessarily share the same structure 
or have persistent metabolism. The suspicion is that neurogenic atro-
phy occurs with prolonged paralysis resulting in a flaccid quadriplegia 
or more localized weakness of respiratory muscles.

Prolonged ICU stay also may precipitate psychiatric problems even 
in normal patients, although in our experience, these difficulties are 
more common in patients with an underlying psychiatric history. Light, 
noise, and lack of sleep can change a patient's perception of reality. 
Psychological dependency on the ventilator also may develop, although 
this is rare. Although this issue has not been examined with controlled 
trials, it is believed that careful attention to maintaining a normal day/
night sleep cycle, assuring adequate sleep, creating a quiet ICU envi-
ronment, judicious use of pharmacologic agents such as haloperidol or 
quetiapine, and involving the patient and family as participants in the 
weaning process are all helpful when there are psychological impedi-
ments to weaning.

Tracheostomy
Prolonged endotracheal intubation results in damage to the respiratory 
epithelium and cilia and may lead to vocal cord damage and airway 
stenosis.150,151 If mechanical ventilation is anticipated for longer than 14 
days, consideration should be given to early tracheostomy.152,153 Other 
indications for tracheostomy include copious or tenacious secretions in 
debilitated patients who are unable to clear secretions spontaneously. 
Tracheostomy is relatively contraindicated with ongoing mediastinitis 
or local infection at the tracheostomy site because of the potential for 
mediastinal contamination with respiratory secretions. Tracheostomy 

BOX 35-3. NONRESPIRATORY FACTORS THAT 
AFFECT WEANING
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is not a risk-free procedure, and complications include pneumothorax, 
pneumomediastinum, subcutaneous emphysema, incisional hemor-
rhage, late tracheal stenosis or tracheomalacia, stomal infections, and 
rarely, tracheoinnominate fistula. Early tracheostomy can be accom-
plished at the bedside with commercially available kits such as the 
Cook-Ciaglia or the “Rhino” device.154,155 Swallowing dysfunction may 
occur after tracheostomy or after prolonged endotracheal intubation, 
introducing the risk for aspiration pneumonia or respiratory failure. 
A swallowing evaluation is indicated before allowing a tracheostomy 
patient to attempt oral feeding. This is usually accomplished with a 
formal speech pathology consult, but swallowing difficulty also may 
be noted by the nurses during attempted feedings. The predictors 
and outcome of cardiac surgical patients requiring tracheotomy were 
recently studied.6 Hemodynamic status on ICU admission (low cardiac 
output, vasopressor use, pulmonary hypertension) and early postoper-
ative events (stroke, bacteremia) were more important than preopera-
tive and intraoperative variables in predicting ventilatory dependency. 
Survival at 30 days, 1 year, and 5 years thereafter was 76%, 49%, and 
33%, respectively, and was strongly associated with favorable hemody-
namic status.

Inability to Wean
A small percentage of patients will not be able to wean from ventilator 
support despite all efforts. Predictive models, however, are rarely useful 
for deciding which individuals will not benefit from further intensive 
care.5,9,16,20,156

Our experience has been that it is rarely a single problem, but the 
interaction among multiple morbidities that creates a situation in 
which the patient may never be able to separate from the ventilator. At 
this point, a frank discussion with the patient (if he/she has decisional 
capacity) or the health care proxy can be helpful in defining the benefits 
and burdens of further therapy and the patient's desires. Consultation 
from the hospital's ethics team may be helpful.157 Patients who remain 
in a low cardiac output state and who have sustained multiple organ 
failure rarely, if ever, end their dependence on high-technology sup-
port including ventilation and hemodialysis. In contrast, malnutrition 
and deconditioning in the absence of ongoing sepsis and organ system 
failure sometimes respond to prolonged rehabilitation, which may be 
better handled by a long-term ventilation facility than an acute-care 
hospital. The critical issue is patient reserve, for without adequate car-
diac and pulmonary reserve to tolerate stress once all remediable prob-
lems have been addressed, a patient is unlikely to remain technology 
independent.

CONCLUSIONS
Success in weaning from mechanical ventilation requires an individu-
alized and holistic approach to the patient. Weaning should be the 
first priority for the day, and all other demands minimized if possible. 
If trips to the computed tomography scanner or therapeutic interven-
tion such as wound debridement are anticipated, weaning may not be 
possible for part of the day. Thus, it is wise to try to minimize inter-
ruptions and to group them so as not to interrupt the weaning pro-
cess. With that goal in mind, it is also essential to avoid disrupting the 
patient's nighttime sleep so that the patient can be well rested and 
ready to participate in the weaning process. Detailed and full instruc-
tions need to be given to the patient, and it frequently is helpful to 
include family members in the discussion so that they can serve as 
adjunct respiratory coaches. We try to avoid pushing the patient to 
the point of exhaustion or panic and use a planned, conservative 
approach such that weaning always ends in a sense of accomplish-
ment for the patient rather than failure. Windows of opportunity for 
weaning from mechanical support are few and often must be created. 
Box 35-4 summarizes the recommendations for the difficult-to-wean 
cardiac surgical patient.

BOX 35-4. THE DIFFICULT TO WEAN PATIENT
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Central Nervous System Dysfunction 
after Cardiopulmonary Bypass

Overt and subclinical perioperative cerebral injury remains a  complex 
problem. As Ferguson et al1 reported, although overall mortality for 
patients undergoing coronary artery bypass grafting (CABG) has 
decreased by 23% during the 1990s, despite a projected risk-adjusted 
mortality predicting a 33% increase in mortality, the  incidence of 
stroke has remained relatively unchanged.

AGE-ASSOCIATED RISK FOR CENTRAL 
NERVOUS SYSTEM INJURY
In 1985, Gardner et al2 reported a retrospective review of 3279 patients 
who underwent CABG between 1974 and 1983. They noted that despite 
an overall decrease in mortality, there was a corresponding increase 
in the incidence of stroke over that same decade.2 They also observed 
a progressive increase in the average age of the patients and noted an 
increased stroke rate of 7.1% in patients older than 75 years compared 
with an incidence rate of 0.42% in patients younger than 50 years. 
Notably, at that time, septuagenarians accounted for only 14.7% of their 
operative population. Approximately a decade later, Tuman et al3 under-
took a prospective study of 2000 patients undergoing CABG and also 
demonstrated a disproportionately increased risk for neurologic com-
plications as compared with cardiac complications in elderly patients 
(Figure 36-1). Neurologic events, defined as new sensory, motor, or 
reflex abnormalities, occurred with an overall frequency rate of 2.8%, 
having an incidence rate of 0.9% in those patients younger than 65 
years, 3.6% in those aged 65 to 74 years, and 8.9% in those patients older 
than 75 years. Notably, they observed that patients with a neurologic 
event had a ninefold increase in mortality: 35.7% versus 4.0%.

Current data confirm a persistent association between increased 
age and cerebral injury after cardiac surgery.4–14 In a review of 67,764 
cardiac surgical patients, of whom 4743 were octogenarians, and who 

KEY POINTS

 1. Despite a progressive decrease in cardiac 
surgical mortality since the 1980s, the incidence 
of postoperative neurologic complications has 
remained relatively unchanged. The age, acuity, 
and extent of comorbidities in cardiac surgical 
patients have also increased during this same 
interval.

 2. There is a progressive increase in risk for stroke 
for coronary artery surgery with increasing age 
ranging from 0.5% for patients younger than  
55 years to 2.3% for those older than 75 years.

 3. Neurologic events in cardiac surgical patients 
are associated with increased postoperative 
mortality, prolonged intensive care unit, hospital 
stay, decreased quality of life, and decreased 
long-term survival.

 4. Neurologic complications range from coma, 
stroke, and visual field deficits to impairments 
of cognitive processes (e.g., delirium, impaired 
memory and attention, mood alterations).

 5. Mechanisms for neurologic injury in cardiac 
surgery include some combination of cerebral 
embolism, hypoperfusion, and inflammation; 
associated vascular disease; and altered 
cerebral autoregulation, rendering the brain 
more susceptible to injury. Progression of 
underlying disease is a confounder in assessing 
late postoperative complications.

 6. Perioperative risk factors for neurologic 
complications include renal dysfunction, 
diabetes mellitus, hypertension, prior 
cerebrovascular disease, aortic atheromatosis, 
manipulation of ascending aorta, complex 
surgical procedures, bypass time longer 
than 2 hours, hypothermic circulatory 
arrest, hemodynamic instability during and 
after bypass, new-onset atrial fibrillation, 
hyperglycemia, hyperthermia, and hypoxemia.

 7. Routine epiaortic scanning before 
instrumentation of the ascending aorta is a 
sensitive and specific technique to detect 
nonpalpable aortic atheromatosis.

 8. In patients with significant ascending aorta 
atheromatosis, avoidance of aortic manipulation 
(“no-touch technique”) can decrease 
perioperative stroke.

 9. Strategies to decrease the impact of 
cardiopulmonary bypass on embolization, 
inflammation, and coagulation will decrease 
neurologic complications.

10. Cerebral near-infrared spectroscopy can detect 
cerebral ischemia and has been associated with 
improved outcomes after cardiac surgery.

11. There is a greater incidence of early 
postoperative cognitive dysfunction in patients 
exposed to cardiopulmonary bypass compared 
with off-pump and noncardiac surgery patients.

12. The incidence of late cognitive dysfunction 
appears to be similar between groups 
whether exposed to cardiopulmonary bypass, 
percutaneous coronary intervention, or 
medical management, implying progression of 
underlying disease as a primary mechanism.
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underwent cardiac surgery at 22 centers in the National Cardiovascular 
Network, Alexander et al12 reported that the incidence of type I cere-
bral injury, defined by Roach et al14 as stroke, transient ischemic attack 
(TIA), or coma,13 was 10.2% in patients older than 80, versus 4.2% 
in patients younger than 80. Importantly, although global mortal-
ity for cardiac surgery in octogenarians was greater than in younger 
patients, the authors reported that when octogenarians without signifi-
cant comorbidities were considered, their mortality rates were similar to 
those of younger patients.12 In a more recent review from the Society 
of Thoracic Surgeons National Adult Cardiac Surgery Database of 
774,881 patients undergoing isolated CABG between January 2002 and 
December 2006, the overall incidence rate of stroke was 1.4%, increas-
ing to 2.3% in patients aged 75 years and older.13 Interestingly, stroke 
rate was inversely related to body surface area and directly proportional 
to serum creatinine concentration, as well as presence of valvular heart 
disease and other comorbidities.13

In this respect, in addition to the age-related factor, reports from 
Europe and North America consistently describe previous cerebro-
vascular disease, diabetes mellitus, hypertension, peripheral vascular 
disease, aortic atherosclerosis, and intraoperative and postoperative 
complications as all being additional factors increasing the incidence 
of cerebral injury in cardiac surgical patients (Box 36-1). The presence 
of preoperative comorbidities further increases the age-associated risk 
for central nervous system (CNS) complications. For example, in a 
population of 149 patients older than 70 years who also had  significant 

comorbidities including aortic atheroma, diabetes mellitus, and 
 history of previous CNS event, and who underwent cardiac surgery 
with  cardiopulmonary bypass (CPB), Frumento et al8 reported a stroke 
incidence rate of 16%.

The impact of age-associated cerebral injury in cardiac surgery is 
becoming more relevant because of the progressive increase in the 
average age of the general population and, in particular, of the cardiac 
surgical population.10,11,13–16 As overall survival and quality of life after 
cardiac surgery continue to improve in elderly patients, advanced age 
alone is no longer considered a deterrent when evaluating a patient for 
cardiac surgery.10–12,17 The presence and extent of comorbidities should be 
considered as being of equal or greater importance than age itself as a risk 
factor for cerebral injury in cardiac surgical patients.

CENTRAL NERVOUS SYSTEM INJURY
Roach et al14 classified cerebral injury in two broad categories: type I 
(focal injury, stupor, or coma at discharge) and type II (deterioration 
in intellectual function, memory deficit, or seizures).14 A similar classi-
fication was adopted by the American College of Cardiology/American 
Heart Association (ACC/AHA) guidelines for CABG.18 Cerebral injury 
can also be broadly classified as stroke, TIA, delirium (encephalopa-
thy), or cognitive dysfunction. Perioperative cognitive performance is 
assessed through the administration of a series of standardized psycho-
metric tests, ideally administered before and after surgery.

Stroke is defined clinically as any new focalized sensorimotor deficit 
persisting longer than 24 hours, identified either on clinical grounds 
only or, ideally, as confirmed by magnetic resonance imaging (MRI), 
computed tomography, or other form of brain imaging.

TIA is defined as brief neurologic dysfunction persisting for less than 
24 hours. Neurologic dysfunction lasting longer than 24 hours but 
less than 72 hours is termed a reversible ischemic neurologic deficit.

Delirium is described as a transient global impairment of cognitive 
function, reduced level of consciousness, profound changes in 
sleep pattern, and attention abnormalities.

Cognitive dysfunction is defined as a decrease in score falling below 
some predetermined threshold, such as a decrease in postopera-
tive score of magnitude 1 standard deviation or more derived from 
the preoperative performance of the study group as a whole.

The incidence of stroke or type I injury after closed-chamber car-
diac procedures is generally considered to be approximately 1% to 4%, 
increasing to about 8% to 9% in open-chamber (e.g., valvular surgery) 
or combined/complex procedures. The incidence of cognitive dysfunc-
tion (type II) is reported as ranging in incidence rate from 30% to 80% 
in the early postoperative period.4,18–25 To some extent, there is a dif-
ference in the incidence of cerebral injury after cardiac surgery related 
to the type and complexity of the procedure, such as open chamber, 
 combined valvular, and CABG.4,10,26,27

Overall, the increased length of stay and increased mortality rates 
associated with any form of cerebral complication in cardiac surgi-
cal patients are especially striking findings.15,18,20,21 Despite the rela-
tively greater impact on mortality of stroke as opposed to cognitive 
dysfunction, type II injury is still associated with a fivefold increase in 
mortality. In their study, Roach et al14 evaluated 2108 patients under-
going CABG at 24 U.S. institutions and recorded adverse cerebral out-
comes in 6.1% of patients overall. Of these, 3.1% experienced type I 
focal injury, stupor, or coma and had an associated in-hospital mor-
tality rate of 21%, whereas 3.0% of patients experienced deterioration 
of intellectual function or seizures and had a mortality rate of 10%. In 
contrast, a significantly lower overall mortality rate of 2% was seen in 
those patients without adverse cerebral outcomes. In addition, patients 
with neurologic complications had, on average, a twofold increase in 
hospital length of stay and a sixfold likelihood of discharge to a nurs-
ing home. Independent risk factors were identified for both type I and 
II cerebral injury. Predictors of both types of cerebral complications 
included advanced age of older than 70 years and a history or the pres-
ence of significant hypertension. Predictors of type I deficits include the 
presence of proximal aortic atherosclerosis as defined by the surgeon at 
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Figure 36-1 Effect of advanced age on the predicted probability 
of neurologic and cardiac morbidity. (From Tuman KJ, McCarthy RJ, 
Najafi H, et al: Differential effects of advanced age on neurologic and 
cardiac risks of coronary artery operations. J Thorac Cardiovasc Surg 
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the time of surgery, a history of prior neurologic disease, use of the intra-
 aortic balloon pump, diabetes, a history of hypertension, a history of 
unstable angina, and increasing age. Perioperative hypotension and the 
use of ventricular venting were also weakly associated with this type of 
outcome.14

An important caveat that must be borne in mind when interpreting 
Roach et al's14 results is that type II injury as identified in their study 
is not necessarily equivalent to perioperative cognitive dysfunction as 
demonstrated in other studies. Type II injury was detected on clinical 
grounds alone rather than on the basis of a deterioration in perfor-
mance on a predefined series of specific cognitive tests. The latter are 
a much more sensitive measure of performance and thus detect cog-
nitive dysfunction with a considerably greater frequency, and as such 
potentially have a much different, although not necessarily benign, 
implication from the increased mortality associated with type II injury 
demonstrated by Roach et al.14,28

Using a risk-stratification analysis of this same database, Newman 
et al29 developed a preoperative index predicting major perioperative 
neurologic events of which key predictors were age, history of neuro-
logic disease, diabetes, previous CABG, unstable angina, and history 
of pulmonary disease (Figure 36-2).14,29 The Stroke Risk Index allows 
neurologic risk to be estimated for each patient, thus enabling the most 
appropriate perioperative therapy to be used, whether surgical modi-
fication, change in perfusion management, applied neuromonitoring, 
or administration of putative pharmacologic cerebroprotectants. It is 
also useful as a scale to compare risk indices, and thus the efficacy of 
 different interventions across clinical outcome studies.8,21

Retrospective versus Prospective 
Neurologic Assessment
The detection of CNS injury depends critically on the methodology 
used, and retrospective studies have been deemed insensitive by differ-
ent authors.23,24,30,31 As Sotaniemi31 demonstrated, a retrospective chart 
review is inadequate as an assessment of the overall incidence of post-
operative neurologic dysfunction. In a study of 100 patients in whom 
a 37% incidence rate of neurologic dysfunction had been diagnosed by 
careful neurologic examination, the prevalence rate of cerebral abnor-
malities detected by retrospective analysis of the same patient pool was 
only 4%. The reasons for the inability of retrospective chart audit to 
detect the majority of patients with neurologic dysfunction are read-
ily apparent and include incompleteness of records, a reluctance to 
document apparently minor complications, and most important, an 
insensitivity to subtle neurologic dysfunction. Many of the types of 
neurologic impairment now being documented are subclinical and 
not readily detectable by a standard “foot-of-the-bed” assessment. The 
timing, thoroughness, and reproducibility (single examiner) of the 
neurologic examinations, as well as the incorporation of a preoperative 
assessment for comparison, all determine the sensitivity and accuracy 
with which postoperative CNS injury can be detected.23,24,30,32

Valvular versus Coronary Artery Bypass 
Graft Surgery
It appears that increasing the complexity or undertaking open 
 chamber–type procedures increases the risk for CNS injury. Ebert 
et al33 prospectively studied 42 patients who underwent valve replace-
ment surgery and 42 patients for CABG, with both groups matched 
post hoc for age, sex, and preoperative cognitive status.

Patients were investigated before surgery, as well as 2 and 7 days after 
surgery, with a comprehensive neuropsychological and neuropsychi-
atric assessment. Valve replacement surgery patients exhibited more 
severe neuropsychological deficits and showed a slower recovery than 
patients who underwent CABG.33 In Alexander et al's12 study of 64,467 
patients who underwent CABG alone and 3297 patients who under-
went CABG in conjunction with aortic valve replacement or CABG in 
conjunction with mitral valve repair or replacement, the incidence rate 

of type I cerebral injury in patients younger than 80 years was 4.2% for 
CABG, 9.1% for CABG with aortic valve replacement, and 11.2% for 
CABG with mitral valve repair or replacement.12 Notably, the total CPB 
time was 96 minutes for CABG, 148 minutes for CABG in conjunc-
tion with aortic valve replacement, and 161 minutes for CABG with 
mitral valve repair or replacement. It thus remains unclear whether it 
is the procedure itself or the prolonged duration of CPB, either acting 
directly or as a marker of a greater surgical difficulty and thus periop-
erative hemodynamic instability, that is fundamentally causative.34

Wolman et al20 prospectively studied 273 patients from 24 U.S. medi-
cal centers who underwent combined intracardiac surgery and CABG. 
Included were clinical, historic, specialized testing, neurologic out-
come, and autopsy data, and measures of resource utilization. Adverse 
cerebral outcomes occurred in 16% of patients (43/273), being nearly 
equally divided between type I cerebral injury (8.4%; 5 cerebral deaths, 
16 nonfatal strokes, and 2 new TIAs) and type II cerebral injury (7.3%; 
17 new intellectual deteriorations persisting at hospital discharge and 
3 newly diagnosed seizures), rates of injury 2- to 3-fold greater than 
demonstrated after CABG alone by this same group of investigators.20 
Associated resource utilization was significantly increased according to 

0 20

0.001 0.01 0.02 0.05 0.1 0.2 0.3

40 60 80 100 120 140 160 180

25

Points

Age (years)

Unstable
Angina

Diabetic

Hx Neuro
Dz

Prior CABG

Hx Vasc Dz

Hx Pulm Dz

Total Points

Risk of CNS
Injury

30 35

1

1

1

1

1

1

0

0

0

0

0

0

40 45 50 55 60 65 70 75 80 85 90 95

10 20 30 40 50 60 70 80 90 100

Figure 36-2. Nomogram for computing risk of central nervous 
 system (CNS) injury. Neurologic risk is determined by assigning points 
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graft; Hx Neuro Dz, history of symptomatic neurologic disease; Hx Pulm 
Dz, history of emphysema, chronic bronchitis, asthma, or restrictive lung 
disease; Hx Vasc Dz, history of atherosclerotic vascular disease or pre-
vious vascular surgery. (From Newman MF, Wolman R, Kanchuger M, 
et al: Multicenter preoperative stroke risk index for patients undergoing 
coronary artery bypass graft surgery. Multicenter Study of Perioperative 
Ischemia [McSPI] Research Group. Circulation 49[suppl II]:II-74, 1996.)
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type of CNS injury: prolonging median intensive care unit (ICU) stay 
from 3 days (no adverse cerebral outcome) to 8 days associated with 
type I injury and from 3 to 6 days in those patients with type II injury. 
Significant risk factors for type I cerebral injury related primarily to 
embolic phenomena, including proximal aortic atherosclerosis, intrac-
ardiac thrombus, and intermittent clamping of the aorta  during  surgery. 
Risk factors for type II cerebral injury included proximal  aortic athero-
sclerosis, as well as a preoperative history of endocarditis, alcohol abuse, 
perioperative arrhythmia, or poorly controlled hypertension, and the 
development of a low-output state after CPB.20

CO2 Insufflation during Open-Chamber Procedures
A primary determinant of the number and duration of microgaseous 
emboli during open-chamber procedures relates to methodologies for 
removal of intracavitary air. Although needle aspiration and/or aortic 
root venting are standard techniques for air removal, use of CO

2
 insuf-

flation, either continuously or immediately before closure of ven-
triculotomy, has been shown to significantly increase the efficacy of 
deairing resulting in decreased systemic gaseous emboli.35,36 However, 
although there has been a general expectation of improvements in neu-
rologic and cognitive outcomes resulting from such CO

2
 insufflation, 

it has been surprisingly difficult to demonstrate. In a recent prospec-
tive study of 80 patients undergoing valve surgery and randomized to 
CO

2
 insufflation versus conventional deairing, although postoperative 

auditory-evoked potential monitoring did demonstrate shorter P-300 
latency in the CO

2
-insufflated group, there was no detectable differ-

ence in clinical outcomes or in the incidence of cognitive dysfunction 
between groups.37 In a recent review of the role of CO

2
 insufflation, 

the authors concluded that although the use of CO
2
 field flooding 

has been observed to be associated with a significantly lower count of 
intracardiac air bubbles and improved survival in two small studies, 
so far there is no evidence of a sustained reduction of cerebrovascular 
complications.38

Fewer systemic and cerebral emboli were demonstrated in patients 
undergoing open-chamber surgery in whom bilateral pleurotomy and 
passive lung deflation associated with staged perfusion and ventilation 
of lungs during deairing was used in comparison with those in whom 
pleural cavities were unopened and dead space ventilation was con-
tinued during CPB.39 In this study, CO

2
 insufflation was not used, and 

the authors reported that deairing time was significantly shorter in the 
treatment group.

Neurocognitive Dysfunction Unrelated to Cerebral 
Microgaseous Emboli
Interestingly, there is some evidence that the incidence of subtle neu-
rologic dysfunction and cognitive abnormalities is similar in all adult 
patients undergoing surgical coronary artery revascularization, which 
some studies have related to the duration of CPB.4,12,24,40–43 Increasing 
age has been repeatedly shown to be one of the major risk factors for 
stroke after CABG, likely related to the greater prevalence of severe 
aortic atherosclerosis in the elderly. This suggests that there may be 
different factors operative in the production of gross neurologic damage 
than in the genesis of cognitive dysfunction. Whereas calcific or ather-
omatous macroembolic debris from the ascending aorta or aortic 
arch appears to be a prime factor in the production of clinical stroke 
syndromes and it was formerly thought that microembolic  elements, 
either gaseous or particulate, produced cognitive dysfunction, studies 
from beating-heart surgery in which CPB is avoided, despite a much 
lower incidence of embolic events, appear to have a relatively simi-
lar incidence of  cognitive dysfunction to CABG using conventional 
CPB.44–46

A series of longitudinal studies by Selnes47 and others in patients 
undergoing off-pump cardiac surgery, as well as those treated medi-
cally, have suggested that long-term changes in cognitive function are not 
specific to CABG or use of CPB and may rather reflect progression 
of underlying disease.47–50 Other longitudinal studies have, however, 
demonstrated a greater incidence of cognitive dysfunction in CABG 

patients in comparison with various nonsurgical control groups,51,52 
though the comparability of underlying disease processes between 
groups remains a significant confound in many such studies.

However, as there is general agreement that the incidence of early 
postoperative cognitive dysfunction is greater in CABG patients com-
pared with other noncardiac surgical groups, and because correla-
tions have been made between such early postoperative cognitive 
dysfunction and new ischemic lesions on MRI studies in valve surgery 
patients,53 and between cerebral oxygen desaturation and early post-
operative cognitive dysfunction in CABG patients,54 it does appear as 
though early postoperative cognitive dysfunction is, in part, reflective of 
subclinical brain injury; as such, efforts to mitigate against early postop-
erative cognitive dysfunction are warranted.

Circulatory Arrest
Retrograde and Selective Anterograde Cerebral 
Perfusion
During complex aortic arch repair, surgical access may require inter-
ruption of systemic perfusion for relatively protracted periods. 
Although moderate (25° C to 30° C) and deep (< 25° C) hypothermia 
remain a mainstay for cerebral and systemic protection, the duration 
of safe cerebral ischemia time and the nature and techniques for pro-
vision of cerebral perfusion during times of hypothermic circulatory 
arrest (HCA) have been an area of active interest.

In a nonrandomized study, Reich et al55 performed preoperative 
and postoperative cognitive testing on 56 patients undergoing HCA, 
of whom 12 patients underwent retrograde cerebral perfusion (RCP). 
Memory dysfunction and the overall incidence of cognitive dysfunc-
tion had strong associations with RCP even when controlling sepa-
rately for age and cerebral ischemia time, suggesting worsened outcome 
with RCP. Okita and colleagues56 separately evaluated 60 patients who 
were nonrandomized but were sequentially stratified to receive either 
RCP or selective antegrade cerebral perfusion (ACP) using serial brain 
imaging, brain isoenzyme measurement, and limited cognitive test-
ing. They also demonstrated that the prevalence of clinically defined 
transient brain dysfunction was significantly greater in patients with 
RCP. Svensson and colleagues57 used cognitive testing in a subset of 
30 of 139 patients undergoing HCA and prospectively randomized 
3 three groups to receive either HCA alone, HCA and RCP, or HCA 
and  selective ACP. Comparison of postoperative mean cognitive test 
scores showed that the HCA alone group did significantly better than 
either the RCP or ACP group patients.

Despite its conceptual attractiveness and relative ease of application, 
RCP has not been demonstrated to result in clinically significant cere-
bral blood flow (CBF) even under conditions of hypothermia-induced 
decreased cerebral metabolism. In a primate study comparing HCA 
alone with HCA combined with RCP, Boeckxstaens and Flameng58 
demonstrated that less than 1% of the RCP inflow returned to the aor-
tic arch, and that on histologic analysis, slightly more glial edema was 
found in the RCP group. Similarly, during HCA in 14 pigs, use of RCP 
or RCP with inferior vena cava occlusion also resulted in negligible 
CBFs, and it was similarly observed that less than 13% of retrograde 
superior vena caval inflow blood returned to the aortic arch with either 
technique.59

It does appear as though modified RCP may be effective in flushing 
emboli from the cerebral circulation, though at the cost of some mild 
cerebral ischemic damage. Juvonen et al60 studied the impact on histo-
logic and behavioral outcome of an interval of RCP with and without 
inferior vena cava occlusion, versus ACP control, after cerebral arterial 
embolization in a chronic porcine model. Microsphere recovery from 
the brain revealed significantly fewer emboli after RCP with inferior 
vena cava occlusion but demonstrated that significant mild ischemic 
damage occurred after RCP even in nonembolized animals, but not in 
the other groups. Behavioral scores by day 7 were considerably lower in 
all groups after embolization, with no significant differences between 
groups.
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pH Management
The milieu in which HCA is conducted may well also have an important 
impact on CNS outcomes but has not yet been systematically investi-
gated in adult patients. Although clinical studies and experimental evi-
dence point to a benefit of pH-stat management in infants and children 
undergoing HCA, it should be noted that neither the clinical studies in 
pediatric patients61 nor the experimental models using nonatheroma-
tous animals are necessarily relevant to the adult patient who invari-
ably has substantial atheromatous disease within the ascending aorta, 
often with concomitant extracranial and intracranial involvement. For 
adults undergoing moderate hypothermic CPB at least, the weight of 
evidence from CNS outcomes of at least three separate, prospective, 
randomized, clinical trials supports alpha-stat pH management over 
pH-stat.62–64 In this context, alpha-stat has also been associated with 
decreased cerebral embolization65 and preservation of cerebral auto-
regulation,63,66 factors likely of paramount importance in perioperative 
CNS injury in adult patients undergoing HCA.

In none of these studies were stroke rate, mortality, or other mea-
sures of morbidity influenced by treatment mode, though all were 
underpowered to detect such outcomes. However, Hagl et al67 retro-
spectively analyzed outcomes in 717 survivors of ascending aortic and 
aortic arch surgery. They determined that the method of cerebral pro-
tection did not influence the occurrence of stroke, but that ACP did 
result in a significant reduction in the incidence of temporary neu-
rologic dysfunction, a result not seen after RCP. Directionally similar 
results demonstrating that antegrade perfusion was associated with 
significantly lower incidences of temporary neurological complica-
tions, earlier extubation, shorter ICU stay, and shorter hospitalization 
in comparison with patients managed with RCP has been shown by 
Apostolakis and colleagues.68 Halkos et al69 demonstrated that during 
proximal aortic surgery, selective ACP was associated with lower mor-
tality, as well as improved resource utilization and fewer pulmonary 
and renal complications.

It is unlikely that pH management will substantially change the results 
of RCP versus ACP discussed earlier; however, Harrington et al's70 study 
used alpha-stat management, whereas Reich et al's55 study used pH-
stat management, both with similar directional results relatively unfa-
vorable to RCP. Whether pH management will influence the overall 
incidence of CNS dysfunction after HCA is unknown. A recent meta-
analysis has concluded that in the absence of randomized trials, pH-stat 
management for infants and alpha-stat for adults would appear to be 
most appropriate strategies for patients undergoing HCA.71 Based on 
the impact of pH management on CBF, a strong argument could be made 
to use pH-stat during the cooling phase before circulatory arrest followed 
by alpha-stat during rewarming, as practiced in some institutions.72

During HCA, meticulous clinical management with systemic hypo-
thermia combined with topical cooling of the head, avoidance of 
cerebral hyperthermia during rewarming and in the immediate post-
operative interval, maintenance of normal perioperative blood glu-
cose concentrations, careful deairing of graft and arteries, ideally with 
carbon dioxide flushing before reperfusion, all coupled with an expe-
ditious surgical repair designed to minimize the duration of HCA, 
should be the goal.

Aortic Atherosclerosis
Atheroembolism from an atheromatous ascending aorta and aortic 
arch is recognized as a major risk factor in the patient undergoing car-
diac surgery and is a widespread problem.73–79 In a study of 298 asymp-
tomatic members from the Framingham cohort aged 60 ± 9 years and 
of whom 51% were women, subjects underwent thoracoabdominal 
aortic cardiovascular MRI and demonstrated aortic plaque of 1-mm 
radial thickness in 38% of the women and 41% of the men.73 The Stroke 
Prevention: Assessment of Risk in the Community (SPARC) study used 
transesophageal echocardiography (TEE) in 581 people older than 44.76 
Atheroma was identified in 51.3% of patients, of whom 7.6% had severe 
atheroma (> 4 mm thick, ulcerated or mobile). The  prevalence rate of 

aortic arch atheroma increased with age, such that severe atheroma was 
seen in more than 20% of patients older than 74.79

Atheroembolism in cardiac surgery has a broad spectrum of clini-
cal presentations, including devastating injuries and death, yet its true 
incidence is probably underestimated.80–83 Thoracic aorta atheromato-
sis is associated with coronary artery disease and stroke in the gen-
eral population.74,75,77–79 In Macleod et al's74 review, the evidence shows 
that the risk for stroke is four times greater in patients with severe arch 
atheroma. Yahia et al77 prospectively studied patients with diagnoses 
of TIA or stroke using TEE for assessment of aortic atheromatosis. 
Thoracic aortic atheromas were present in 141 of 237 patients (59%); 
mild plaque (< 2 mm) was present in 5%, moderate plaque (2 to 4 mm) 
in 21%, severe plaque ( 4 mm) in 33%, and complex plaque in 27%. 
Plaques were more frequently present in the descending aorta and the 
arch of the aorta than in the ascending aorta.77 Watanabe et al78 inves-
tigated whether thoracic aorta calcification on computed tomography 
and coronary risk factors had any correlation with obstructive coro-
nary artery disease on angiography. Two hundred twenty-five consecu-
tive patients underwent both thoracic conventional helical computed 
tomography and coronary angiography. Thoracic aorta  calcification was 
detected in 185 patients; 141 of 225 patients had significant obstructive  
coronary artery disease. All of the 13 patients without thoracic aorta 
calcification and no coronary risk factors had no coronary artery  
disease.78 Overall, it can be seen that atherosclerosis of the ascending aorta 
is present in 20% to 40% of cardiac surgical patients, the  percentage 
increasing with age (Figure 36-3), and it is an independent risk factor 
for type I cerebral injury.6–8,84–90

Transesophageal Echocardiography 
versus Epiaortic Scanning
The detection of ascending aorta atheromatosis is a cornerstone of 
strategies to decrease cerebral injury in cardiac surgery. Despite its 
widespread utilization, manual palpation of the aorta has a very low 
sensitivity for this purpose.91,92 The association of severe thoracic aortic 
plaques (defined as 5-mm-thick focal hyperechogenic zones of the aor-
tic intima and/or lumen irregularities with mobile structures or ulcer-
ations) and coronary artery disease is well established.89 Identifying 
severe aortic disease has important clinical implications because surgi-
cal technique, including surgical procedure and siting of cannulation 
and anastomotic sites for proximal grafts, may be altered to avoid pro-
ducing emboli and stroke. Intraoperative epiaortic ultrasound scanning 
(EAS) has emerged as a most helpful tool for the diagnosis of ascending 
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Figure 36-3. Prevalence of severe atherosclerosis of the ascend-
ing aorta at autopsy after operations for coronary and valvular heart 
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aortic atherosclerosis and has revealed major insights into the nature and 
distribution of this disease.

Djaiani et al90 performed TEE and EAS to assess the severity of aor-
tic atherosclerosis in the ascending aorta and the aortic arch. Patients 
were allocated to either low- or high-risk groups according to aorta 
intimal thickness. Transcranial Doppler (TCD) was used to monitor 
the middle cerebral artery. Diffusion-weighted MRI was performed 3 
to 7 days after surgery. The NEECHAM Confusion Scale was used for 
assessment and monitoring patient consciousness level. In the high-
risk group (intimal thickness > 2 mm), confusion was present in six 
(16%) patients versus five (7%) patients in the low-risk group, and 
there was a threefold increase in median embolic count, 223.5 ver-
sus 70.0. Diffusion-weighted MRI-detected brain lesions were pres-
ent only in patients from the high-risk group, 61.5% versus 0%. There 
was significant correlation between the NEECHAM scores and embo-
lic count in the high-risk group.87 Multiple studies have documented 
that most of the significant atherosclerotic lesions in the ascending  
aorta are missed by intraoperative palpation by the surgeon, and 
intra operative echocardiographic studies of the aorta have been 
 recommended22,86,88,90–96 (Figure 36-4). However, the ability of TEE to 
reliably detect all ascending aorta and aortic arch lesions is limited.

The high acoustic reflectance attributable to the air-tissue  interface 
resulting from overlying right main bronchus and trachea limits TEE 
assessment of the upper ascending aorta where cannulation is gener-
ally undertaken.91,92,96,97 Intraoperative EAS has emerged as a most help-
ful tool for the diagnosis of ascending aortic atherosclerosis and has 
revealed major insights into the nature and distribution of this  disease. 
Konstadt et al93,97 investigated 81 patients (57 male and 24 female; aged 
32 to 88 years, mean age, 64 years) scheduled for elective cardiac sur-
gery. A comprehensive examination of the entire thoracic aorta in both 
the longitudinal and transverse planes was performed by biplane TEE. 
In both echocardiographic examinations, the presence and location of 
protruding plaques and intimal thickening greater than 3 mm were 
recorded. Fourteen (17%) of the 81 patients had significant athero-
sclerotic disease of the ascending aorta as diagnosed by EAS echocar-
diography. The sensitivity of TEE was 100%, the specificity was 60%, 
the positive predictive value was 34%, and the negative predictive 
value was 100%. According to the authors, if the complete biplane TEE 
examination is negative for plaque, it is highly unlikely that there is sig-
nificant plaque in the ascending aorta. If the TEE examination is posi-
tive for plaque, there is a 34% chance that there is significant disease of 
the ascending aorta, and EAS should be considered. TEE is a sensitive 
but only mildly specific method of determining whether ascending aortic 
 atherosclerosis is present.93–97

The standard for aortic assessment before instrumentation contin-
ues to be visual inspection and palpation by the surgeon, despite the 
fact that this has been shown to identify atheromatous disease in only 
25% to 50% of patients, and even then to significantly underestimate 
its severity.91,92,98–100 Identification of ascending aorta atheromatous dis-
ease would prompt the surgical team for strategies to either modify, 

decrease, or avoid aortic manipulation. Management strategies for the 
diseased ascending aorta range from minimally invasive aortic “no-
touch” techniques (NTTs) to maximally invasive procedures, including 
ascending aorta replacement or extensive aortic debridement under 
deep HCA.101 A recent review has outlined specific techniques for EAS, 
as well as steps to be used by the surgical team to mitigate aortic athero-
emboli.102 Operative modifications in CABG include avoidance of aortic 
cross-clamping, alternative sites of aortic cross-clamping, and avoidance 
of proximal anastomoses by usage of all arterial conduit or Y-grafts. 
A decreased incidence of stroke and CNS dysfunction has been associ-
ated with this approach (Figure 36-5).103

“No-Touch” Technique
Avoidance of instrumentation of the ascending aorta in patients with 
severe aortic atheromatosis has been advocated. Leacche et al85 retrospec-
tively reviewed data from 640 off-pump CABG (OPCAB) patients and 
identified 84 patients in whom they adopted an NTT. In these patients, 
revascularization was performed with single or bilateral internal tho-
racic arteries and by connecting additional coronary grafts (saphenous 
vein, radial artery) in a T or Y configuration. The right gastroepiploic 
artery was used as a conduit in two patients, whereas the brachiocepha-
lic artery was used as an alternative inflow site for arterial cannulation 
in three reoperations. Age, sex, risk factors, functional class, and his-
tory of congestive heart failure were comparable in the two groups. In 
the NTT group, the frequencies were greater for severe atherosclero-
sis of the aorta (13% vs. 0%), carotid disease (25% vs. 16%), and his-
tory of previous cerebrovascular accidents (17% vs. 8%). In the NTT 
group, weak trends toward a lower incidence of  postoperative delirium 

Figure 36-4 Transverse ultrasonic 
image of the ascending aorta and 
the corresponding segment of aorta 
in a patient with severe atheroscle-
rosis. Note the calcification (arrow-
head) and the projection of atheroma 
(arrow) into the lumen. (From Wareing 
TH, Davila-Roman VG, Barzilai B, 
et al: Management of the severely 
atherosclerotic ascending aorta dur-
ing cardiac operations. A strategy for 
detection and treatment. J Thorac 
Cardiovasc Surg 103:453, 1992.)
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Figure 36-5 Influence on neurologic outcome of altering opera-
tive technique on the basis of the finding of mobile aortic athero-
mas on transesophageal echocardiography. (Reprinted from Katz ES, 
Tunick PA, Rusinek H, et al: Protruding aortic atheromas predict stroke in 
elderly patients undergoing cardiopulmonary bypass: Experience with 
intraoperative transesophageal echocardiography. J Am Coll Cardiol 
20:70–77, 1992.)
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(8% vs. 15%; P = 0.12), a lower incidence rate of stroke (0% vs. 1%; P = 
0.85), and a shorter ICU stay (P = 0.07) were observed.85 In a review 
of 1993 beating-heart surgery patients, Calafiore et al104 observed that 
in patients with evidence of peripheral vascular disease, use of aor-
tic partial occlusion clamp was associated with a similar stroke rate 
as in patients in whom conventional CPB was used. They concluded 
that in patients with extracoronary vasculopathy, aortic manipulation 
must be avoided to reduce the incidence of stroke. Gaspar et al96 used 
EAS and TEE in 22 patients considered to be at high risk for stroke in 
whom severe aortic atheroma (maximum aortic wall thickness > 5 mm 
or mobile plaque) was detected, and with the use of aortic NTT and 
 beating-heart surgery, no strokes occurred.

Royse et al91 performed screening of the aorta for atheroma before 
aortic manipulation and used an exclusive Y-graft revascularization 
technique, which has no aortic coronary anastomoses. Aortic ather-
oma was detected using EAS and TEE. In the control group,  aortic 
atheroma was assessed by manual palpation, whereas TCD of the 
right middle cerebral artery was used to detect cerebral microemboli. 
Neuropsychological dysfunction was assessed using a battery of 10 psy-
chometric tests, and they demonstrated that at 60 days after surgery, 
dysfunction in the control group was 38.1%, whereas in the TEE/Y-
graft group, it was reduced to 3.8%. Microemboli detected by TCD 
during periods of aortic manipulation were greater for those with late 
dysfunction (5.2 ± 3.0 compared with 0.5 ± 0.2), consistent with an 
embolic cause for cognitive dysfunction.91

NEUROPSYCHOLOGICAL DYSFUNCTION
Compared with stroke, cognitive dysfunction (neurocognitive dys-
function [NCD]) is a considerably more frequent sequela of cardiac 
surgery and has been demonstrated in up to 80% of patients early 
after surgery.24,105–107 The pathogenesis of cognitive dysfunction after 
cardiac surgery is still uncertain. Variables that have been postulated 
to explain the development of postoperative neurocognitive decline 
include advanced age, concomitant cerebrovascular disease, and sever-
ity of cardiovascular disease, as well as progression of underlying 
 disease. Various intraoperative factors such as embolization, cerebral 
hypoperfusion or hypoxia, activation of inflammatory processes, aor-
tic cross-clamp or CPB time, and low mean arterial pressure (MAP) 
and cerebral venous hypertension have all been implicated. In many 
instances, subtle signs of neuropsychological dysfunction are detect-
able only with sophisticated cognitive testing strategies, although 
depression and personality changes may be noted by family members. 
It should be recognized that formalized cognitive testing is reproduc-
ible and quantifiable and represents an objective outcome measure; 
as such, it can act as a benchmark to assess various therapeutic inter-
ventions (e.g., the efficacy of putative cerebroprotectants, equipment 
modifications, pH management strategies). In addition, a number of 
studies have made correlations between early postoperative cognitive 
dysfunction and intraoperative cerebral oxygen desaturation, as well as 
new ischemic lesions on MRI.53,54 Assessment of early cognitive dysfunc-
tion can be used to discriminate between various intraoperative treatment 
modalities (e.g., pH management, use of cell saver, epiaortic scanning).

However, whether early postoperative cognitive dysfunction repre-
sents permanent neurologic damage remains controversial.48 In a long-
term follow-up study of 97 patients having undergone CABG an average 
of 39 months earlier, Murkin et al106 demonstrated an incidence rate of 
neuropsychological dysfunction of 22%, and 18% of patients exhibited 
abnormal neurologic findings. The overall incidence rate of combined 
neurobehavioral dysfunction was 35%, similar to the incidence at 2 to 
3 months after surgery in this same group.62 Knipp et al105 prospectively 
investigated cerebral injury early and 3 months after CABG. Patients 
were studied at three points in time: before operation, early before 
 discharge, and 3 months after operation using a well-validated battery 
of 13 standardized psychometric tests. Neurocognitive assessment early 
after surgery disclosed a significant decline in performance in 4 of the 
11 psychometric tests compared with the preoperative status, whereas 
at the 3-month follow-up examination, 3 of the 4 tests disclosed early 

cognitive decline, and both depression and mood scores had returned 
to their baseline values. However, the test score for verbal learning abil-
ity remained significantly lower at 3 months.105 Newman et al52 sought 
to determine the course of cognitive change 5 years after CABG and 
the effect of perioperative decline on long-term cognitive function. 
They performed neurocognitive tests in 261 patients who underwent 
CABG; tests were administered before surgery (at baseline), before 
 discharge, and 6 weeks, 6 months, and 5 years after CABG. Among the 
patients studied, the incidence rate of cognitive decline was 53% at dis-
charge, 36% at 6 weeks, 24% at 6 months, and 42% at 5 years. Cognitive 
function at discharge was a significant predictor of long-term func-
tion. Their results confirmed the relatively high prevalence and persis-
tence of cognitive decline after CABG and suggested a pattern of early 
improvement followed by a later decline that is predicted by the pres-
ence of early postoperative cognitive decline.52 What is interesting is the 
apparent lack of association between cognitive dysfunction and aor-
tic atherosclerosis, at least in one study. Of 162 CABG patients who 
had a perioperative neurocognitive evaluation and evaluable intraop-
erative TEE images, no significant relation was found between cognitive 
 dysfunction and atheroma burden in the ascending arch or descending 
aorta,  suggesting that aortic atherosclerosis may not be the primary factor 
in the pathogenesis of post-CABG cognitive changes.108

In the systematic review and meta-analysis by van Dijk et al,24 data 
from six highly comparable studies were pooled and demonstrated an 
incidence of cognitive deficit, defined as a decrease of at least 1 stan-
dard deviation in at least 2 of 9 or 10 neuropsychological tests, of 22.5% 
(95% confidence interval, 18.7 to 26.4) in CABG patients at 2 months 
after surgery. In a prospective study of 316 CABG patients, Murkin et al62 
reported a perioperative stroke rate of 2.8% and demonstrated that 33% 
of 239 patients assessed 2 months after surgery evidenced cognitive 
 dysfunction, and that 45% experienced either neurologic or cognitive 
dysfunction, in comparison with their preoperative performance.

One important confounder in many of the earlier studies is the 
absence of a nonsurgical control cohort with similar comorbidi-
ties also followed longitudinally with cognitive testing. Several more 
recent studies have demonstrated similar incidences of later cognitive 
dysfunction whether patients underwent CABG, off-pump surgery, 
percutaneous coronary interventions (PCIs), or were managed medi-
cally.47,48 These results strongly imply that underlying comorbidities and 
progression of atherosclerotic disease are the most relevant factors in late 
 postoperative cognitive dysfunction rather than cardiac surgery per se.

The mid- and long-term impact of cognitive dysfunction on quality 
of life after cardiac surgery has been addressed by different studies.28,109,110 
Ahlgren et al109 prospectively evaluated neurocognitive function and 
driving performance after CABG in 27 patients who underwent neu-
ropsychological examination involving 12 cognitive tests, including a 
standardized on-road driving test and a test in an advanced driving 
simulator before and 4 to 6 weeks after surgery. Twenty patients who 
underwent PCIs under local anesthesia served as a control group. After 
surgery, 48% of patients in the CABG group showed cognitive decline, 
whereas significantly fewer patients in the PCI group, only 10%, 
showed cognitive decline after intervention. Of particular relevance to 
functional quality of life, patients demonstrating cognitive decline also 
tended to drop in the on-road driving scores to a larger extent than 
did patients without a cognitive decline.109 Di Carlo et al110 adminis-
tered a series of cognitive tests before and 6 months after the opera-
tion to 110 patients (mean age, 64.1 years; 70.9% male sex) undergoing 
 cardiac surgery. The degree of the impairment was determined by two 
independent neuropsychologists in relation to its impact on everyday 
life activities. At 6-month assessment, 10 patients (9.1%) were ranked 
as having severe deterioration, 22 (20%) as having mild or moderate 
deterioration, and 78 (70.9%) as unchanged or improved.110 At 5-year 
follow-up, Newman et al28 also found a significant correlation between 
cognitive function and quality of life in patients after cardiac surgery. 
Lower overall cognitive function scores at 5 years were associated with 
lower general health and a less productive working status.

Overall, it appears that underlying patient comorbidities rather than 
use of CPB or even surgery or PCI or medical management are most 
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important in the genesis of long-term cognitive outcome. Although 
cognitive testing can be used to discriminate and optimize among 
various perioperative treatment modalities, because of the high vari-
ability in methodologies among studies (i.e., differing definitions of 
NCD, choice of tests, employment of relevant comparator groups), the 
incidence of NCD between studies is potentially unreliable as an index 
of the absolute incidence of NCD associated with a given procedure 
(e.g., CAB surgery). Cognitive testing is best used as a comparator tool to 
 discriminate between treatment modalities.

Neuropsychological Testing
As noted in the studies discussed, neuropsychological testing has been 
increasingly used in an attempt to discriminate the efficacy of various 
treatment modalities or as an index of cognitive functioning after CPB. 
In large measure, the sensitivity of this type of testing is such that very 
small decrements in performance can be assessed and quantified. It 
appears that a patient may have a consistent decrease in cognitive per-
formance, with or without evidence of subtle neurologic abnormali-
ties, yet may be apparently oblivious to it, whether because of denial or 
an absence of awareness. Commonly, such a patient's family may have 
noted some nonspecific alteration in mood or behavior, likely a mani-
festation of the same dysfunction as detected on cognitive testing.

Preoperative Cognitive Function
One of the earliest prospective reports of neurobehavioral sequelae 
of cardiac surgery appeared in 1954, and it focused on the acute and 
chronic stress responses manifested as psychobehavioral syndromes in 
patients undergoing valvular surgery.111 As Tufo and others112,113 noted, 
this led to a tendency for some investigators to focus on postopera-
tive emotional reactions, regarding them as primarily psychiatric syn-
dromes, rather than systematically investigating cardiac patients for 
neurologic deficits. Millar et al114 examined the effect of preexisting 
cognitive impairment on cognitive outcome in 81 patients undergoing 
CABG. Patients performed the Stroop Neuropsychological Screening 
Test and other psychometric assessments before and at 6 days and 6 
months after CABG. Those with preexisting cognitive deficits were 
significantly more likely to display impairment at 6-day and 6-month 
follow-ups than were those without preexisting deficits, possibly 
reflecting underlying intrinsic pathology rather than specific intraop-
erative events. Rankin et al115 used a 1-hour neuropsychological battery 
administered before surgery to 43 patients before prospective random-
ization to either CABG or OPCAB and again to 34 of those patients 
2 to 3 months after surgery by an examiner blind to surgical condi-
tion. Neuropsychological status did not change 2.5 months after sur-
gery between OPCAB or CABG groups. However, both groups showed 
dramatic presurgical cognitive deficits in multiple domains, particu-
larly verbal memory and psychomotor speed. This corroborates pre-
vious research suggesting that patients requiring CABG may evidence 
significant presurgical cognitive deficits as a result of existing vascular 
disease. In Di Carlo et al's110 study of 110 patients undergoing cardiac 
surgery, the previous level of education was protective against cognitive 
decline (odds ratio per year of increment, 0.53; 95% confidence inter-
val, 0.31 to 0.90). It is speculative whether this suggests that greater 
education reflects greater intellectual capacity, and thus a better ability 
to compensate for perioperative stresses.

 Neuropsychological Test Selection
Research examining cognitive functioning in patients undergoing CPB 
has frequently focused on the assessment of cognitive functioning 
within the domains of attention/concentration, psychomotor speed, 
motor dexterity, and verbal learning. Under the “best-case scenario,” 
it might be desirable to use a complete battery of neuropsychological 
tests assessing the entire spectrum of cognitive functions. However, the 
cost of such a procedure and the time demands make such an approach 
unrealistic. This is especially the case if patients are to be assessed in the 

perioperative period, when practical time limitations or patient fatigue 
levels are likely to be prohibitive. A more practical approach is to use 
tests that can be administered relatively quickly and easily, and that 
assess functions particularly dependent, for successful execution, on 
brain areas most vulnerable to insult (i.e., “watershed” areas).

An additional criterion in test selection is that tests chosen be 
 sensitive to brain dysfunction, broadly defined. In perioperative 
cardiac surgical patients, the evaluation is necessarily limited by 
constraints of time and fatigue; thus, tests used should have good 
sensitivity to dysfunction, even if at the expense of specificity. Tests 
that can be administered quickly and reliably and are highly sensi-
tive, particularly to dysfunction within cognitive domains localized 
to brain regions vulnerable to effects of microemboli or transient 
hypoxia, should be selected.

Research suggests that among the tests most appropriate under 
these circumstances are tests of attention/concentration, psychomo-
tor speed, motor dexterity, and verbal learning. Research as to the 
behavioral consequences of hypoxia (and other conditions associ-
ated with more diffuse brain damage) suggests these domains are 
likely to be compromised.116,117 This presumption has also been sup-
ported by research to date examining behavioral consequences of CPB. 
Frequently, the Grooved Pegboard Test (motor dexterity), various sub-
tests of the Wechsler Adult Intelligence Scale-Revised (Digit Symbol 
[psychomotor speed]), some of the seven subtests of the Wechsler 
Memory Scale (Mental Control [Attention], Digit Span [concentra-
tion], Paired Associates Verbal Learning [verbal learning]), as well as 
the Halstead Reitan Trail Making Test (Trails A and B), have been used 
in whole or in part for the assessment of cognitive impairment after 
CPB.28,33,40,52,62,91,105,109,110,114,118–123

Methodologic Issues in Neurobehavioral 
Assessment
The Statement of Consensus on Assessment of Neurobehavioral 
Outcomes after Cardiac Surgery encouraged a more standardized and 
comparable methodology in assessment of cognitive injury, identifying 
several key issues of concern in perioperative cognitive testing.32

 1. A spectrum of postoperative CNS dysfunction both acute and 
persistent occurs in a proportion of patients after cardiac surgery, 
including brain death, stroke, subtle neurologic signs, and neu-
ropsychological impairment.

 2. A number of patients presenting for cardiac surgery have pre-
existing CNS abnormalities. Patients' neurologic and neuropsy-
chological states need to be assessed at a time before surgery to 
provide accurate baseline information.

 3. The individual change in performance from baseline to a time 
after surgery is essential to any evaluation of the impact of sur-
gery or any intervention associated with it.

 4. When indicated, designs should incorporate the use of a control 
or comparison group. This is arguably one of the most impor-
tant recommendations that was made, but as noted earlier, until 
recently it has not been consistently applied, resulting in discor-
dant results in the literature.

 5. Because of the time constraints and physical limitations of the 
patient in performing a neuropsychological assessment in the 
context of cardiac surgery, care must be taken to select appropri-
ate tests. Selection of tests should take the following issues into 
consideration:

 6. Tests should be free from sex, race, and ethnic bias, and be struc-
tured to avoid floor and ceiling effects.
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 7. Because of the multifocal nature of the potential lesion locations, 
no single test will always detect postoperative neurobehavioral 
dysfunction.

 8. Care must be taken in performing the assessments because neu-
robehavioral performance can be influenced by environmental, 
psychiatric, physiologic, and pharmacologic factors.

 9. Because the performance of neuropsychological tests may be influ-
enced by mood state and mood state variations, it is important that 
mood state assessments be performed concurrently with the neu-
ropsychological assessments.

10. To ensure objectivity and reliability of the assessment, for each 
patient, the testing should be performed by the same suitably qual-
ified and trained individual, and tests should minimize subjectivity 
and be performed in a standardized manner. The examiner should 
be blinded to any treatment.

11. A comprehensive and concise neurologic examination should be 
performed by a suitably qualified and trained individual.

12. Because the incidence of postoperative neurobehavioral dysfunc-
tion is greatest in the immediate postoperative period and then 
declines, care must be taken to perform at least one assessment 
when performance is more stable. Ideally, this should be at least 
3 months after surgery.

13. Investigators should be aware that new events may occur in the 
days after surgery.

14. Cognitive testing may be associated with improvement in perfor-
mance on repeated testing, recognized as “practice effect.” This 
improvement needs to be taken into consideration in any analyses 
of the data. In addition, study design incorporating procedures to 
minimize practice effects (i.e., providing sufficient practice trials 
on each test at each assessment period) is encouraged.26

Based on the proceedings of these consensus conferences, the  following 
cognitive tests were recommended as necessary but not sufficient 
 components of any neuropsychological test battery based on their avail-
ability in multiple languages, and availability of paper and pencil versions 
for use in cardiac surgical patients:

Rey Auditory Verbal Learning Test
Trail Making A
Trail Making B
Grooved Pegboard

MECHANISMS OF BRAIN INJURY
Determining which factor or, more likely, which combination of  factors 
is responsible for postoperative neurologic or behavioral  dysfunction 
in patients undergoing cardiac surgery using CPB is problematic (Box 
36-2). From the few studies in which a surgical control group has been 
used, it appears that elements inherent to CPB are causative, particularly 
in dysfunction occurring in the immediate postoperative period.62,123 
How much of this dysfunction is as a direct result of exposure to CABG 
and CPB or occurs as a result of underlying comorbid disease, such as 
aortic and cerebrovascular atherosclerosis, hypertension, and diabetes, 
which predispose such patients to CNS dysfunction as a result of non-
specific “stress” associated with major surgery  independent of CABG, 

is an area of active ongoing investigation. Based on postmortem stud-
ies, as well as correlative analyses of intraoperative events with neuro-
logic outcomes, two primary mechanisms appear to be responsible for 
brain injury in otherwise uncomplicated cardiac operations: cerebral 
hypoperfusion and cerebral emboli.

Intraoperative cerebral embolization of particulate and micro-
gaseous elements has been demonstrated to have a significant role 
in the genesis of cerebral events in postoperative cardiac surgical 
patients.42,81,107,124–131 Increasing attention is also being paid to the role 
of perioperative hypoperfusion, particularly in patients with intracra-
nial and extracranial atherosclerosis, and to the effect of inflammatory 
processes triggered during exposure to surgery and CPB.27,36,100

In a prospective study of 151 consecutive Japanese patients (115 
men and 36 women ranging in age from 41 to 82 years) scheduled 
for CABG, carotid and intracranial arteries were examined for occlu-
sive lesions with magnetic resonance angiography.137 Cervical carotid 
artery stenoses of more than 50% narrowing were detected in 16.6% 
of the subjects, and intracranial artery stenoses of more than 50% nar-
rowing were detected in 21.2% of the subjects.137 In a similar study of 
201 Korean patients presenting for CABG, more than 50% had evidence 
of either extracranial or intracranial atherosclerotic disease, whereas 13% 
of patients had evidence of both.135 In this series, 25.4% of patients 
had single or multiple postoperative CNS complications, and intrac-
ranial atherosclerotic disease was found to have a strong independent 
association with the development of CNS complications. The presence 
of both extracranial and intracranial atherosclerotic disease was even 
more strongly associated with adverse perioperative CNS outcomes 
than was intracranial atherosclerotic disease alone.138

In those studies in which a control group (subjected to a noncardiac 
procedure) was used, the incidence of both new neurologic signs and 
cognitive dysfunction was significantly greater in the patients under-
going CABG in the first several postoperative days compared with the 
surgical cohort.62,79

Cognitive dysfunction after noncardiac surgery can also be 
 persistent on long-term follow-up, although to a variable extent com-
pared with the incidence reported for cardiac surgery (see earlier). 
Abildstrom et al139 reported that 1% of patients showed persistent 
cognitive dysfunction 2 years after major noncardiac surgery. Several 
studies have also demonstrated the release of markers of cerebral 
injury and  demonstrated a lesser but significant incidence of cognitive 
dysfunction after noncardiac surgery.140,141 The occurrence of cerebral 
emboli during noncardiac surgery has also been demonstrated.141–144 
Accordingly, it appears as though some of the same mechanisms oper-
ative in CABG may also be culpable. Edmonds et al142 recorded TCD 
signals from the middle cerebral artery in 23 patients undergoing total 
hip arthroplasty and demonstrated that, in 8 of 20 patients, there were 
embolic signals ranging in number from 1 to 200. In all eight of these 
patients, signals were recorded during impaction of a cemented com-
ponent or after relocation of the hip. In 2 patients, there were 150 and 
200 embolic signals; mild respiratory symptoms developed in both of 
these patients, and one patient also became overtly agitated during a 
flurry of emboli.

There is also evidence of a greater stroke rate in cardiac surgery 
from the recently published SYNTAX trial in which 1800 patients with 
three-vessel or left mainstem coronary artery disease were randomized 
to PCI or conventional CABG surgery.145 This study demonstrated no 
difference in mortality at 1 year but a significantly (P = 0.002) lower 
incidence of primary composite end point of major adverse cardiac or 
cerebrovascular event in CABG (12.4%) versus PCI (17.8%) patients. 
However, although the overall outcome should argue strongly in favor 
of CAB surgery, the stroke rate was significantly greater in CAB (2.2%) 
than PCI (0.6%) patients.

Neuropathologic Studies
In an early series from 1962 to 1970 that examined 206 patients dying 
after cardiac surgery or CABG and a group of 110 patients dying after 
non-CPB vascular surgery, Aguilar et al146 reported that there was a 

BOX 36-2. RISK FACTORS FOR NEUROLOGIC 
COMPLICATIONS IN CARDIAC SURGERY
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high correlation between the use of CPB and the incidence of brain 
lesions. They reported that the most significant abnormalities found, 
in both severity and frequency of occurrence, were emboli in small 
cerebral vessels; acute petechial, perivascular, and focal subarachnoid 
hemorrhages; and acute ischemic neuronal damage (Box 36-3). They 
noted the virtual disappearance from the brain of nonfat emboli such 
as fibrin, platelet aggregates, polarizable crystalline material, xanthom-
atous debris, striated muscle, and calcium in cases examined after the 
introduction of arterial line filtration, whereas they reported that cere-
bral embolization of such debris was commonly observed in patients 
dying after CPB before the introduction of arterial line filtration.146 
Other early studies showed that measures taken to decrease the dura-
tion of CPB, as well as the introduction of arterial line filtration and 
filtration of the cardiotomy suction return, decreased overt neurologic 
dysfunction.124,125,147

A review of autopsy findings from 221 patients dying after CABG 
or valve surgery between 1982 and 1989 reported a direct correlation 
among age, severe atherosclerosis of the ascending aorta, and pres-
ence of atheroemboli. Atheroemboli were significantly more common 
in patients who underwent CABG versus valvular surgery, and there 
was a high correlation of atheroemboli with severe atherosclerosis of 
the ascending aorta, being present in 37.4% of patients with severe 
 disease of the aorta versus only 2% of those without. Of all patients 
who had evidence of atheroemboli, 95.8% had severe atherosclerosis 
of the ascending aorta.80 Doty et al81 reviewed the records of 49,377 
autopsy cases and surgical specimens from the Johns Hopkins Hospital 
between 1973 and 1995. Three hundred twenty-seven patients (0.7%) 
had an identifiable atheroembolism on histologic examination. Of 
these patients, 29 (0.2%) had undergone a cardiac surgical procedure 
within 30 days of autopsy or surgical resection. Six of the 29 patients 
(21%) had atheroembolism to the heart, 7 patients (24%) had embo-
lism to the CNS, 19 patients (66%) had embolism to the gastrointesti-
nal tract, 14 patients (48%) had embolism to one or both kidneys, and 
5 patients (17%) had embolism to a lower extremity. Sixteen patients 
(55%) had atheroembolism in two or more areas. In six patients (21%), 
death was directly attributable to atheroembolism, including intraop-
erative cardiac failure from coronary embolism (three), massive stroke 
(two), and extensive gastrointestinal embolization (one).81

In a neuropathologic study of brains from 262 patients dying after 
having undergone CABG, valve replacement, or heart transplan-
tation surgery, 49% of cases demonstrated evidence of circulatory 
 disturbances identified as macrohemorrhages and microhemorrhages, 
infarcts, subarachnoid hemorrhages, or hypoxemic brain damage.148 
The infarcts were caused by local arteriosclerosis of cerebral arteries, 
fat emboli, arterial emboli from operative sites, or foreign body emboli. 
These authors concluded that histologically overt microemboli did 
not play a major role in their findings, and that nonfatal white  matter 

microhemorrhages were found with varying frequency, especially after 
valve operations. These observations are not inconsistent with the 
apparent lack of correlation seen in several beating-heart surgery stud-
ies between differing incidences of TCD-detected cerebral emboli and 
cognitive dysfunction.44,45

Watershed Infarctions
Watershed, or boundary zone, infarcts are ischemic lesions that are 
 situated along borderzones between the territories of two major cere-
bral arteries (e.g., the middle and posterior, or the anterior and mid-
dle cerebral arteries) where terminal arteriolar anastomoses exist149–152 
(Figure 36-6). In a series reported by Malone et al,152 a correlation 
was made between the presence of intraoperative electroencephalo-
graphic (EEG) abnormalities (virtual or complete electrical silence) 
usually seen in conjunction with sustained hypotensive episodes and 
neuropathologic lesions found at necropsy. In all nine patients with 
clinical evidence of brain damage, cortical boundary zone (watershed) 
lesions were observed in the parieto-occipital areas. They suggest that 
this location is the most sensitive area for placement of recording EEG 
electrodes because it is where minimal boundary zone ischemic lesions 
occurred in the absence of other lesions, and it is also where ischemic 
lesions were found in their maximal severity and extent.

A profound reduction in systemic blood pressure is the most 
 frequent cause of watershed infarcts. These areas are thought to be 
more susceptible to ischemia resulting from hypotension because of 
their critical dependence on a single blood supply. Wityk et al153 studied 
the pattern of ischemic changes on diffusion- and perfusion-weighted 
MRI in 14 patients with neurologic complications after cardiac sur-
gery, of whom 8 patients presented with encephalopathy, which was 
associated with focal neurologic deficits in 4, 4 with focal deficits alone, 
and 2 with either fluctuating symptoms or TIAs. Acute ischemic lesions 
were classified as having a territorial, watershed, or lacunar pattern of 
infarction. Patients with multiple territorial infarcts in differing vascu-
lar distributions that were not explained by occlusive vascular lesions 
were classified as having multiple emboli. Acute infarcts were found 
in 10 of 14 patients by diffusion-weighted imaging. Among patients 
with encephalopathy, seven of eight had patterns of infarction sugges-
tive of multiple emboli, including three of four patients with no focal 
neurologic deficits. Several patients had combined watershed and mul-
tiple embolic patterns of ischemia. Diffusion-weighted MRI findings 
were abnormal in two of four patients, showing diffusion–perfusion 
 mismatch; both patients had either fluctuating deficits or TIAs, and 
their conditions improved with blood pressure increase.153

Figure 36-6 Hatched areas showing the most frequent locations of 
boundary area, or watershed zone infarcts in the brain,  situated between 
the territories of major cerebral or cerebellar arteries. (From Torvik A: The 
pathogenesis of watershed infarcts in the brain. Stroke 2:221, 1984.)

BOX 36-3. MECHANISMS AND FACTORS  
FOR NEUROLOGIC LESIONS



 36 Central Nervous System Dysfunction after Cardiopulmonary Bypass 1071

By the same rationale, however, these areas are also highly suscep-
tible to ischemia because of end-artery embolization, and it is also rec-
ognized that although severe hypotension is the most common cause, 
showers of microemboli may lodge preferentially in these areas and 
cause infarcts in the underlying brain.153–156 As such, although they are 
commonly due to profoundly hypotensive episodes, watershed lesions 
are not pathognomonic of a hypotensive episode and may be the result 
of cerebral emboli. Embolization and hypoperfusion acting together 
play a synergistic role and either cause or magnify the brain damage 
of cardiac surgical patients. The negative influence of hemodynamic 
instability and hypoxia has been demonstrated by several authors, 
showing improved outcomes by an early and aggressive recognition 
and correction of hypoperfusion.5,27,40,157–159

Cerebral Perfusion Pressure
Intraoperative hypotension during cardiac surgery has been related 
to postoperative neurologic dysfunction.4,5,21,27,42,160 Ridderstolpe et al27 
published a retrospective study of 3282 patients of mean age of 65.6 
years who underwent cardiac surgery in the period from July 1996 
through June 2000. Cerebral complications occurred in 107 patients 
(3.3%). Of these, 60 (1.8%) were early, 33 (1.0%) were delayed, and in 
14 (0.4%) patients the onset was unknown. Predictors of early cere-
bral complications were older age, preoperative hypertension, aortic 
aneurysm surgery, prolonged CPB time, hypotension at CPB comple-
tion and soon after CPB, and postoperative arrhythmia and supraven-
tricular tachyarrhythmia. Predictors of delayed cerebral complications 
were female sex, diabetes, previous cerebrovascular disease, combined 
valve and CABG, postoperative supraventricular tachyarrhythmia, and 
prolonged ventilator support. Early cerebral complications seemed 
to be more serious, with more permanent deficits and a greater over-
all mortality (35.0% vs. 18.2%). The results of this study suggest that 
aggressive antiarrhythmic treatment and blood pressure control may 
improve the cerebral outcome after cardiac surgery.27

EEG patterns consistent with ischemia—increased slow wave activ-
ity, diffuse slowing of EEG activity—have been reported to occur during  
CPB episodes thought to be associated with cerebral hypoperfusion.161–163 
Episodes of flow reduction during normothermia frequently produced 
ischemic changes, whereas similar decreases during stable hypothermia 
were not associated with EEG changes.162 Ischemic EEG changes are 
also frequently seen in association with reductions in perfusion flow 
rate during the initiation of CPB161,162 (see Chapters 16, 28, and 29). 
Using computerized EEG to quantitate episodes of low-frequency 
power as an index of cerebrocortical ischemia in 96 patients undergo-
ing CABG, a correlation was made among episodes of hypotension, 
focal increases in low-frequency EEG power, and the occurrence of 
postoperative disorientation.164

During the transition to CPB, the brain is particularly vulnerable to 
ischemia, inasmuch as cerebral metabolic rate for oxygen (CMRO

2
) is 

apparently unchanged, yet the brain is initially perfused with an asan-
guineous prime, and even after equilibration during established CPB, 
hematocrit is generally maintained at a range between 20% and 30%. 
As a result, any further decreases in cerebral perfusion, in the absence of 
concomitant decreases in CMRO

2
, are poorly tolerated. During hypo-

thermic conditions, there is a profound decrease in CMRO
2
, exceeding 

50% for a 10° C reduction in temperature.66 Without need to postulate 
an extension of the lower limit of cerebral autoregulation, it is clear 
that under anesthesia, and particularly during hypothermic CPB, CBF 
is maintained at very low levels of cerebral perfusion pressure. As dis-
cussed later, this was initially reported by Govier et al165 and further 
explored by Murkin et al66 and Prough et al.166 As the average age and 
extent of disease in patients presenting for CABG continue to increase, 
however, the number of patients with concomitant cerebrovascular 
disease, and thus potentially deranged cerebral autoregulation, pres-
ents an increasingly important group.

Using radioisotope techniques for measurement of CBF, and 
 incorporating a jugular venous catheter for calculation of CMRO

2
, it 

was determined that there is a profound reduction in CMRO
2
 during 

hypothermic CPB, and that CBF is decreased proportionately and will 
autoregulate down to a cerebral perfusion pressure of 20 mm Hg, in the 
presence of alpha-stat pH management.66 Low arterial pressure dur-
ing the hypothermic phase of CPB is thus unlikely to result in cerebral 
ischemia in the absence of cerebrovascular disease. In a study of high 
versus low arterial pressure management during CPB in 248 patients 
undergoing CABG, however, an apparently lower rate of postopera-
tive complications was reported by Gold et al167 for those patients in 
the high-pressure group. Although specific CNS morbidity, cognitive 
and functional status outcomes, and mortality did not differ signifi-
cantly between groups, the overall complication rate for combined 
cardiac and neurologic complications was significantly lower in the 
high-pressure group. This is not inconsistent with data demonstrating 
a high incidence of cerebrovascular disease in coronary revasculariza-
tion patients.108,109

Cerebral Venous Obstruction
It should also be appreciated that during CPB, cerebral venous hyper-
tension can result from partial obstruction of the superior vena cava 
(Figure 36-7), particularly in the presence of a single two-stage venous 
cannula, and may cause cerebral edema, as well as produce a dispropor-
tionate decline in cerebral perfusion pressure relative to arterial pres-
sure.168 In a study by Avraamides,169 surgical dislocation of the heart 
during CPB produced increases in proximal superior vena cava pres-
sure and resulted in significant decreases in CBF velocity as measured 
with TCD, despite stable arterial pressure and pump flow rates. This 
strongly suggests that cerebral venous hypertension, as can occur dur-
ing CPB with myocardial dislocation and impaired drainage of supe-
rior vena cava, may result in cerebral ischemia if unrecognized and 
untreated. It is feasible that such unrecognized cerebral venous hyper-
tension has resulted in some of the postoperative neurologic  syndromes 
that have been reported.170

Although the association between hypotension during CPB and 
cerebral dysfunction remains contentious, there is some evidence that 
certain subsets of patients may be at particular risk. Newman et al171 
used preoperative and postoperative cognitive testing to assess the 
effects of MAP and rate of rewarming on cognitive decline in 237 
patients. They demonstrated significant interactions between cogni-
tive decline and MAP less than 50 mm Hg on one measure of cogni-
tive performance and between rate of rewarming and age on another. 
They concluded that although MAP and rewarming were not primary 
determinants of cognitive decline, hypotension and rapid rewarming 
contributed significantly to cognitive dysfunction in the elderly. Again, 
because elderly patients comprise an increasing segment of the cardiac 
surgical population, these aspects are becoming increasingly important 
clinical  management issues.

Hemodynamic Instability
The interaction of emboli, perfusion pressure, and the particular con-
ditions of the regional cerebral circulation (e.g., preexisting cerebral 
intravascular lesions) will determine the final expression of brain dam-
age in the cardiac surgical patient. In a retrospective study, Ganushchak 
et al172 tested the hypothesis that combinations of hemodynamic events 
from apparently normal CPB procedures are related to the develop-
ment of postoperative neurologic complications and affect the impact 
of common clinical risk factors. A multivariate statistical procedure 
(cluster analysis) was applied to a data set of automatically recorded 
perfusions from 1395 patients who underwent CABG. The following 
five parameters emerged for cluster analysis: MAP, dispersion of MAP, 
dispersion of systemic vascular resistance, dispersion of arterial pulse 
pressure, and the maximum value of mixed venous saturation. Using 
these parameters, they found four clusters that were significantly dif-
ferent by CPB performance (first cluster, 389 patients; second clus-
ter, 431 patients; third cluster and fourth cluster, 229 patients each). 
Patients in the fourth cluster had the greatest dispersion of MAP, that is,  
greatest instability on CPB. The frequency of postoperative  neurologic 
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 complications was 0.3% in the first cluster and increased to 3.9% in 
the fourth cluster. Importantly, the impact of common clinical risk 
factors for postoperative neurologic complications was affected by the 
 performance of the CPB procedure. For example, the frequency of neu-
rologic complications among patients with cerebrovascular disease in 
their medical history was 22% in the fourth cluster, whereas it was zero 
in the second cluster. Patients who underwent CPB procedures with large 
fluctuations in hemodynamic parameters showed a particularly increased 
risk for the development of postoperative neurologic complications.172

Cerebral Emboli and Outcome
Two different types of cerebral emboli appear to occur during CPB 
composed of solid or gaseous matter, such as macroemboli (e.g., ath-
erosclerotic debris) and microemboli (e.g., microgaseous bubbles, 
microparticulate matter). Overt and focal neurologic damage likely 
reflects the occurrence of cerebral macroemboli (e.g., calcific and 
atheromatous debris generated during valve tissue removal or instru-
mentation of an atheromatous aorta), whereas less focal neurologic 
dysfunction has been ascribed to cerebral microemboli.14 Microemboli 
appear to have some role in diffuse, subtle neurologic and cognitive 
disturbances, whereas macroemboli likely produce clinically apparent 
catastrophic strokes. Whatever the nature of the cerebral insult, how-
ever, it seems that coexistent inflammatory processes can exacerbate 
the magnitude of injury.

In a study to assess the impact of surgical manipulation of the aorta 
and correlations with postoperative stroke, Ura et al173 performed EAS 
before aortic cannulation and after decannulation in 472 patients 

undergoing cardiac surgery with CPB. A new lesion in the ascending 
aortal intima was identified in 16 patients (3.4%) after aortic decan-
nulation, of whom 10 patients sustained neurologic complications. New 
lesions were severe, with mobile lesions or disruption of the intima in 
10 patients. Six of the severe lesions were related to aortic clamping 
and the other four to aortic cannulation. Three patients in this group 
had postoperative stroke. The incidence rate of new lesions was directly 
related to extent of aortic atheroma, being 11.8% if the atheroma was 
approximately 3 to 4 mm thick and as high as 33.3% if the atheroma 
was greater than 4 mm, but only 0.8% when it was less than 3 mm.173 
Again, this underscores the need to reliably detect and ultimately avoid 
 disruption of aortic atherosclerotic plaque.

Sylivris et al174 studied 41 consecutive patients undergoing CABG 
with TCD monitoring and preoperative and postoperative MRI brain 
scans. A subgroup of 32 patients underwent neuropsychological testing 
the day before and 5 to 6 days after the operation, of whom 27 had TCD 
data. Among the subgroup of patients with reliable TCD data and neu-
ropsychological studies, early neuropsychological deficit after CABG 
was found in 17 (63%) of the 27 patients. On univariate analysis, the 
time duration on CPB, total microembolic load during bypass, and 
microembolic rates during bypass were all significantly greater in the 
group with neuropsychological decline. Actual rates of emboli detected 
per minute were greatest during release of the aortic cross-clamp. Five 
patients had strokes, of which four had a significant decline in neu-
ropsychological functioning. Unlike the association between microem-
bolic signals (MESs) during bypass and neuropsychological deficits, 
there was no relation between these factors and radiologic evidence 
of cerebral infarction. Not inconsistent with the findings of Ura et al173 
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Figure 36-7. A, Systolic, mean, and diastolic arterial blood pressures, with commencement of cardiopulmonary bypass (CPB) indicated at 3:15 PM, 
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described earlier, there was a significantly greater microembolic load 
at cannulation in patients with cerebral infarction, temporally sugges-
tive of particulate emboli, which was not apparent in comparison with 
patients with neuropsychological deficits alone.174

A study with a newer generation of TCD, which uses two different 
frequencies for insonation and purportedly discriminates between 
gaseous and particulate emboli, compared the number and nature 
of intraoperative microemboli in patients undergoing on-pump and 
 off-pump cardiac surgery procedures in 45 patients (15 OPCAB, 15 on-
pump CABG, and 15 open cardiac procedures).128 They demonstrated 
significantly fewer emboli in the OPCAB versus on-pump CABG and 
open procedure groups, averaging 40 (28 to 80), 275 (199 to 472), and 
860 (393 to 1321) emboli, respectively (P < 0.01). Twelve percent of 
microemboli in the OPCAB group were defined as solid compared 
with 28% and 22% in the on-pump CABG and open procedure groups, 
respectively. In the on-pump groups, 24% of microemboli occurred 
during CPB, and 56% occurred during aortic manipulation for can-
nulation, decannulation, application, and removal of cross clamp or 
side clamp, again underscoring the importance of minimizing aortic 
instrumentation.44

Gaseous emboli are not innocuous, however. It has been demon-
strated that the effects of air emboli on the cerebral vasculature not 
only are due to bubble entrapment with direct blockage of cerebral 
vessels but represent the effects that such bubbles have on vascular 
endothelial cells.175 Ultrastructural examinations of pial vessels in rats 
exposed to cerebral air emboli demonstrated severe injury to endothe-
lial plasmalemma, leading to loss of cellular integrity and endothelial 
cell swelling.176 Such endothelial damage produces disruptions of vaso-
reactivity, as has been observed in cat pial vessels exposed to air emboli. 
In these capillary beds, the endothelial layer demonstrated ultrastruc-
tural abnormalities that included degradation of intercellular junc-
tions, flattening of nuclei, and crenation of the plasmalemma. Air 
embolism also produces changes in blood elements leading to forma-
tion of a proteinaceous capsule around the bubbles, marked dilation of 
pial vessels, platelet sequestration, and damage to endothelial cells.177–179 
Air-induced mechanical trauma to the endothelium causes basement 
membrane disruption, thrombin production, release of P-selectin from 
intracellular vesicles, synthesis of platelet-activating factor, and a reper-
fusion-like injury with perturbations in inflammation and thrombotic 
processes. These phenomena likely impair nitric oxide production, 
causing alterations in cerebral microvascular regulation.180–182

In Moody et al's126 study, four of five patients dying after CPB, two 
patients dying after proximal aortography, and six dogs placed on CPB 
were all found to have small cerebral capillary and arteriolar  dilations 
(SCADs), consistent with sites of gas bubbles or fat emboli (Figure 36-8).  
These microvascular anomalies were only found in conjunction with 
utilization of CPB or proximal aortic instrumentation. In a subsequent 
series of elegant studies by this same group, use of colored microspheres 
was able to “time-lock” the development of SCADs to the period asso-
ciated with CPB183 (Figure 36-9). In further studies from this group, 
Challa et al184 identified SCADs in thick colloidin sections of the brains 
of eight patients who died after cardiac surgery supported with a mem-
brane oxygenator and in two dogs that underwent CPB with a bubble 
oxygenator. In SCADs of the eight patients who had cardiac surgery, 
both aluminum and silicone values were higher, and silicone values 
were also high in the two dogs in which a bubble oxygenator was used. 
Their results indicated that contamination with aluminum and silicone 
occurred during cardiac surgery assisted by CPB, and that switching to 
membrane oxygenators from bubble oxygenators for CPB may have 
reduced silicone contamination of blood.184 Kincaid et al185 used a cell 
saver to process the cardiotomy blood in dogs that underwent hypo-
thermic CPB. The brain tissue from two groups of dogs (group I, car-
diotomy suction blood reinfused through arterial line filter; group II, 
cardiotomy suction blood collected and processed in a cell saver) 
was examined for the presence of SCADs. Mean SCAD density in the 
cell-saver group was less than the arterial filter group (11 ± 3 vs. 24 ± 5;  
P = 0.02). The authors concluded that using a cell saver to scavenge 
shed blood during CPB decreases cerebral lipid microembolization.185

More recently, two separate randomized, prospective studies in 
cardiac surgical patients have assessed the impact of cell-saver usage 
on cognitive dysfunction after cardiac surgery.186,187 A series of 226 
patients older than 60 years undergoing CABG surgery were randomly 
allocated to either cell-saver or control groups.186 Anesthesia and sur-
gical management were standardized. Epiaortic scanning of the proxi-
mal thoracic aorta was performed in all patients, and TCD was used 
to measure cerebral embolic rates. Standardized neuropsychologi-
cal testing was conducted 1 week before and 6 weeks after surgery. 
Cognitive dysfunction was present in 6% of patients in the cell-saver 
group and 15% of patients in the control group 6 weeks after sur-
gery (P = 0.038). However, significantly (P = 0.018) more patients in 
the cell-saver group required transfusion of fresh frozen plasma 
(25%) versus the control group (12%). In a remarkably  similar 

Figure 36-8 Microemboli or small capillary and arteriolar dilata-
tions (SCADs) in arterioles of human brain 1 day after cardiopulmonary 
bypass. The afferent microvessels are black. The SCADs are dilated clear 
areas (arrows); the largest one here measures 25 m in diameter. It is 
believed these represent the “footprints” of emboli that were almost 
completely removed by the reagents used in this histochemical staining 
method (alkaline phosphatase–stained 100- m-thick celloidin section; 
magnification ×300 before 50% reduction). (Reprinted from Moody DM, 
Brown WR, Challa VR, et al: Brain microemboli associated with cardio-
pulmonary bypass: A histologic and magnetic resonance imaging study. 
Ann Thorac Surg 59:1304, 1995.)

Figure 36-9. Microemboli (white arrows) “bracketed in time” by 
sequentially injected microspheres of different colors. Clear micro-
spheres (small black arrows) and black microspheres (large black arrows) 
can be seen distal to proximal order in a single arteriolar complex. In this 
experiment, clear spheres were injected into the carotid artery of a dog, 
followed in succession by injection of corn oil and then black spheres. 
Direction of blood flow in the arteriole is from top to bottom (alkaline 
phosphatase–stained 100- m-thick celloidin section; microspheres = 
15 m). (Reprinted from Moody DM, Brown WR, Challa VR, et al: Brain 
microemboli associated with cardiopulmonary bypass: A histologic and 
magnetic resonance imaging study. Ann Thorac Surg 59:1304, 1995.)
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study from Rubens et al,187 patients undergoing coronary and/or aor-
tic valve surgery using CPB were randomized to receive unprocessed 
blood (control, n = 134) or cardiotomy blood that had been processed 
by centrifugal washing and lipid filtration (treatment, n = 132). The 
treatment group received more intraoperative red blood cell trans-
fusions (0.23 ± 0.69 vs. 0.08 ± 0.34 units; P = 0.004), and both red 
blood cell and non–red blood cell blood product use was greater in the 
treatment group. Postoperative bleeding was greater in the treatment 
group. Patients also underwent neuropsychometric testing before sur-
gery and at 5 days and 3 months after surgery. There was no difference 
in the incidence of postoperative cognitive dysfunction in the two 
groups (relative risk: 1.16, 95% CI: 0.86 to 1.57 at 5 days after surgery; 
relative risk: 1.05, 95% CI: 0.58 to 1.90 at 3 months). Similarly, there 
was no difference in the quality of life, nor was there a difference in 
the number of emboli detected in the two groups. These authors con-
cluded that processing of cardiotomy blood before reinfusion results 
in greater blood product use with greater postoperative bleeding in 
patients undergoing cardiac surgery, and that there was no clinical evi-
dence of any neurologic benefit with this approach in terms of post-
operative cognitive function. In summary, both these studies showed  
an increase in utilization of allogeneic blood products and periopera-
tive blood loss as a consequence of routine cell-saver usage, with either 
no or minor improvements in incidence of postoperative cognitive  
decline. In view of the variable impact on NCD demonstrated in 
these studies and the detrimental impact of perioperative allogeneic 
 transfusion,188 routine usage of cell saver for processing of cardiotomy 
 suction blood is probably unwarranted.

CEREBRAL BLOOD FLOW
In the mid-1960s, Wollman et al189 used changes in the arterial and jug-
ular venous oxygen content differences (A-Vdo

2
) to estimate changes 

in CBF during alterations of MAP and arterial carbon dioxide  tensions 
(Paco

2
) in patients undergoing CPB. They observed a direct correla-

tion between Paco
2
 and A-Vdo

2
 (CBF), but no relation between A-Vdo

2
 

and MAP. Although the concepts of alpha-stat and pH-stat pH man-
agement had not been formulated at that time, these authors recom-
mended maintaining temperature-corrected Paco

2
 between 30 and 

40 mm Hg during hypothermic CPB (see Chapter 28).
In 1968, a Japanese investigator, using the recently developed tech-

nique of radioisotope clearance, measured CBF and CMRO
2
 during 

CPB.190 In a series of 40 patients, krypton-85 clearance, with concom-
itant cannulation of the superior jugular bulb, was used to measure 
CBF and calculate CMRO

2
 during CPB. The influence of nonpulsa-

tile CPB on the cerebral vasculature was also directly observed using 
retinal photomicrography. Although critical data such as esophageal 
temperatures and hematocrits were not reported, the observed 35% 
decrease in CBF with institution of CPB, 63% decrease in CMRO

2
 

during hypothermia, 23% decrease in CMRO
2
 during rewarming and 

retinal venous engorgement during rewarming are consistent with 
subsequent research findings. This report apparently also marked the 
first observations in humans of retinal microembolism occurring dur-
ing CPB, consistent with but markedly preceding the reports of Blauth 
and colleagues.127

Few subsequent radioisotope CBF studies during CPB in humans 
were reported for the next 15 years. Other investigators used indirect 
estimates of CBF (e.g., A-Vdo

2
, TCD CBF velocities, or thermodilution 

techniques) to estimate CBF.191

pH Management and Cerebral  
Blood Flow
Relatively little new information regarding the cerebral circulation 
in human beings during CPB appeared until 1983, when Henriksen 
et al192 reported evidence of cerebral hyperemia occurring during CPB. 
This report was followed in 1984 by a seminal paper from Govier 
et al,165 who not only incited controversy with their observations of 
ischemic threshold levels of CBF during CPB, in direct contrast with 

the  hyperperfusion reported by Henriksen, but also made preliminary 
observations on many of the other critical variables thought to influ-
ence CBF during CPB.

Without the measurement of concomitant cerebral metabolism, 
these apparently discordant observations of CBF could not be recon-
ciled. Murkin et al66 subsequently reported their observations of both 
CBF and CMRO

2
 during hypothermic CPB in humans, using a xenon-

133 clearance technique for measurement of CBF, similar to techniques 
used by Kubota, Govier et al, and Henriksen et al, but with the addition 
of a jugular bulb catheter for sampling effluent cerebral venous blood 
for measurement of cerebral metabolic activity. It was hypothesized 
that differences in pH management accounted for the divergent values 
previously reported for CBF during hypothermic CPB. Accordingly, 
patients were managed with either alpha-stat or pH-stat pH manage-
ment during hypothermic CPB. A similar and pronounced reduction 
in CMRO

2
 was observed in both groups during hypothermia (Figure 

36-10), and in the alpha-stat group, global cerebral flow/metabolism 
coupling was preserved in comparison with the group managed with 
pH-stat (Figure 36-11). Decreases in CBF and CMRO

2
, significantly 

lower than similar measures before and after CPB, were still evident 
after rewarming during normothermic nonpulsatile CPB. These low 
values for CBF and CMRO

2
 were restored to control levels shortly after 

separation from CPB. Alpha-stat management preserved autoregula-
tion and the relation between CBF and metabolism.66

Temperature and Coronary Artery  
Bypass Grafting
How much does cerebral hyperthermia superimposed on a brain 
 suffused with focal ischemic lesions contribute to postoperative CNS 
dysfunction? It is known that the vulnerability of the normothermic 
brain to focal ischemic insult demonstrates a surprising variability in 
the presence of small gradations in temperature. Busto et al194 dem-
onstrated that at 33° C, expression of cerebral ischemia was virtually 
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Figure 36-10 Cerebral blood flow (CBF) and cerebral metabolic rate 
for oxygen (CMRO2) in the alpha-stat (non–temperature-corrected) 
and pH-stat (temperature-corrected) groups. Note the convergence 
of CMRO2 and divergence of CBF between groups during the hypo-
thermic phase of cardiopulmonary bypass (CPB). (From Murkin JM: 
Cerebral hyperperfusion during cardiopulmonary bypass: The influence 
of PaCO2. In Mark Hilberman [ed]: Brain Injury and Protection During 
Heart Surgery. Boston, Martinus Nijhoff, 1988, p 57.)
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eliminated compared with controls maintained at 36° C. In fact, a large 
measure of the apparent cerebroprotective efficacy of the glutamate-
receptor antagonist MK-801 in global ischemia was demonstrated by 
Buchan and Pulsinelli195 to be mediated by just such a small second-
ary decrease in brain temperature. Conversely, small increases in brain 
temperature, such as to 39° C increments as may occur during CABG 
(Figure 36-12), have been shown to profoundly enhance the suscepti-
bility of the brain to focal ischemic insult and result in ischemic lesions 
of much greater extent in comparison with controls at 37° C.196

Normothermic Cardiopulmonary Bypass
The demonstration of apparently improved myocardial performance 
and shorter CPB and operating room times after normothermic CPB has 
prompted several outcome studies to assess the efficacy of this therapy, 
with particular focus now centered on CNS outcomes. Hypothermia 
reduces cerebral metabolic rate; thus, mild hypothermia might protect 
the brain by preferentially suppressing energy utilization to maintain 
cellular integrity.197 In support of this are results from a subset of 138 
patients randomized to normothermic or hypothermic CPB, in whom 
a detailed prospective neurologic examination and a series of cognitive 
tests were performed before surgery, at postoperative days 1 to 3 and 
7 to 10, and again at 1 month after surgery.198 Seven of 68 patients in the 
normothermic group were found to have a central neurologic deficit 
compared with none of the patients in the hypothermic group, a signif-
icantly greater incidence. In a separate study of 96 patients undergoing 
CABG and randomized to CPB at either 28° C, 32° C, or 37° C, patients 
managed at 37° C had a significantly greater incidence of deterioration 
on cognitive test scores than did those managed at either 28° C or 32° C. 
No additional benefit in terms of cognitive function was conferred 
by cooling to 28° C versus 32° C.199 Nathan et al200 reported on CABG 
patients operated under hypothermic (32° C) CPB and then randomly 
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Figure 36-11 Simple linear regression of 
cerebral blood flow (CBF) versus cerebral 
perfusion pressure or cerebral oxygen con-
sumption for temperature-corrected and 
non–temperature-corrected groups. There is 
no significant correlation between CBF and 
cerebral metabolic rate for oxygen (CMRO2) 
in the temperature-corrected group (A1), 
whereas CBF significantly correlates with 
CMRO2 in the non–temperature-corrected 
group (B1). CBF is significantly correlated 
with cerebral perfusion pressure (CPP) in the 
temperature-corrected group (A2), whereas 
CBF is independent of CPP in the non–tem-
perature-corrected group (B2). (From Murkin 
JM, Farrar JK, Tweed A, et al: Cerebral auto-
regulation and flow/metabolism coupling 
during cardiopulmonary bypass: The influ-
ence of PaCO2. Anesth Analg 66:825, 1987.)
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Figure 36-12 Tympanic and bladder temperatures during rewarming. 
Time 0 = maximal temperature achieved. Mean ± standard deviation 
values are shown. (From Nathan JH, Lavallee G: The management of 
temperature during hypothermic cardiopulmonary bypass: I. Canadian 
survey. Can J Anaesth 42:669, 1995.)
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assigned to rewarming to 37° C (control) or 34° C (hypothermic), with 
no further intraoperative warming. Neurocognitive testing was per-
formed 1 week and 3 months after surgery. Eleven tests were combined 
into three cognitive domains: memory, attention, and psychomotor 
speed and dexterity. The incidence of cognitive deficits 1 week after 
surgery was 62% in the control group and 48% in the hypothermic 
group (relative risk, 0.77; P = 0.048). In the hypothermic group, the 
magnitude of deterioration in attention and in speed and dexterity was 
reduced by 55.6% (P = 0.038) and 41.3% (P = 0.042), respectively. At 
3 months, the hypothermic group still performed better on one test of 
speed and dexterity.201

Other studies have demonstrated apparently different results, how-
ever. Engelman et al201 randomized a series of 291 patients undergoing 
coronary revascularization to either hypothermic or tepid/normother-
mic perfusion. Twelve intraoperative ischemic strokes occurred; six of 
these were in the group receiving hypothermic perfusion, and six were 
in the group receiving the tepid/normothermic perfusion. Measuring 
the infarct volume documented that three of the strokes in each group 
resulted in minor or small infarcts, and that three in each group were 
significant, major strokes. The volume of infarction, whether includ-
ing all six patients in each group or only those with major strokes, was 
no different between the hypothermic and the tepid/normothermic 
groups. The authors observed no relation between the size of a cerebral 
ischemic infarct and the perfusate temperature during coronary revas-
cularization.201 Similarly, Dworschak et al202 found no difference in 
brain isoenzyme S-100  release pattern or in clinical neurologic com-
plications between two groups of CABG patients randomly assigned 
to normothermic or hypothermic (32° C) CPB. In a large, prospective 
study, Grigore et al118 randomly assigned 300 patients undergoing elec-
tive CABG to tepid/normothermic (35.5° C to 36.5° C) or  hypothermic 
(28° C to 30° C) CPB and used a battery of neurocognitive tests evalu-
ating four distinct cognitive domains administered before surgery and 
at 6 weeks after surgery. Again, there were no differences in neurologic 
or neurocognitive outcomes between normothermic and hypother-
mic groups in multivariable models. In a separate study, Grimm et al203 
actually found subclinical impairment of cognitive brain function to 
be more pronounced in CABG patients undergoing mildly hypother-
mic CPB compared with normothermic CPB. Accordingly, a protec-
tive effect of hypothermia on neurologic outcome in CABG has not been 
verified in most clinical trials, possibly because of too fast and/or exces-
sive rewarming of patients or, more likely, because the impact of only 
transient cooling during CPB does not extend into the postopera-
tive interval when cerebral hyperthermia has also been demonstrated 
and correlated with impaired cognitive performance at 6 weeks after 
surgery.21,204–208

Cerebral Hyperthermia
Cerebral hyperthermia during the rewarming phase of CPB can exac-
erbate a preexisting injury before rewarming and may be detrimental 
in itself. Hyperthermia can have a strong impact on cerebral oxygen 
transfer and neurologic outcome. Glutamate levels can increase during 
cerebral hyperthermia, leading to eventual cell death. Rapid rewarm-
ing decreases jugular venous hemoglobin saturation, creating a mis-
match between cerebral oxygen consumption and delivery.209,210 Okano 
et al211 assessed the effects of normothermia and mild hypothermia 
(32° C) during CPB on jugular oxygen saturation (Sjvo

2
) in 20 patients 

scheduled for elective CABG. The Sjvo
2
 in the normothermic group 

was decreased significantly at 20 and 40 minutes after the onset of 
CPB compared with pre-CPB, whereas there was no change in Sjvo

2
 

in the mild hypothermic group during the study. The authors con-
cluded that cerebral oxygenation, as assessed by Sjvo

2
, was increased 

during mild hypothermic CPB compared with normothermic CPB. 
Kawahara et al210 examined the effect of rewarming rates on Sjvo

2
 in 

100 patients scheduled for elective CABG and randomly divided into 
two groups: a control group and a slow rewarming group. Cerebral 
desaturation (defined as an Sjvo

2
 value < 50%) during rewarming was 

more  frequent in the control group than in the slow group. Cerebral 

 desaturation time was defined as duration when Sjvo
2
 was less than 

50% and the ratio of the cerebral desaturation time to the total CPB 
time in the control group differed significantly from those in the slow 
group (control group: 17 ± 11 minutes, 12% ± 4%; slow group: 10 ± 
8 minutes, 7% ± 4%, respectively; P < 0.05).210 Consistent with this, in 
a study of the impact of rate of rewarming on cognitive outcomes in 
165 CABG patients randomized to two differing rewarming strategies, 
Grigore et al118 demonstrated a significant association between change 
in cognitive function and rate of rewarming.

Grocott et al208 recorded hourly postoperative temperatures in 300 
patients undergoing CABG on CPB and determined the degree of 
postoperative hyperthermia using the maximum temperature within 
the first 24 hours, as well as by calculating the area under the curve 
for temperatures greater than 37° C. Patients underwent a battery 
of  cognitive testing both before surgery and 6 weeks after surgery. The 
maximum temperature within the first 24 hours after CABG ranged 
from 37.2° C to 39.3° C, and these investigators demonstrated that the 
maximum postoperative temperature was independently associated 
with cognitive dysfunction at 6 weeks.176 Accordingly, slower rewarm-
ing rate with lower peak temperatures during CPB may be an important 
factor in the prevention of neurocognitive decline after hypothermic 
CPB, and interventions to avoid postoperative hyperthermia may be 
warranted to improve cerebral outcome after cardiac surgery.

Cerebrovascular Disease
Relatively few studies have examined the cerebrovascular responses 
to CPB in patients with known cerebrovascular disease. Because of 
the vasodilatory effects of increased carbon dioxide in patients with 
cerebrovascular disease, pH-stat management could theoretically 
induce redistribution of regional CBF from marginally  perfused to 
well-perfused regions (i.e., an intracerebral steal). Gravlee et al212  
investigated patients with cerebrovascular disease undergoing CABG 
and assessed the CBF responses to varying pH management, between 
alpha-stat and pH-stat. They confirmed the responsiveness of the 
cerebral vasculature to changes in Paco

2
 during hypothermic CPB 

but did not demonstrate evidence of intracerebral steal at greater 
Paco

2
 levels in any of these patients. In all patients, however, arterial 

perfusion pressure was greater than 65 mm Hg during CBF mea-
surements, which may have offset any tendency for regional CBF 
inhomogeneities.

Using TCD monitoring of CBF velocity, 18 patients with severe 
carotid stenosis and 37 with no or mild stenosis were monitored 
 during CPB.213 Although not specified, it appears as though pH-stat 
management was used, because flow velocities correlated with Paco

2
 

and  arterial pressure. There were no significant differences detectable 
in flow velocity between patients with or without significant carotid 
stenosis. In a case report of a single patient with bilateral carotid 
stenoses, alpha-stat pH management was used and arterial pressure 
was varied from 35 to 85 mm Hg, whereas CBF was measured dur-
ing hypothermic CPB.214 The CBF values obtained from contralateral 
hemispheres were essentially equal and remained so throughout the 
range of different perfusion pressures used. These studies suggest that 
the cerebrovascular responses to CPB in patients with cerebrovascu-
lar disease do not differ significantly from those of normal patients 
with respect to gross measures of cerebrovascular responsiveness. This 
 suggests that other factors, including associated aortic atherosclerosis, 
may be a more important factor.

Hogue et al7 examined demographic and perioperative data pro-
spectively collected from 2972 patients undergoing cardiac surgery. 
Carotid artery ultrasound examination was performed before surgery 
for patients aged 65 years or older or when there was a history of TIAs 
or prior stroke. Epiaortic ultrasound was performed at the time of sur-
gery in all patients to assess for atherosclerosis of the ascending aorta. 
Strokes occurred after surgery in 30 women and 18 men (P < 0.0001). 
A history of a stroke was the strongest predictor of new stroke for both 
women and men. A prior cerebrovascular event was a more important 
predictor of stroke for men than women.7
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Delirium
In Bucerius et al's study5 assessing CNS outcomes from 16,184 patients 
undergoing cardiac operations, the overall prevalence rate of postop-
erative delirium was 8.4%. Stepwise logistic regression revealed history 
of cerebrovascular disease, peripheral vascular disease, atrial fibril-
lation, diabetes mellitus, left ventricular ejection fraction of 30% or 
less, preoperative cardiogenic shock, urgent operation, intraoperative 
hemofiltration, operation time of 3 hours or more, and a high peri-
operative transfusion requirement as being independent predictors 
of delirium. In a prospective follow-up study of 112 cardiac surgical 
patients, the incidence rate of postoperative delirium was 21% and 
was associated with significantly increased mortality and readmission 
to hospital, as well as significantly greater incidences of cognitive and 
sleep disturbances.215

Carotid Endarterectomy
In the current cardiac surgical population, 17% to 22% of patients 
have a moderate carotid artery stenosis of 50% or more, and 6% to 
12% have a severe stenosis of 80% or more.21 The risk for postoperative 
stroke is 10% in patients with moderate and 11% to 19% in patients 
with severe stenosis, whereas it remains 2% or less in patients with a 
stenosis of less than 50%. Although in patients presenting for cardiac 
surgery severe bilateral carotid artery disease is rare, the risk for periop-
erative stroke is as high as 20%.21,216–218 It is not clear that carotid endar-
terectomy decreases this rate, however, because in a meta-analysis, 
pooled data for stroke or death did not support carotid endarterectomy 
for risk reduction from asymptomatic carotid stenosis during CABG 
(relative risk, 0.9; P = 0.5).219 In a review, it was estimated that only 
about 40% of perioperative strokes (at most) could be directly attrib-
utable to ipsilateral carotid artery disease.220 Accordingly, in a patient 
with asymptomatic carotid stenosis, combined surgery should not be 
undertaken unless the surgical team is very experienced in combined 
carotid endarterectomy/CABG procedures. Concomitant carotid endar-
terectomy is unlikely to decrease a patient's stroke risk. Rather, carotid 
stenosis should be regarded as indicating a high likelihood of aortic and/
or concomitant intracerebral disease, and there is increasing evidence 
that use of EAS with appropriate modification of surgical approach and, 
potentially, applied neuromonitoring can be of particular benefit in this 
high-risk group.

Diabetes Mellitus and Hyperglycemia
The presence of diabetes is recognized as a factor related to increased 
morbidity and mortality in cardiac surgical patients.221–225 The inci-
dence of diabetes mellitus increases with age, and its presence is known 
to accelerate the damage caused by atherosclerosis; thus, an increas-
ingly greater percentage of patients coming for CABG have concomi-
tant diabetes, currently estimated as a comorbidity in approximately 
30% to 40% of CABG patients. Bucerius et al226 found diabetes to be 
associated with increased incidence of stroke and delirium, and pro-
longed ICU and hospital stay. Mortasawi et al227 and Nussmeier26 
describe diabetes mellitus as associated with increased incidences of 
stroke and mortality. In a large study, McKhann et al19 prospectively 
collected data on 2711 CABG patients and identified diabetes mellitus 
as an independent risk factor for both strok and encephalopathy. Part 
of the risk may involve cerebral hypoperfusion because cerebral oxygen 
desaturation during CPB has been documented in diabetic patients, 
with patients with insulin-dependent diabetes demonstrating the low-
est values as measured via jugular oximetry and the poorest response 
to increases in MAP.228

Studies identify normoglycemia as a desirable perioperative goal in 
cardiac surgical patients regardless of whether they are diabetic.223,225 
There is both experimental and clinical evidence that hyperglycemia 
is associated with exacerbation of neurologic injury.229 Approaches to 
maintain serum glucose values less than 150 mg/dL have shown favor-
able results. Furnary et al221 reported on 3554 patients who  underwent 

CABG from 1987 through 2001, demonstrating that the observed 
 mortality in the group managed with tighter glucose values was lower 
and concluded that continuous intravenous insulin infusion added 
a protective effect against death. Carvalho et al224 used an aggressive 
approach to maintain serum glucose values between 80 and 110 mg/dL 
and reported that this is a safely attainable goal. One study positively 
correlated average blood glucose on the first postoperative day with 
a variety of adverse outcomes (stroke, myocardial infarction,  septic 
complication, or death). For each 1-mmol/L increase greater than 6.1 
mmol/L (1 mmol = 18 mg/dL), risk increased by 17%.230 The ideal 
value of serum glucose in cardiac surgical patients remains unknown, 
but the evidence available suggests that maintenance of euglycemia is 
related to a better prognosis.

In accordance with these data, recent Society of Thoracic Surgeons 
guidelines have been published outlining recommendations for 
 glucose control in diabetic and nondiabetic patients undergoing  
cardiac surgery with an overall recommendation that in both diabetic 
and nondiabetic patients, blood glucose levels should be maintained at 
less than or equal to 180 mg/dL with intravenous insulin as required.231 
However, because of concerns regarding potential adverse effects asso-
ciated with hypoglycemia, including both increased risk for mortality 
associated with even a single episode of severe hypoglycemia as seen in 
medical/surgical intensive care patients,232 and because in a random-
ized, prospective study of 400 cardiac surgical patients managed either 
with tight glucose control (intravenous insulin to maintain intraop-
erative glucose between 80 and 100 mg/dL) or conventional manage-
ment (glucose level < 200 mg/dL) a significantly greater incidence of 
stroke was found in the treatment group,233 avoidance of hypoglycemia 
should be paramount. Accordingly, an important caveat recommend-
ing preservation of lower limit of glucose level greater than 100 mg/dL 
should be appended to the guidelines.234 Overall, it would appear that 
maintenance of perioperative serum glucose between 100 and 180 mg/dL 
in both diabetic and nondiabetic patients is desirable.

Hemodynamic Instability
Hemodynamic complications, either before, during, or after surgery, 
have been found to increase cerebral injury in cardiac surgical patients. 
In Bucerius et al's5 report, ejection fraction less than 30%, urgent oper-
ations, and preoperative cardiogenic shock were related to increased 
postoperative delirium. Ridderstolpe et al27 found that hypotension 
and postoperative arrhythmias were related to cerebral complications, 
whereas Stanley et al132 reported that postoperative atrial fibrillation 
was related to increased cognitive decline. Ganushchak et al172 reported 
in a retrospective analysis of 1395 patients that the frequency of neuro-
logic complications was 3.9% in the group of patients who experienced 
large fluctuations in hemodynamic parameters while on CPB, whereas 
in the group of patients with more stable values on CPB, the incidence 
rate of neurologic complications was 0.3%. These studies indicate 
an increased susceptibility of the brain in cardiac surgical patients to 
apparently “benign” hemodynamic alterations that either produce or 
enhance cerebral injury, probably through hypoperfusion of the brain 
tissue, particularly because it has been estimated that more than 50% 
of CABG patients have coexisting cerebrovascular disease.137,138

CEREBROPROTECTIVE STRATEGIES
Cardiopulmonary Bypass Equipment

Early studies demonstrated increased microemboli in patients under-
going CPB using bubble oxygenators, with a reduction in cerebral 
embolization with the use of membrane oxygenators and arterial line 
filtration124,127,235–237 (Box 36-4). Using intraoperative fluorescein retinal 
angiography, Blauth et al124 reported retinal microembolizations occur-
ring during CPB with much greater frequency in patients in whom 
bubble versus membrane oxygenators were used. Using TCD for detec-
tion of cerebral emboli, Padayachee et al236 demonstrated continuous 
generation of cerebral emboli in all patients managed using  bubble 
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oxygenators and none in patients in whom a membrane  oxygenator 
was used. They also demonstrated the efficacy of arterial line filtration 
to significantly decrease cerebral embolic load.237 It is apparent that 
emboli may be generated continuously during CPB and that equip-
ment modification (e.g., arterial line microfiltration and preferential 
usage of membrane oxygenators) can decrease the generation of such 
emboli.238 Membrane oxygenators are currently recommended for 
CPB.131 (See Chapters 28 and 29.)

It is equally evident that equipment modifications, although decreas-
ing the embolic load, cannot completely eliminate it.94,236 Georgiadis 
et al239 used Doppler ultrasound and evaluated the percentage of MES 
reduction caused by the arterial filter and the proportion of MES actu-
ally reaching the brain by comparing the MES counts detected before 
the arterial filter, after the arterial filter, and in both middle cerebral 
arteries. Eleven patients underwent surgery using normothermic 
CPB, alpha-stat, a membrane oxygenator, and a 40- m arterial filter. 
Evaluation of MES was only performed during extracorporeal circu-
lation, was initiated after cannulation and clamping of the ascending 
aorta, and was terminated shortly before the aortic clamp was removed. 
The arterial filter resulted in a 58.9% reduction of MES, with only 4.4% 
(2624/59,132) of the MES detected after the arterial filter. The propor-
tion of MES detected in the middle cerebral artery corresponded to the 
total cerebral perfusion under CPB, estimated as 5% to 10% of the total 
perfusion volume.239

Schoenburg et al240 used a dynamic bubble trap, incorporated in 
the arterial line after a 40- m filter, to reduce the number of gas-
eous microemboli in 50 patients undergoing CABG. In 26 patients, a 
dynamic bubble trap was placed between the arterial filter and the aor-
tic cannula (group 1), and in 24 patients, a placebo dynamic bubble 
trap was used (group 2) with TCD continuously measured on both 
sides during bypass, which was separated into four periods: phase 1, 
start of bypass until aortic clamping; phase 2, aortic clamping until 
rewarming; phase 3, rewarming until clamp removal; and phase 4, 
clamp removal until end of bypass. The bubble elimination rate dur-
ing bypass was 77% in group 1 and 28% in group 2. The number of 
high-intensity signals was lower in group 1 during phase 1 (5.8 ± 7.3 vs. 
16 ± 15.4; P < 0.05 vs. group 2) and phase 2 (6.9 ± 7.3 vs. 24.2 ± 27.3; 
P < 0.05 vs. group 2) but not during phases 3 and 4.240 The authors 
found that the dynamic bubble trap can remove gaseous microem-
boli. Unfortunately, no psychometric studies were performed on either 
group of patients, but future research in this area might yield posi-
tive influence on neurologic  outcome by decreasing gas microemboli. 
Other investigators have demonstrated that air within the venous line 

of the CPB circuit, resulting from air entrainment at the venous cannu-
lation site, injection of drugs into the venous line, or use of cardiotomy 
suction can pass through the oxygenator and appear as microemboli 
within the arterial line, even in the presence of a venous line defoamer 
and with use of a membrane oxygenator.239,240 Georgiadis et al239 used 
tubing systems that included an arterial line 40- m filter and demon-
strated that the arterial filter resulted in a 58.9% reduction of micro-
emboli signals with only 4.4% of the MESs detected after the arterial 
filter being actually detected in the middle cerebral artery.

Modification of the inflammatory response to the CPB using mod-
ified surface CPB circuits and leukocyte-depleting filters has been 
explored. Hamada et al134 examined the combined use of heparin coat-
ing of the CPB circuit and a leukocyte-depleting arterial line filter in 
30 patients allocated randomly to equal groups with a conventional 
circuit and arterial line filter, a heparin-coated circuit with a conven-
tional filter, or a heparin-coated circuit with a leukocyte-depleting 
arterial line filter. Plasma interleukin-6 and -8 concentrations in the 
heparin bonded with leukocyte-depleting filter group were lower than 
in the conventional circuit group. Although a decrease in inflamma-
tory mediator release has been observed by using leukocyte-depleting 
filters, the impact of these types of filters on neurologic outcome is less 
clear. In a meta-analysis of 28 relevant clinical studies, Whitaker et al243 
concluded that conventional arterial line filtration had a definite effect 
in reducing neuropsychological deficit post-CPB. The results of studies 
using the leucocyte-depleting filter were less clear-cut.

In an attempt to decrease emboli originating from the surgical 
field, cell savers have been used for processing cardiotomy suction 
blood before returning it to the CPB circuit. Jewell et al244 reported on 
20 patients prospectively randomized to either cell saver or cardiotomy 
suction and demonstrated that compared with cardiotomy suction, cell 
saver removed significantly more fat from shed blood, such that the 
percentage reduction in fat weight achieved by cell saver or  cardiotomy 
suction was 87% compared with 45%. de Vries et al245 published a 
study on patients randomly assigned to have a fat removal filter for 
the  cardiotomy suction. The fat filter removed 40% fat, leukocytes, 
and platelets from cardiotomy suction blood during cardiac surgery 
 compared with the control group without the filter.

In addition, various intraoperative manipulations, particularly 
instrumentation of the atherosclerotic aorta, are independent risks for 
the generation of cerebral emboli and likely produce particulate or mac-
rogaseous emboli, rather than oxygenator-generated microgaseous and 
microaggregate emboli.80,84,246,247 Avoidance of manipulation of a dis-
eased aorta seems to decrease embolization and cerebral injury.91,97,248 
An alternative approach, emboli reduction by capture using an intra-
aortic filter inserted through a side chamber of a  modified aortic 
 cannula, has also been assessed (Figure 36-13).

In a nonrandomized study, Schmitz et al133 examined the impact 
of intra-aortic filtration during CPB.134,249 Three hundred four car-
diac surgical patients had intra-aortic filtration using a 150- m net 
deployed through the aortic cannula, whereas a further 278 patients 
formed the control group. Patients in the filter group experienced a 
lower incidence of adverse neurologic outcomes than patients in the 
control group (4.3% vs. 11.9%), with significantly fewer TIAs (0% vs. 
1.4%), delirium (3.0% vs. 6.5%), and memory deficit (1.3% vs. 6.2%). 
There were also fewer strokes in the filter group compared with the 
control group (0.7% vs. 2.2%). Although the sample size was relatively 
small and the patients were not randomly assigned, the study find-
ings suggest a protective effect of intra-aortic filters on CNS injury.133 
In a large, multi-institutional, prospective, randomized trial of 1289 
patients in whom intra-aortic filtration or conventional CPB cannula 
was used, emboli were identified in 598 (96.8%) of 618 filters suc-
cessfully deployed, and their post hoc analysis indicated a reduction 
in postoperative renal complications.249 In other studies, intra-aortic 
emboli trapping devices have been used with varied results.97,239 In a 
small study by Eifert et al94 in 24 patients, the use of the intra- aortic 
filter device did not show any difference in neurologic, neuroradio-
graphic, or neuropsychological outcomes, yet the intra-aortic  filter 
was effective in capturing particulate material. Similar efficacy in 

BOX 36-4 CLINICAL STRATEGIES THAT MAY 
DECREASE NEUROLOGIC COMPLICATIONS IN 
CARDIAC SURGERY
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 capturing  intraoperative material using intraaortic filters during CPB 
was reported by Reichenspurner et al.250 It does appear as though intra-
aortic filters can be safely deployed, and that they do capture particu-
late emboli, the predominant origin of which is atheromatous.

In a recent study of 150 CABG patients randomized to either intra-
aortic filtration, dynamic bubble trap or conventional management, 
no difference was found in the overall incidence of postoperative 
MRI-detected small ischemic brain lesions (17/143) between groups, 
whereas dynamic bubble trap was associated with significantly fewer 
TCD-detected cerebral emboli and improved cognitive performance at 
3 months after surgery in comparison with control and intra-aortic 
filtration groups.251

Applied Neuromonitoring
Intraoperative neurophysiologic monitoring may be of benefit to 
decrease CNS injury.252 Intraoperative TCD has been demonstrated to 
detect embolic events in real time and allows modification of perfusion 
and surgical techniques. It has been shown that the numbers of emboli 
generated by perfusionist interventions (e.g., drug injection, blood 
return), as well as episodes of entrainment of air from the  surgical field, 
are rapidly identified and corrected by TCD detection of intraoperative 
emboli.253 (See Chapter16.)

Brain oximetry studies using noninvasive near-infrared spectropho-
tometry (NIRS) have shown promising results.254–260 In Goldman's259 
large, nonrandomized cohort study, NIRS was used to monitor cere-
bral oxygen saturation in 1034 cardiac surgical patients and was com-
pared with outcomes in 1245 patients who underwent cardiac surgery 
immediately before cerebral oximetry was incorporated. The study 
group had significantly more patients in New York Heart Association 
(NYHA) Classes III and IV than the control group, but the study group 
overall had fewer permanent strokes (10 [0.97%] vs. 25 [2.5%]; P < 
0.044) and the proportion of patients requiring prolonged ventilation 
was significantly smaller in the study group, as was the length of hospi-
tal stay.259 Murkin et al260 reported a prospective, blinded, randomized 
study of NIRS cerebral oximetry in 200 cardiac surgical patients and 
demonstrated significantly fewer adverse clinical outcomes in NIRS 
versus control groups (P = 0.027).

Even during beating-heart procedures, compromised cerebral perfu-
sion can occur relatively frequently, and if unrecognized, may account 
for the relative lack of difference in CNS outcomes between CABG and 
OPCAB surgery.261 Combined EEG and cerebral oximetry identified 
episodes of cerebral ischemia in 15% of a series of 550 beating-heart 
patients; all were treated successfully by a combination of pharmaco-
logically improved cardiac output, increased perfusion pressure, and 
cardiac repositioning.261

In a study utilizing cerebral oximetry in 265 patients undergoing 
primary CAB surgery and randomized to active monitoring and a 
series of interventions designed to improve rSo

2
 or to a control group 

in which blinded monitoring was used, a significant association was 
found between prolonged cerebral desaturation and early cognitive 
decline, as well as a threefold increased risk for prolonged hospital stay.54 
However, cerebral desaturation rates were similar between groups and 
ascribed to poor compliance with the treatment protocol, resulting in 
no difference in the incidence of cognitive dysfunction between groups. 
In a study of 103 patients undergoing valvular heart surgery in whom 
blinded cerebral NIRS monitoring was used, cerebral oxygen desatura-
tion was again found to be associated with significantly longer dura-
tion of postoperative hospitalization.262 In a prospective, randomized, 
blinded study in 200 patients undergoing coronary artery grafting, 
Murkin et al260 demonstrated that active treatment of declining cere-
bral rSo

2
 values prevented prolonged cerebral desaturations and was 

associated with a shorter ICU length of stay and a significantly reduced 
incidence of major organ morbidity or mortality in comparison with 
a similar control group. In this study, the intervention protocol under-
taken to return rSo

2
 to baseline resulted in a rapid improvement in rSo

2
 

in 84% of cases and did not add undue risk to the patient, including no 
increase in allogeneic blood transfusions.260,263 There were also numeri-
cally fewer clinical cerebrovascular accidents in the monitored patients 
directionally consistent with previous studies.259 As such, a physiolog-
ically derived treatment algorithm for management of perioperative 
cerebral oxygen desaturation has been proposed and is shown in Figure 
36-14.264 An important confounder in evaluating the role of cerebral NIRS 
devices is the efficacy of treatment for cerebral desaturation.

Neuromonitoring during Deep Hypothermic 
Circulatory Arrest
Moderate (25° C to 30° C) and deep (< 25° C) hypothermia remain a 
mainstay for cerebral and systemic protection during complex aortic 
arch repair because surgical access may require interruption of  systemic 
perfusion for relatively protracted periods. As there is relatively little 
ability to monitor cerebral well-bring during such times because EEG 
becomes progressively attenuated at less than 25° C, cerebral NIRS has 
been advocated as a means of monitoring and detecting onset of cere-
bral ischaemia during deep HCA.265,266 Although some groups monitor 
jugular venous oxygen saturation (Sjo

2
) using retrograde cannulation 

of the internal jugular vein as an index of cerebral metabolic suppres-
sion during cooling, correlation has not been demonstrated between 
Sjo

2
 and cerebral NIRS during deep HCA,267 likely indicative of the 

fact that NIRS is a highly regional measure of cerebral cortical oxygen 
tissue saturation, whereas Sjo

2
 is a measure of cerebral mixed venous 
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Figure 36-13 The “Brain Milieu” concept. Cerebral injury in cardiac 
surgery is the product of concurrent risk factors related to the surgical 
procedure and the patient's previous condition. This unique combina-
tion of embolic, perfusion, inflammatory, coagulation, and metabolic 
events yields a broad spectrum of neurologic manifestations. The 
graphic shows factors and potential interventions to decrease neu-
rologic morbidity in cardiac surgery. These are numbered clockwise: 
1, tight perioperative control of glycemia; 2, epiaortic scanning to 
detect severe atheromatosis of ascending aorta; modified surgical 
technique to decrease or avoid aortic manipulation; 3, early phar-
macologic and/or mechanical support to attain stable circulatory 
 conditions; 4, cardiopulmonary bypass (CPB) circuitry of reduced and 
modified surface, use of arterial line 40- m filters, alpha-stat CO2 man-
agement, mild/moderate hypothermia, use of cell savers to process 
shed blood before reinfusing to CPB circuitry, arterial inflow tempera-
ture less than 37°C; and 5 and 6, intraoperative neurophysiologic mon-
itoring (central venous pressure on CPB, brain oximetry [near-infrared 
spectrophotometry], retinal and transcranial Doppler, evoked poten-
tials), and maintenance of cerebral perfusion pressure greater than  
60 mm Hg.
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oxygen saturation, and thus reflective of global changes in venous oxy-
genation, and as such, potentially less sensitive to regional perfusion 
inhomogeneities.

In addition to deep HCA, some centers use RCP via the superior vena 
cava or, increasingly, selective anterograde cerebral perfusion (SACP) 
via the innominate or subclavian artery. There have been a variety of 
case reports of the ability of cerebral NIRS to detect onset of cerebral 
ischemia during aortic arch surgeries, and there is growing interest in 
the role of cerebral NIRS as a measure of adequacy of perfusion in this 
setting.268–272 There is increasing recognition that RCP does not provide 
sufficient nutritive flow to sustain cerebral integrity for an extended 
interval,273 as has been reflected in lower rSo

2
 values seen during NIRS 

monitoring in RCP versus SACP.271–273

In a review of the role of NIRS monitoring during SACP, a study 
was undertaken in 46 consecutive patients in whom SACP was estab-
lished by separate concomitant perfusion of the innominate and the 
left carotid arteries or by perfusion of the right subclavian artery (with 
or without left carotid artery perfusion), and during which bilateral 
regional cerebral tissue oxygen saturation index was monitored by 

INVOS 4100 NIRS (Somanetics Corporation, Troy, MI) and that used 
stroke as the primary clinical end point, together with indices of diag-
nostic performance of the NIRS device.274 In this series, six patients 
died in the hospital and six patients (13%) in whom regional cerebral 
tissue oxygen saturation values were significantly lower during SACP 
experienced a perioperative stroke. Regional cerebral tissue oxygen sat-
uration decreasing to between 76% and 86% of baseline during SACP 
had a sensitivity of up to 83% and a specificity of up to 94% in identify-
ing individuals with stroke. It was concluded that using NIRS monitor-
ing of regional cerebral tissue oxygen saturation during SACP allows 
detection of clinically important cerebral desaturations and can help 
predict perioperative neurologic sequelae, supporting its use as a non-
invasive trend monitor of cerebral oxygenation.274

In adult patients, cerebral malperfusion can occur either as a 
 consequence of ascending aortic dissection with occlusion of carotid 
lumen,275 kinking or obstruction of perfusion cannula during selec-
tive cerebral perfusion for circulatory arrest procedures, or due to 
 migration of aortic endoclamp cannula during minimal-access cardiac 
surgery with potential compromise of cerebral perfusion.276,277 There 
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are increasing reports that bilateral rSo
2
 monitoring can detect contral-

ateral desaturation during unilateral selective cerebral perfusion. This 
can result from an incomplete circle of Willis, which in some series 
has a prevalence rate of up to 50% and has been estimated to be a 
factor in cerebral malperfusion in approximately 15% of patients.278,279 
In a more recent case report, cerebral rSo

2
 monitoring was used dur-

ing selective cerebral perfusion in the absence of systemic CPB during 
repair of traumatic aortic arch rupture and detected both episodes of 
cerebral malperfusion and, most critically, acute thrombosis of carotid 
artery graft leading to thrombectomy and restoration of flow.280

There have also been a number of case reports of aortic arch surgery 
in which cerebral oximetry has been shown to detect cerebral hypoper-
fusion from a variety of factors including diminished Blalock–Taussig 
shunt flow after pediatric cardiac surgery.281

Pharmacologic Cerebral Protection
In general, pharmacologic protection from cerebral ischemia remains an 
elusive goal. Although there had been one clinical study in which a sig-
nificant reduction in persistent neurologic defects after open- chamber 
cardiac surgery was reported after administration of high-dose thiopen-
tal, this was not confirmed in closed-chamber CABG procedures.282,283 
Other data have suggested that if there is any such thiopental-derived 
cerebroprotective effect, the mechanism may be caused by a metaboli-
cally driven decrease in CBF, with a concomitant reduction in the deliv-
ery of emboli into the brain, rather than occurring primarily as a result 
of a decrease in CMRO

2
.284 However, a three-center study in 225 patients 

undergoing mitral or aortic valve surgery and randomized to high-dose 
propofol with induction of burst- suppression on EEG or a sufentanil 
control group was unable to detect any significant differences in neuro-
logic or neuropsychological outcomes between groups.285 These authors 
concluded that neither cerebral metabolic suppression nor reduction in 
CBF reliably provides neuroprotection in open-chamber cardiac sur-
gery. A large trial of perioperative nimodipine in valve replacement sur-
gery had to be terminated prematurely after enrollment of only 150 of 
400 patients because of a significant increase in major bleeding and an 
increased mortality in the 6-month follow-up period.286

There are some interesting associations between certain drug thera-
pies having anti-inflammatory properties and lowered incidences of 
stroke and adverse CNS events. In a retrospective review of 2575 CABG 
patients, Amory et al287 reported that patients who received periopera-
tive -blockers had a significantly lower incidence of severe neurologic 
outcomes versus those who did not receive these drugs, demonstrating 
a 1.9% incidence rate of stroke and coma versus 4.3%.

However, concerns regarding perioperative -blocker therapy has been 
raised by the results of the PeriOperative ISchemic Evaluation (POISE) trial 
in which 8351 patients with, or at risk for, atherosclerotic disease who were 
undergoing noncardiac surgery were randomized to receive extended-release 
metoprolol (n = 4174) or placebo (n = 4177).288 Although significantly fewer 
patients in the metoprolol group than in the placebo group had a myocar-
dial infarction, there were more deaths in the metoprolol group than in the 
placebo group (3.1% vs. 2.3%), and more patients in the metoprolol group 
than in the placebo group had a stroke (1.0% vs. 0.5%).285 The implications 
of this study for cardiac surgical patients remains unclear, but there does not 
appear to be any increased risk for perioperative stroke in noncardiac sur-
gery patients chronically maintained on -blocker therapy.289

The serine protease inhibitor aprotinin has been shown to positively 
impact coagulation and inflammatory alterations triggered by CPB and 
has also been associated with decreased incidences of stroke and major 

CNS injury in cardiac surgical patients.135,136 Aprotinin has also been 
demonstrated to have anti-inflammatory and antithrombotic effects.290 
Frumento et al8 retrospectively analyzed stroke outcomes in 1524 patients 
undergoing cardiac surgery and identified a subset of 149 patients older 
than 70, with history of hypertension, diabetes mellitus, stroke or TIA, and 
presence of aortic atheroma who were deemed to be at similarly high risk 
for stroke. The authors reported that in this high-risk subset of patients, 
intraoperative administration of full-dose aprotinin, but not half-dose, 
was associated with a lower incidence of stroke. However, because the clin-
ical usage of aprotinin has been suspended indefinitely because of several 
reports of increased mortality and adverse events associated with aprotinin 
therapy in cardiac surgical patients,291–293 the future of this drug remains 
controversial.294,295

In a prospective study of 5065 patients undergoing CABG conducted at 
70 centers in 17 countries, the relation between early aspirin use and fatal 
and nonfatal outcomes was investigated.296 Among patients who received 
aspirin within 48 hours after revascularization, subsequent mortality rate 
was 1.3% compared with 4% among those who did not receive aspirin 
during this period. Aspirin therapy was associated with a 48% reduction 
in the incidence of myocardial infarction (2.8% vs. 5.4%; P < 0.001), a 
50% reduction in the incidence of stroke (1.3% vs. 2.6%; P = 0.01), a 74% 
reduction in the incidence of renal failure (0.9% vs. 3.4%; P < 0.001), and 
a 62% reduction in the incidence of bowel infarction (0.3% vs. 0.8%; P = 
0.01). Taken together, these studies seem to indicate that therapies associ-
ated with decreased inflammatory and sympathetic responses appear to 
be associated with decreased incidence of stroke and adverse CNS events. 

Several preliminary studies had suggested that intraoperative admin-
istration of lidocaine infusion during cardiac surgery was associated 
with a decreased incidence of postoperative cognitive dysfunction.297,298 
However, in larger, randomized, prospective trials, this was not demon-
strated.299 In view of these divergent results, whether lidocaine infusion 
will have any further role as a cerebroprotectant remains uncertain.300 
An increasingly promising line of investigation for cerebral protection 
is the role of perioperative statin therapy, with evidence accruing that 
increased statin dosages and combination with other antiinflammatory 
agents such as angiotensin converting enzyme inhibitors can significantly 
decrease inflammatory markers and associated stroke risk.301,302

Although these results suggest that there is as yet no pharmacologic 
“magic bullet” that can be used to reduce neurologic injury in patients 
undergoing cardiac surgery, a combination of technical and pharma-
cologic measures is currently available that might positively affect the 
CNS outcomes of these patients.160 In patients identified as being at risk 
for perioperative cerebral injury, preventive measures as outlined in Box 
36-4 should be instituted with organ-targeted management to guide 
the whole intraoperative and postoperative period. The Best Practice 
Cardiopulmonary Bypass Group summarized these measures as the 
avoidance of embolic injury by means of intraoperative EAS before 
 aortic instrumentation, the employment of arterial line filters, modi-
fied-surface and reduced-area CPB circuits and membrane oxygenators, 
minimization of transfusion of unprocessed cardiotomy suction blood, 
the use of alpha-stat pH management during moderate hypothermic 
CPB, monitoring cerebral venous outflow pressure via proximal jugular 
venous pressure, avoidance of hypotension, the avoidance of cerebral 
hyperthermia during rewarming, maintenance of euglycemia, and the 
use of “tepid” rather than normothermic perfusion during CPB. As the 
age and incidence of comorbid disease in the cardiac surgical population 
continue to increase, the importance of these issues becomes ever more 
acute. In summary, primary prevention continues to be the only effec-
tive measure to decrease cerebral injury in cardiac surgical patients.
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Long-Term Complications and 
Management

Most patients who have undergone cardiac surgical procedures have 
brief stays in the intensive care unit (ICU; < 24 hours), and these stays 
typically follow a predictable pattern. During this time, most insta-
bility and morbidity are attributable to the cardiopulmonary organ 
 systems, bleeding, hypothermia, and the emergence from anesthesia.1 
A small minority of patients, however, have prolonged ICU stays, char-
acterized by multisystem complications involving both the cardiac and 
noncardiac systems. This group of patients consumes a dispropor-
tionate number of ICU resources; generates enormous hospital costs; 
and, ultimately, has a much worse prognosis (both in-hospital and 
long term).1–3 For example, Bashour et al1 described a series of 2618 
patients who had undergone cardiac operations, 5.4% of whom had 
an ICU length of stay (LOS) of longer than 10 days. In the prolonged 
LOS group, the in-hospital mortality rate was 33.1% (vs. 1.5% in a 
group with an LOS < 10 days). Of those patients with a prolonged ICU 
LOS who survived to discharge, 46.8% died within 30 months. Welsby 
et al2 analyzed types of complications in a cohort of patients who had 
undergone cardiac surgical procedures and who had a prolonged LOS 
in the ICU; they demonstrated that noncardiac complications are more 
deleterious than are isolated cardiac complications. In another series  
of 1280 patients, only 3.8% of patients had an ICU LOS longer than 
14 days. The hospital mortality rate in the prolonged LOS group was 
25.8% (vs. 5.3% in a short LOS group), and only 62% of patients dis-
charged after an extended stay in the ICU were alive at 2 years.3

These data underscore the fact that, when caring for the minority of 
patients who require a prolonged stay in the ICU after undergoing a 
cardiac procedure, health care providers must distinctly shift their orien-
tation—from a “recovery-room” mode, focusing primarily on the car-
diovascular organ system, to a true ICU mode, focusing on preventing 
and treating dysfunction in multiple organ systems. At the same time, 
the physicians who continue to prescribe aggressive treatment must 
temper this decision with a realistic view of the patient's prognosis and 
an assessment of the “cost” of that treatment to the patient, family, and 
society. The following sections of this chapter highlight the issues that 
must be addressed in those patients with an extended LOS in the ICU.

SEDATION IN THE INTENSIVE CARE UNIT
Most patients who have an extended LOS in the ICU will require a dif-
ferent approach to sedation and pain control than do patients who do 
not have an extended LOS. The major goals of sedation in the ICU are 
to provide anxiolysis and to improve the patient's perceptual experience 
during this physiologically and emotionally stressful period (Box 37-1).4 
Secondarily, sedation reduces the physiologic stress response and atten-
dant cardiovascular work, may facilitate the maintenance of circadian 
rhythms, and lessens delirium and agitation.5 These goals are distinct 
from those associated with analgesia, which are the alleviation of pain 
through nonpharmacologic and pharmacologic means and to facilitate 
diagnostic and therapeutic procedures.4 Although sedation and analgesia 
are separate therapeutic goals usually provided by individual drugs, com-
bining anxiolytic and analgesic drugs often results in a synergistic effect, 
and some newer agents provide elements of both analgesia and anxiolysis, 
thus blurring the distinction in clinical practice (see Chapter 38).

In 1995, the Society of Critical Care Medicine (SCCM) published 
guidelines for sedation in the ICU,6 revised the guidelines in 2002,7 and 
is in the process of again updating the guidelines (Michael J. Murray, 
MD, PhD, Personal Communication, December 2010). The guide-
lines emphasize the need for the goal-directed delivery of psychoactive 
medications. Using goal-directed sedation is supported by an increas-
ing body of literature that shows that daily interruption of sedation, 
intermittent sedation, and sedation protocols all reduce the duration of 
mechanical ventilation and, in some instances, decrease ICU LOS.8

Sedation Scoring Systems
Several scoring systems are available to assess a patient's degree of 
sedation in the ICU and to facilitate goal-directed therapy. When 
using the seven-item Riker Sedation-Agitation Scale,9 which was 

KEY POINTS

1. After undergoing cardiac surgical procedures, 
patients usually follow a fairly predictable 
postoperative course: the hemodynamic sequelae 
of cardiopulmonary bypass abate; the patient 
is weaned from mechanical ventilation and 
extubated; and within 24 hours, most patients are 
discharged from the intensive care unit (ICU).

2. After undergoing cardiac operations, a small 
percentage of patients have complicated courses 
and prolonged stays in the ICU.

3. Patients with extended stays in the ICU have a 
higher-than-average mortality rate because of 
noncardiac organ dysfunction.

4. Anesthesiologists and intensivists caring for 
patients who have prolonged stays in the ICU 
and who have complex medical issues must take 
into account all organ systems when determining 
the correct diagnosis and prescribing appropriate 
treatment.

5. Meticulous attention to detail and the application 
of recent evidence-based treatments will result in 
improved survival in patients who have extended 
stays in the ICU.

BOX 37-1. SEDATION GOALS
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the first scale proved to be reliable and valid for use in critically ill 
adults, the clinician assigns a score based on the patient's behav-
ior. The Motor Activity Assessment Scale10 includes seven catego-
ries to describe patients' behavior in response to stimulation. Like 
the Sedation-Agitation Scale, it has been validated in critically ill 
adults.

Most comparative clinical studies of sedation in critically ill 
patients have used the Ramsay Scale.11 Scoring with this six-point 
scale of motor activity ranges from 1 (patient anxious, agitated or 
restless, or both) to 6 (no response to light glabellar tap or loud 
 auditory  stimulus; Table 37-1).5 Originally designed as a research 
tool, the Ramsay Scale has been used for decades in clinical practice.

Other sedation scales that have been validated in critically ill 
adults include the Vancouver Interaction and Calmness Scale,12 
the COMFORT scale,13 the Richmond Agitation-Sedation Scale,14,15 
and the Minnesota Sedation Assessment Tool.16 Increasing recogni-
tion of the long-term sequelae of delirium has led to the develop-
ment and use of other scoring systems. The Confusion Assessment 
Method for the ICU (CAM-ICU) recently was validated in one ICU 
study and it is increasingly being used.17

More objective parameters to assess sedation are being pursued. 
The bispectral index is a monitor that measures a simple, three-
lead, frontal-montage that, through proprietary software, converts 
the electroencephalographic activity to a digital scale from 1 to 100. 
When specific sedative agents are used, the bispectral index reading 
typically correlates well with the level of sedation in patients in the 
ICU18 (see Chapter 16).

Sedative Agents
Benzodiazepines
Many drugs are available for sedating patients in the cardiothoracic 
ICU. The most frequently used agents for sedation include benzo-
diazepines (midazolam, lorazepam), propofol, and the 

2
-receptor 

agonist, dexmedetomidine. Although multiple medications can be 
used to allay anxiety, the traditional approach has been to use ben-
zodiazepines. These drugs act by binding to benzodiazepine recep-
tors (subunits of the GABA

A
 [ -aminobutyric acid] receptors, in 

the limbic area of the brain). This binding enhances the effects of 
GABA in a dose-dependent fashion. Benzodiazepines can be titrated 
to effect, with the effect ranging from light sedation to coma. Side 
effects such as respiratory depression are also dose dependent and 
are more likely to appear in patients with comorbid conditions such 
as chronic obstructive pulmonary disease, very young and very old 
patients, and in patients receiving drugs with synergistic properties, 
such as opioids.

Midazolam, a short-acting, water-soluble benzodiazepine, can 
only be given parenterally. Its intravenous administration causes 
no pain or venous irritation (and, therefore, thrombosis), and its 
potency is two to four times that of diazepam. Midazolam is read-
ily redistributed in tissues and is rapidly cleared by the liver and 
kidneys. It is enzymatically degraded in the liver to -hydroxy-
midazolam, which has minimal, if any, clinical sedative or hypnotic 

effects. The clinical effects of midazolam are short-lived because of 
an elimination half-life of 1.5 to 3.5 hours. These properties make 
midazolam ideal as an anxiolytic benzodiazepine for short-term use 
in the ICU.19 Depending on the situation, intermittent boluses of 
midazolam can be given, or a continuous infusion of 0.5 to 5.0 mg/
hr can be used. Greater doses may be required, and infusions of 
up to 20 mg/hr have been used safely in mechanically ventilated 
patients.20

In patients whose condition deteriorates while they are in the ICU, 
such as the patient who experiences development of sepsis or mul-
tiple organ dysfunction syndrome, midazolam elimination may be 
decreased, and its clinical effect prolonged. This prolongation of effect 
may be because of the increased volume of distribution that occurs in 
patients with multiple organ dysfunction syndrome, whose renal clear-
ance is decreased.

Lorazepam is a long-acting agent with sedative effects that last 
6 to 8 hours after a single dose. Lorazepam has minimal effect on 
 cardiovascular and respiratory function and can be given orally or 
parenterally.21 Because its potency is two to four times that of midazo-
lam, the dose must be adjusted accordingly. Because of the long half-
life of lorazepam and despite the fact that its time of onset of action 
is considerably longer than that of midazolam, the use of lorazepam 
is preferred to midazolam for patients requiring long-term sedation.6 
Because of different volumes of distribution, elimination half-lives, 
and so on, especially in patients with multiple organ dysfunction syn-
drome and in critically ill patients who require benzodiazepines for 
longer than 24 hours, lorazepam has a clinical half-life similar to that 
of midazolam.22

Diazepam, the most well-known benzodiazepine, can be given orally 
or intravenously. It is considered to be a long-acting benzodiazepine 
because of its prolonged elimination half-life (up to 50 hours, with 
active metabolites that also have hypnotic effects). After an intravenous 
bolus is administered, diazepam is rapidly redistributed in body tissues; 
therefore, its initial sedative effect quickly diminishes. However, drug 
clearance becomes dependent on hepatic metabolism when  tissues are 
saturated during prolonged use. This saturation causes a prolongation 
of clinical effect even in patients with normal liver function. Because 
diazepam is not water soluble and because its diluent is ethyl alcohol, 
propylene glycol, and sodium benzoate, with a pH of 6.6, it is irritat-
ing to veins and frequently causes pain on administration. The usual 
dose of diazepam is 2 to 5  mg given by slow intravenous injection every  
1 to 4 hours and is titrated to achieve the desired effect. Very high doses 
may be required in some patients, especially those with a history of 
ethanol abuse.

If a benzodiazepine is used to manage the sedation of patients in 
the ICU, the benzodiazepine antagonist, flumazenil, should be readily 
available.23 Flumazenil is a highly specific benzodiazepine antagonist 
that reverses all known central nervous system effects of the benzodiaz-
epines. It reaches maximum concentration in the brain within 5 to 10 
minutes after intravenous administration. The mean terminal half-life 
of flumazenil is approximately 1 hour. It is completely metabolized to 
free carboxylic acid and glucuronide, both of which are inactive metab-
olites and renally excreted.

Propofol
Propofol, an intravenously administered alkyl-phenol anesthetic 
agent that is chemically unrelated to other anesthetic agents, has 
been used to provide sedation for patients in ICUs and is the pre-
ferred drug for “fast-tracking” patients. Because it is so hydrophobic, 
it is formulated in a lipid emulsion (10% Intralipid), which must be 
taken into account when it is administered to patients. It is short-
acting and rapidly redistributed and metabolized, making it suitable 
for use as a continuous infusion. Because it allows for a rapid recov-
ery and has a favorable side-effect profile, propofol often is used not 
only to sedate patients but also for use in certain procedures such as 
cardioversions, chest tube insertions or withdrawal, and pleurodesis 
(see Chapter 9).

Ramsay Sedation Scale

The patient
 1. Is anxious and agitated or restless, or both
 2. Is cooperative, oriented, and tranquil
 3. Responds only to commands
 4. Exhibits a brisk response to a light glabellar tap or loud auditory stimulus
 5. Exhibits a sluggish response to a light glabellar tap or loud auditory stimulus
 6. Is unresponsive

TABLE 
37-1
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Compared with midazolam, propofol allows for more rapid wean-
ing of patients from mechanical ventilation; because of this prop-
erty, propofol is used more commonly for fast-tracking patients 
after cardiac operations.24 When used for sedation, propofol should 
be administered as an initial dose of 0.5 to 1.0 mg/kg followed by an 
infusion of approximately 25 to 100 g/kg/min. Because case reports 
have recounted mortality in patients who received excessively high 
doses of propofol, the maximum dose should probably be less than 
100 g/kg/min.23,25 Propofol infusion syndrome has been reported 
to occur in patients who have received propofol for a very short 
period, indicating that this may be an idiosyncratic reaction.26

When given by bolus administration, propofol may cause a decrease 
in mean arterial pressure because of peripheral vasodilation, not direct 
myocardial depression. Reports have been published of death with 
the use of propofol in both adults and children.27 The U.S. Food and 
Drug Administration requires the following boxed warning on prod-
uct labeling for propofol, “While causality has not been established, 
Diprivan injectable emulsion is not indicated for sedation in pediat-
ric patients until further studies have been performed to document its 
safety in that population.”

Myoclonic activity versus frank seizures has been reported to occur 
in patients receiving propofol,28 and individuals have become chemi-
cally dependent on propofol. These side effects, however, are rare (with 
the exception of the hypotension after bolus infusion) and should 
not limit the use of propofol in patients after cardiac surgical proce-
dures, particularly given the effectiveness of propofol in fast-tracked 
patients. Studies have specifically addressed the issue of sedation in 
patients after cardiac operations; most of the studies compared mida-
zolam with propofol and, in general, showed no specific advantage of 
one agent over another.29,30

Dexmedetomidine
Significant interest has been shown in using the 

2
-receptor agonist 

dexmedetomidine for postoperative cardiac sedation. 
2
-Receptor 

agonists bind to noradrenergic receptors in the brain, spinal cord, 
and elsewhere in the body. The benefit with the use of these agents is 
that sedation is provided with supplemental analgesic effects without 
respiratory depression. Dexmedetomidine was compared with ben-
zodiazepines for the sedation of all groups of critically ill patients in 
four separate randomized, controlled trials.9,31–33 The findings of the 
Safety and Efficacy of Dexmedetomidine Compared with Midazolam 
(SEDCOM) study group9 revealed that dexmedetomidine-treated 
patients experienced less time on mechanical ventilation, less tachy-
cardia, and less hypertension, with the most common adverse effect 
being bradycardia. The Maximizing Efficacy of Targeted Sedation 
and Reducing Neurological Dysfunction (MENDS) group showed 
similar findings, with a longer duration of delirium for those 
treated with lorazepam, as compared with patients treated with 
dexmedetomidine.33

The results of trials specific to patients after cardiac surgery have 
not been as strong. Dexmedetomidine was used in a fast-track setting 
without a shorter duration on the ventilator, compared with opioids, at 
a $50-per-patient greater cost.31 The dexmedetomidine-treated group 
did have a lower incidence of postoperative delirium and reduction in 
opioid requirements.31 Herr et al32 conducted a multicenter trial com-
paring dexmedetomidine and propofol for sedation after coronary 
artery bypass grafting. They found no significant difference between 
groups in time to extubation, but the dexmedetomidine-treated 
patients required significantly fewer supplemental analgesics, antie-
metics, epinephrine, and diuretics. In a more recent multicenter study 
of 356 patients in the ICU, the overall costs associated with the use of 
dexmedetomidine, compared with midazolam, were lower because the 
dexmedetomidine-treated patients had a shorter LOS in the ICU.34 After 
examining the literature applying to all critical care patients, not only 
those after cardiac operations, the committee that developed the SCCM 
sedation guidelines made multiple recommendations (Table 37-2; these 
recommendations predate the introduction of dexmedetomidine).7

Neuromuscular Blocking Agents
Occasionally, some patients are so critically ill that they cannot be 
adequately sedated to receive appropriate care. This most commonly 
happens in an agitated patient requiring mechanical ventilation in 
whom the level of sedation would mimic a general anesthetic and 
whose hemodynamic status does not tolerate this degree of deep 
sedation. In these circumstances, neuromuscular blocking agents 
(NMBAs) are used.

An NMBA binds the nicotinic acetylcholine receptor on the muscle 
membrane, thus preventing the receptor from binding two molecules 
of acetylcholine, which open the sodium channel, allowing the influx 
of sodium and other electrolytes, with activation of actin and myosin 
and muscle contraction. NMBAs in current use fall into one of two 
categories: depolarizing or nondepolarizing agents. Succinylcholine 
is a classic depolarizing NMBA, which structurally resembles ace-
tylcholine and, when it binds to the nicotinic acetylcholine receptor, 
results in depolarization of the membrane and a muscle fascicula-
tion. Depolarizing NMBAs rarely are used outside the operating room 
except for rapid-intubation protocols in the emergency department 
and ICU, and by emergency response teams.

Nondepolarizing NMBAs are divided into two classes: benzylisoqui-
nolinium compounds and the aminosteroid compounds. Both classes 
of drugs can be used to chemically paralyze a patient in the ICU, which 
occasionally is required to intubate the trachea of a patient with acute 
respiratory failure.35 Patients in the ICU who are receiving NMBAs 
must be mechanically ventilated; they typically have acute lung injury 
or acute respiratory distress syndrome that requires mechanical  
ventilation but that cannot be appropriately managed without the use 
of an NMBA.36

If NMBAs are used, it cannot be overemphasized that the patient 
must be adequately sedated before the initiation of the NMBA—it has 
been several decades since reports first appeared of chemically para-
lyzed awake patients,37 but it is a situation that all individuals working 
in an ICU must strive to avoid. Once an adequate degree of seda-
tion (usually to include an analgesic medication such as an opioid)  
is achieved, the patient is administered a bolus and then a  continuous 
infusion of an NMBA. Although several NMBAs are available, the 
drugs most commonly used in the ICU are the aminosteroid com-
pounds (e.g., rocuronium) and the benzylisoquinolinium compounds 
(e.g., cisatracurium). Because these drugs are infused continuously,  
the duration of action is not as important as if they were given as a 
single bolus, but duration of action does become of consequence when 
the medication is discontinued and the physician is assessing the return 
of the patient's neuromuscular function. When infusing these medi-
cations, a twitch monitor should be used, and the physician should 
strive to achieve a train-of-4 of one or two twitches.38 If no twitches are 
observed, the patient may have received an overdose of medication and 
may be at risk for development of acute quadriplegic myopathy syn-
drome (AQMS), a situation that develops in patients receiving NMBAs 
in which, when the medication is discontinued, the patient remains 

Society for Critical Care Medicine Sedation Guidelines

1. Midazolam or diazepam should be used for rapid sedation of acutely agitated 
patients.

2. Propofol is the preferred sedative agent when rapid awakening is important. 
Triglyceride concentrations should be monitored after 2 days of propofol 
infusion, and total caloric intake from lipids should be included in the 
nutrition assessment.

3. Midazolam is recommended for short-term use only because it produces 
unpredictable awakening and time to extubation when infusions continue 
longer than 48 to 72 hours.

4. Lorazepam is recommended for the sedation of most patients via either 
intermittent intravenous administration or continuous infusion.

5. Dexmedetomidine can be used for chemically dependent patients and for 
patients who have failed any of the above. If dexmedetomidine is used for 
longer than 48 hours, the infusion should be discontinued with caution 
because a withdrawal-hypertensive crisis could occur.

TABLE 
37-2
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flaccid for much longer than would be predicted simply based on the 
pharmacokinetics of the medications that were infused.39 The cause of 
this syndrome is unknown but is most likely secondary to the destruc-
tion of myosin by the NMBA or one of its metabolites. Differentiating 
between AQMS and critical illness polyneuropathy often is difficult, but 
in the latter, profound muscle necrosis—as is seen with AQMS—would 
not be expected to occur. Bolus administration of NMBAs, when toler-
ated, is advantageous for monitoring the effects of sedation and analge-
sia, as well as decreasing the incidence of tachyphylaxis.38

Another way to minimize the incidence of AQMS is to institute a 
daily drug holiday. Not only is this beneficial in decreasing the inci-
dence of AQMS, but in patients receiving opioids and benzodiaz-
epines, the incidence of drug withdrawal also decreases. When using 
NMBAs in the ICU, following the algorithm listed in Figure 37-1 is 
recommended.38

INFECTIONS IN PATIENTS IN  
THE INTENSIVE CARE UNIT
Microbiologic infections are some of the most common and frequently 
serious secondary complications that plague patients in the ICU.40 The 
following is a brief review of the most frequent infectious complica-
tions occurring in critically ill patients after cardiothoracic operations 
(Box 37-2). Pneumonia and acute respiratory distress syndrome are 
reviewed in Chapter 35.

Intravascular Device–Related Infections
Virtually all adult patients having cardiac operations are monitored  
with invasive intravascular devices (IVDs), such as arterial, central 
venous, and pulmonary artery catheters (see Chapter 14). Unfortunately,  
patients who have IVDs in place frequently acquire bloodstream 
infections (BSIs). IVD-related BSIs are associated with an attributable 
mortality rate of 12% to 15%, prolonged hospitalization (mean of  
7 days), and an increased hospital cost of approximately $35,000.41,42

Approximately 90% of all IVD-related BSIs occur with the short-
term use of IVDs.43 IVDs that are present for a short period are most 
commonly colonized from the skin surrounding the insertion site.44,45 
Organisms migrate along the external surface of the catheter and then 
the intercutaneous and subcutaneous segments, leading to coloniza-
tion of the intravascular segment of the catheter.46,47 Once the catheter 
is colonized, it is difficult to eradicate organisms from the intravascular 
segment without catheter removal because the microbes adhere to and 
are covered by either a biofilm layer that they produce or the thrombin 
layer that the host forms on the device.48 Because the skin is the most 
common site of colonization, coagulase-negative staphylococci and 
Staphylococcus aureus from the host's skin and the hands of hospital 
personnel caring for the patient are the most common infecting patho-
gens.49 However, with the long-term use of IVDs, contamination of the 
catheter hub also contributes to intraluminal colonization.46,47

Several factors have been associated with an increased risk for 
patients acquiring IVD-related bacteremia. These factors include site of 
insertion (femoral > internal jugular > subclavian), number of lumens 
(multiple > single), duration of catheter in situ, established infection 
elsewhere in the body, the presence of bacteremia, and the experience 
of the personnel placing the catheter. Although some practitioners sup-
port the use of peripherally inserted IVDs, the risk for patients acquir-
ing BSIs approaches that of patients with short centrally placed 
catheters.50 In an effort to reduce the incidence of IVD-related BSIs, 
a Centers for Disease Control and Prevention advisory committee 
formulated pertinent evidence-based guidelines51:

competence in insertion. Personnel who are learning techniques to 
obtain central vascular access should be adequately supervised.

(gowns, sterile gloves, mask, maximal draping) should be used.
-

rial colonization of catheters and BSI. (The use of alcohol tinctures 
of iodine, 10% povidone-iodine combination, and alcohol alone 
are acceptable but should be given secondary consideration).

60% reduction in IVD-related BSIs.

impregnated catheters is associated with a reduction in BSI in 
patients with IVDs that are used for a short period. There is no 
evidence of an increase in bacterial resistance in studies to date. 
Guidelines recommend using these catheters in high-risk patients 
if institutional IVD-related BSI rates are unacceptable after other 
prevention strategies have been instituted.

Need for NMBAs?
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 ICP
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Figure 37-1  Use of neuromuscular blocking agents (NMBAs) in 
the intensive care unit. Monitor train-of-4 ratio, protect the patient's 
eyes, position the patient to protect pressure points, and address deep 
venous thrombosis prophylaxis. Reassess every 12 to 24 hours for contin-
ued NMBA indication. ICP, intracranial pressure. (Redrawn from Murray 
MJ, Cowen J, DeBlock H, et al: Clinical practice guidelines for sustained 
neuromuscular blockade in the adult critically ill patient. Crit Care Med 
30:142, 2002.)

BOX 37-2. LATENT SOURCES OF INFECTION IN 
THE CARDIOTHORACIC INTENSIVE CARE UNIT

Clostridium difficile
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dressings every 7 days. Dressings should be replaced sooner if they 
become soiled or contaminated, or a site inspection is required.

devices.

if the catheter is not suspected to be the source of infection.
-

teremic with a suspected IVD-related BSI, the catheter should be 
removed and placed at a new site. Changing catheters over a wire is 
not recommended.

These guidelines are summarized in Box 37-3.
The diagnosis of IVD-related BSI can be challenging. The diagnosis 

should be suspected in patients with evidence of infection (e.g., fever, 
leukocytosis, positive blood cultures) when another source is not  

evident. Careful inspection of the catheter site is warranted; the pres-
ence of exit-site erythema or purulence strongly supports the diag-
nosis. If the patient has no visible signs of infection, clinical suspicion 
and supporting data must be used to guide therapy. The most fre-
quently used technique to culture IVDs is the semiquantitative roll-
plate technique. With this technique, the most common threshold 
to define colonization is growth of at least 15 colony-forming units 
(cfu).48,52 Siegman-Igra and colleagues49 and others53,54 have shown 
that quantitative culture of sonicated catheters is superior to the roll-
plate technique. However, because these techniques require catheter 
removal, paired concomitant qualitative blood cultures are drawn 
through the device and percutaneously. IVD-related BSI is diagnosed 
if both cultures are positive for the presence of microorganisms and 
the concentration of microorganisms from the device is twofold to 
fivefold greater than the concentration from the peripherally drawn 
culture.55

The first clinical decision to make when managing a suspected IVD-
related BSI is to remove the catheter or leave it in place. This decision 
is influenced by whether the risk for IVD-related BSI is low, interme-
diate, or high. Risk, in turn, is determined by the infecting organism 
and whether the IVD-related BSI is complicated or uncomplicated. 
Complicated infections are those associated with shock; the persis-
tence of positive blood cultures for longer than 48 hours after appro-
priate antibiotics are administered; and IVD-related BSIs associated 
with septic thrombosis, septic emboli, or deep-seated infections (e.g., 
endocarditis or a tunnel or port-pocket infection46,47; Figure 37-2). 
A low-risk IVD-related BSI is caused by organisms of low virulence 
(e.g., coagulase-negative staphylococci) in a patient without complica-
tions of infection. A moderate-risk IVD-related BSI is characterized by 
uncomplicated infections with moderate to highly virulent organisms 
(S. aureus, Candida species). A high-risk IVD-related BSI is a compli-
cated IVD-related BSI.

BOX 37-3. CENTRAL VENOUS CATHETER 
MANAGEMENT

CRBSIs

Determine risk levels

Uncomplicated CRBSI caused by
virulent organisms (e.g., Staphylococcus

aureus or Candida species)

Moderate riskLow risk
Uncomplicated CRBSI
caused by coagulase-
negative Staphylococci

High risk
Hypotension, hypoperfusion
Persistence of fever or bacteremia
Septic thrombosis—deep-seated infections
Tunnel port pocket infection
Patients with prosthetic heart valves

May retain CVC; treat with
vancomycin for 7–10 d

Short-term and
nontunneled

Tunneled CVC
or ports

Remove CVC
Treat for 10–14 d

Consider antimicrobial
flush solution with

systemic therapy (at
least 14 d)

Remove CVC
Septic thrombosis/endocarditis
Osteomyelitis
Treat with i.v. antimicrobial agents 4–6 wks

Figure 37-2 Algorithm for the management of intravascular catheter-related bloodstream infections (CRBSIs). A prelude to appropriate man-
agement involves confirming the diagnosis of a CRBSI through simultaneous blood cultures (5:1 of colony-forming units from blood cultures drawn 
through the catheter compared with the peripheral vein or differential time to positivity of 2 hours) or colonization of the catheter demonstrated 
through semiquantitative or quantitative catheter cultures with the same organism isolated from the peripheral blood culture. CVC, central venous 
catheter; i.v., intravenous. (Redrawn from Raad II, Hanna HA: Intravascular catheter-related infections. New horizons and recent advances. Arch Intern 
Med 162:871, 2002, by permission of the American Medical Association.)
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Low-risk IVD-related BSIs can be treated without catheter removal.46,47 
However, catheters should be removed in low-risk patients with pros-
thetic heart valves. In intermediate-risk patients, the catheters should 
be removed and the patients treated with a 10- to 14-day course  
of antibiotics. In high-risk patients, catheters should be removed and 
the duration of antibiotic use should be based on the nature of the 
complication. In deep-seated infections, such as septic thrombosis or 
endocarditis, antimicrobials should be administered for 4 to 6 weeks.56

Sternal Wound Infections
Deep and superficial surgical site infections occur infrequently but are 
morbid complications after cardiac operations, with an incidence rate 
of approximately 1% to 4%.57 Deep sternal infections are defined as 
those infections involving muscle and fascial layers, any other organ 
spaces manipulated during the operation, or organ involvement.58 
They are associated with a 250% greater mortality rate, as compared 
with matched individuals without infection, and postoperative wound 
infections double the length of hospitalization.59 A host of preopera-
tive, intraoperative, and postoperative risk factors have been identified 
for chest wall infections (Table 37-3).57–63

The diagnosis of sternal infections is based on the presence of wound 
tenderness, drainage, cellulitis, fever, leukocytosis, and sternal instabil-
ity.60 S. aureus and coagulase-negative staphylococci account for approx-
imately 50% of the organisms causing sternal wound infections after 
coronary artery bypass graft procedures.58 Several preventive strategies 
have been proposed to reduce the rates of surgical-site infection after 
cardiac operations. Martorell et al64 reported a reduction in the inci-
dence rate of chest wall infections from greater than 8% to less than 2% 
after an intensive surveillance and intervention program that included 
the nasal application of mupirocin and having the patient shower 
before surgery with chlorhexidine. Other variables that are being inves-
tigated to reduce infection rates include perioperative antibiotic timing 
and redosing, adequacy of glycemic control, perioperative tempera-
ture control, and conservative transfusion protocols.65 The treatment of 
mediastinitis involves the prompt institution of antibiotics (empirically 
covering staphylococci species before obtaining culture results), debri-
dement, open packing, and frequent dressing changes. On resolution, 
the chest is closed by primary closure or flap transposition in patients 
with large chest wall defects.60

Prosthetic Valve Endocarditis
Prosthetic valve endocarditis (PVE)—the infection of a prosthetic 
heart valve, the surrounding cardiac tissues, or both the valve and sur-
rounding tissue—is a rare but serious source of infection in patients 
after cardiac surgery.65 The incidence rate of PVE is between 0.3% 
and 0.8% after valve-replacement operations.66–70 S. aureus is the most 
common organism related to PVE; timing of infection can be help-
ful to illustrate the pathophysiology and causative pathogen. PVE 
cases can be clustered into two groups according to the time of infec-
tion. In early PVE (within 2 months of valve implantation), the valve 
and sewing ring have not yet endothelialized; hence microorganisms  

frequently invade the surrounding tissue planes, causing perivalvular 
abscess and perivalvular leak. In early PVE, the responsible microorgan-
isms are nosocomial pathogens, such as staphylococci, gram-negative  
bacilli, and Candida species, which are introduced at the time of the 
operation or are hematogenously seeded in the immediate postop-
erative period. The pathophysiology of late PVE probably resem-
bles that of native-valve endocarditis; that is, platelet-fibrin thrombi 
form on the valve leaflet and are then hematogenously seeded during 
episodes of transient bacteremia. In late PVE, the infecting organ-
isms are usually streptococci, S. aureus, enterococci, and fastidious 
gram-negative organisms (the HACEK group).71–75 Infection appears 
to occur with equal frequency in both the mitral and aortic valves 
and is exceedingly rare in tricuspid prostheses (excluding intravenous 
drug abusers).67

In the ICU, cases of early PVE present more dramatically than do 
either native-valve endocarditis or late PVE. The clinical signs that sug-
gest PVE include new or changing murmurs, congestive heart failure, 
new electrocardiographic conduction disturbances, and the presence 
of systemic emboli. In fact, 40% of patients have clinically apparent 
central nervous system emboli.76–79 The diagnosis is confirmed by posi-
tive results of blood cultures and findings on transesophageal echocar-
diography (TEE). If blood cultures are obtained before institution of 
antibiotic therapy, more than 90% of culture results will be positive. 
Transesophageal echocardiography is the diagnostic imaging modality 
of choice because it has a sensitivity of 82% to 96%, as compared with 
17% to 36% with transthoracic echocardiography.80,81 Transesophageal 
echocardiography also allows the detection of abscesses, fistulas, and 
perivalvular leaks.82 The treatment of early PVE involves the admin-
istration of antibiotics directed at the cultured organism and prompt 
surgical intervention in cases of complicated PVE (Table 37-4).83 
Mortality is related to older age, S. aureus infection, and patients with 
persistent bacteremia with the occurrence of septic shock.84,85 In com-
plicated PVE, survival is improved with the institution of both medical 
and surgical therapy versus medical therapy alone.77,86,87

Systemic Inflammatory Response 
Syndrome and Sepsis
Systemic inflammatory response syndrome (SIRS) and sepsis are 
part of a spectrum of disorders that produce dysfunction in a vari-
ety of organ systems and arise from a combination of tissue injury 
and the host's response to that injury. In 1992,88 1997,89 and 2001,90 
the American College of Chest Physicians, the SCCM, the European 
Society of Intensive Care Medicine, the American Thoracic Society, and 
the Surgical Infection Society published consensus statements to clarify 
the definitions used to describe this spectrum. In 1991, the consen-
sus statement introduced the now widely used term SIRS to describe a 
syndrome with multiple, clinically evident, organ-system effects (e.g., 
fever, oliguria, mental-status changes) that occurred as the result of 
the body's inflammatory response activated by a variety of causes.88 
Historically, it had been thought that infection, particularly gram-
negative infection, was the sole source of this clinical phenomenon.91,92 
It is now accepted that any major tissue injury (burns, sterile pancre-
atitis, major trauma) can precipitate such a  dramatic  inflammatory 
response with or without the presence of infection.91,92 However, in 
the most recent consensus statement, the authors acknowledge that, 

Risk Factors for Chest Wall Infections

Host Factors Surgical Factors Postoperative Factors

Obesity, diabetes mellitus, 
hyperglycemia, use of 
internal mammary 
artery grafts (especially 
bilateral), advanced 
age, male sex, COPD, 
smoking, prolonged 
mechanical ventilation, 
steroids, preoperative 
hospital stay longer 
than 5 days

Duration of surgery 
and bypass, use 
of IABP balloon 
pump, postoperative 
bleeding, 
reoperation, sternal 
rewiring, extensive 
electrocautery, 
shaving with razors, 
and use of bone wax

Postoperative 
bleeding, 
prolonged 
ventilation, chest 
re-exploration, 
blood transfusion, 
and use of an 
IABP

TABLE 
37-3

COPD, chronic obstructive pulmonary disease; IABP, intra-aortic balloon pump.

Indications for Surgical Intervention in Patients  
with Prosthetic Valve Endocarditis

Valvular regurgitation with or without heart failure
Uncontrollable infection* caused by:
 Periannular extension
 Difficult-to-treat microorganisms
 Abscess
Large vegetation with high risk for embolization or recurrent emboli

TABLE 
37-4

*Uncontrollable infection includes persistent fever and positive results of blood culture.
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although SIRS exists, it is too broad and lacks the specificity to make it 
a useful, working “diagnosis” at this time.90

Sepsis is defined as the clinical syndrome that occurs as the result of 
an infection (or suspected infection) and an inflammatory response 
(Table 37-5).90,92 Severe sepsis is associated with organ dysfunction, 
hypoperfusion, or hypotension. Septic shock includes sepsis-induced 
hypotension and organ-perfusion abnormalities that persist despite 
fluid resuscitation.88 A detailed description of the current understand-
ing of the pathophysiology of SIRS and sepsis is beyond the scope 
of this chapter; see Chapter 8 and reviews of this topic93–97 for more 
detailed discussions.

Sepsis is the leading reason for admission to surgical ICUs and, despite 
recent advances in therapy, remains the leading cause of mortality in 
ICUs.88,92,96 The mortality rate increases across the inflammatory spec-
trum from SIRS to septic shock.40,98,99 Because of the unacceptably high 
mortality rate associated with sepsis and the inflammatory disorders, an 
international group of experts in sepsis convened in 2003 and launched 
the “surviving sepsis campaign” with the goal of producing treatment 
recommendations that could be used to reduce the mortality from  
sepsis.99–101 These recommendations (summarized in Table 37-6) were 
formulated from an evidence-based review of the medical literature 

and expert opinion when high-level evidence was absent. They reflect 
the “state of the art” in the management of critically ill patients with  
sepsis in 2008 (when the recommendations were last revised). Adoption 
of the recommendations set forth in these guidelines is associated with 
improved outcome.102

Urinary Tract Infection
Urinary tract infections (UTIs) are the most common hospital-acquired  
infections103 and are thought to represent 25% to 50% of ICU-
acquired infections.104 Traditionally, hospital-acquired UTIs have 
been defined as the presence of more than 105 cfu/mL urine in 
patients during bladder catheterization. In the early 1980s, Platt 
et al105 showed that hospitalized patients meeting this definition of 
nosocomial UTI had a 2.8-fold increase in mortality. However, more 
data suggest that many of these cases may represent asymptomatic 
bacteriuria rather than invasive infection and perhaps do not merit 
treatment.104 Stark and Maki106 have demonstrated that, in catheter-
ized patients, colonic bacteria rapidly proliferate in the urinary system 
and exceed 105 cfu/mL. In fact, up to 30% of catheterized hospital-
ized patients have more than 105 cfu/mL urine.107 In addition, pyuria 
is not helpful in differentiating between infection and colonization 
because most catheter-associated bacteriuria has accompanying  
pyuria.108 The rate of UTI-associated bacteremia is quite low (Box 37-4). 
A large Canadian case series demonstrated a UTI rate in an ICU of 
9%, with only a 0.4% incidence rate of bacteremic UTI.103

Bladder irrigation with antibiotic solutions does not reduce the 
likelihood of patients acquiring catheter-related UTI,109 nor does the 
prophylactic use of systemic antibiotics.110 The use of antimicrobial agent–
impregnated urinary catheters does appear to reduce infection rates.

In light of the clinical uncertainty in the diagnosis of nosocomial, 
catheter-related UTI, patients with asymptomatic catheter-related 
bacteriuria should not be treated. However, symptomatic patients or 
patients with signs of infection and urine cultures demonstrating more 
than 105 cfu/mL and no other obvious source of infection merit 10 to 
14 days of antimicrobial treatment.

Clostridium difficile Enterocolitis
The anaerobic, gram-positive rod Clostridium difficile was first 
described in 1935 by Hall and O'Toole.111 It was not until 1978, how-
ever, that its two toxigenic exotoxins (toxins A and B) were identified to 
be the cause of antibiotic-associated pseudomembranous enterocoli-
tis.112,113 Although C. difficile is part of the normal fecal flora in 50% of 
newborns, it is not found in adults until the normal microbial barrier is 
altered by antibiotic therapy.111,112 C. difficile colonization occurs via the 
fecal-oral route and can follow exposure to any antibiotic. It is unclear 
why only a small percentage of patients exposed to a given antibiotic 
become colonized, nor is it clear why only some of those colonized 
develop symptomatic infection.112,114 There is some speculation that 
antibody titers to the toxins may play a role.115,116

C. difficile diarrhea is the most common enteric infection in hospi-
talized patients, infecting approximately 10% of individuals who are 
hospitalized for longer than 2 days.117 The organism enters the hos-
pital environment via asymptomatic carriers and is then transmitted 
from patient to patient primarily via contact from hospital person-
nel. The risk factors that predispose a patient to development of  
C. difficile colonization include the severity of illness at admission, mul-
tiple antibiotic exposures, gastrointestinal operations, enteral feeding, 
an infected roommate, and the use of proton-pump inhibitors.117–119 
Once the patient's gut is colonized, clinical infection occurs after the 
secretion and adherence of toxin to receptors on the host's colonocyte 
brush border. The bound toxins cause necrosis of the epithelial cells,  
an intense inflammatory response, and exudative secretion into the bowel 
lumen. This cellular response is visible on endoscopy as “volcano” or 
“summit” lesions and pseudomembranes.120 Hospital and unit epidemics 
of C. difficile are common, are often attributable to a single strain (despite 
multiple strains being present in the environment), and are associated 
with the use of clindamycin.121,122

Diagnostic Criteria for Sepsis in Adults

Documented or suspected infection plus some of the following:a

General variables
 Feverb

 Hypothermiac

 Tachycardiad

 Tachypnea
 Altered mental status
 Significant edema or positive fluid balancee

 Hyperglycemia in the absence of diabetesf

Inflammatory variables
 Leukocytosisg

 Leukopeniah

 Normal WBC count with > 10% immature forms
 Increased plasma C-reactive protein concentrationi

 Increased plasma procalcitonin concentrationi

Hemodynamic variables
 Arterial hypotensionj

 SvO2 > 70%
 Cardiac index > 3.5 L/min/m2
Organ-dysfunction variables
 Arterial hypoxemiak

 Acute oligurial

 Creatinine concentration increase > 0.5 mg/dL
 Coagulation abnormalitiesm

 Ileus
 Thrombocytopenian

 Hyperbilirubinemiao

Tissue-perfusion variables
 Hyperlactatemiap

 Decreased capillary refill or mottling

TABLE 
37-5

aDefined as a pathologic process induced by a microorganism.
bDefined as core temperature > 38.3° C.
cDefined as core temperature < 36° C.
dDefined as > 90 beats/min or > 2 standard deviations (SDs) above the normal value  

for age.
eDefined as > 20 mL/kg over 24 hours.
fDefined as a plasma glucose concentration > 120 mg/dL or 7.7 mmol/L.
gDefined as a white blood cell (WBC) count > 12,000/ L.
hDefined as a WBC count < 4000/ L.
iDefined as > 2 SDs above the normal value.
jDefined as a systolic blood pressure (SBP) < 90 mm Hg, mean arterial pressure < 70,  

or a decrease in SBP > 40 mm Hg in adults or < 2 SDs below normal for age.
kDefined as a Pao2/FIo2 < 300.
lDefined as urine output < 0.5 mL/kg/hr.
mDefined as an international normalized ratio (INR) > 1.5 or activated partial 

thromboplastin time (aPTT) > 60 seconds.
nDefined as platelet count < 100,000/ L.
oDefined as plasma total bilirubin concentration > 4 mg/dL or 70 mmol/L.
pDefined as > 1 mmol/L.
Modified from Levy MM, Fink MP, Marshall JC, et al: 2001 SCCM/ESICM/ACCP/ATS/SIS 

International Sepsis Definitions Conference. Crit Care Med 31:1250, 2001.
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Recommendations from the Surviving Sepsis Campaign

 1. Initial Resuscitation—first 6 hours
Resuscitation should begin as soon as possible—do not delay for ICU admission.
The goals of resuscitation include:
 CVP: 8–12 mm Hg (12–15 mm Hg in mechanically ventilated patients or if high abdominal pressure)
MAP: > 65 mm Hg
Urine output: > 0.5 mL/kg/hr
SvO

2
 or ScvO

2
 > 70%

If unable to increase SvO
2
 or ScvO

2
 > 70% with ventilation, transfuse to hematocrit > 30%, administer dobutamine (to a maximum dose of 20 g/kg/min), or both 

transfuse and administer dobutamine.
 2. Diagnosis

Always obtain appropriate cultures before initiating antibiotics.
Obtain at least two blood cultures—one from peripheral and one from each vascular access device.
Culture other sitesa as clinically indicated.
Promptly perform diagnostic and imaging studies to identify the source of infection.

 3. Antibiotic Therapy
IV antibiotic therapy should be started within the first hour of recognition of severe sepsis.b

Empiric antibiotics should include one with activity against the most likely pathogen and that can penetrate the likely source.
Empiric antibiotics should be broad spectrum until the causative organism is identified.
The antibiotic regimen should be reassessed after 48 to 72 hours on the basis of clinical and microbiologic data. The goal is to use a narrow-spectrum antibiotic to 
limit toxicity, cost, and development of superinfection and microbial resistance.
Once the causative organism is identified, use monotherapy for 7–10 days.c

Most experts use combination therapy for neutropenic patients and treat for the duration of neutropenia
 4. Source Control

Every patient should be evaluated for the presence of a focus of infection that is amenable to source-control measures.d

Risks vs. benefits of source-control procedures must be weighed; source control with the least physiologic insult generally is best.
Source-control measures should be instituted as soon as possible after initial resuscitation.

 5. Fluid Therapy
Fluid challenge with crystalloids or colloids in cases of suspected hypovolemia
Repeat boluses based on responsef and tolerance g

No evidence to support preference of crystalloid or colloid
 6. Inotropic Therapy

In patients with low CO despite fluid resuscitation, dobutamine is the agent of choice to increase CO.
A vasopressor can be added to increase BP, once CO is normalized.

 7. Steroids
IV corticosteroidsh can be used for patients with septic shock who require vasopressor therapy despite adequate fluid resuscitation.
Some experts recommend using a 250- g ACTH stimulation test to identify respondersi and only treat nonresponders.
Dose should not exceed 300 mg hydrocortisone daily.
Some experts add 50 g fludrocortisone orally.j

No evidence to recommend fixed-duration therapy over taper or clinically guided regimen.
 8. rhAPCl

The use of rhAPC is recommended in patients with high risk for death and who do not have any contraindications.
Contraindications to the use of rhAPC:
 Active internal bleeding
 Recent, within 3 months, hemorrhagic stroke
 Recent, within 2 months, intracranial or intraspinal surgery or severe head trauma
 Trauma with increased risk for life-threatening bleeding
 Presence of epidural catheter
 Intracranial neoplasm, mass lesion, or cerebral herniation

 9. Blood Product Administration
Once tissue hypoperfusion has resolved, pRBC transfusion should only occur when hemoglobin decreases to < 7.0 g/dL and target a hemoglobin of 7.0–9.0 g/dL.
Erythropoietin is not recommended to treat anemia of sepsis.m

FFP should not be administered to correct laboratory abnormalities in the absence of bleeding or planned invasive procedures.
Antithrombin administration is not recommended to treat severe sepsis or septic shock.
Platelet transfusion
 Administer if counts < 5000/mm3

 Consider when counts 5000–30,000/mm3 and the patient has a significant risk for bleeding.
 Counts > 50,000/mm3 are typically required for surgery or invasive procedures.

10. Mechanical Ventilation of SI-ALI/ARDS
Use low VT (6 mL/kg) with goal of plateau pressure less than 30 cm H

2
O.

Permissive hypercapnia is tolerated to minimize plateau pressures and VT.
A minimum amount of PEEP should be set to minimize lung collapse at end expiration.
Prone positioning may be considered in patients requiring potentially injurious levels of plateau pressure or Fio

2
 who are not at high risk for development of adverse 

consequences of prone positioning.
Unless contraindicated, mechanically ventilated patients should be maintained with the head of the bed raised to 30 degrees to prevent the development of 
ventilator-associated pneumonia.
A weaning protocol should be in place.
When stable, patients should undergo daily, spontaneous-breathing trials with a T-piece or 5 cm H

2
O CPAP.

If spontaneous breathing trials are successful, consideration should be given to extubation.

TABLE 
37-6
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C. difficile diarrhea produces a spectrum of clinical disease. After  
the administration of antibiotics, the typical presentation includes 
low-grade fever, leukocytosis, frequent watery bowel movements (10 to 
15 per day), and abdominal pain. However, at its most severe, the disease 
results in fulminant illness with “toxic megacolon.”122 It is important to 
note that the majority of antibiotic-associated diarrhea results from an 
osmotic diarrhea and not from C. difficile infection. In osmotic diarrhea, 
antibiotics inhibit the intestinal flora from metabolizing carbohydrates, 

which results in increased intraluminal osmotic pressure, the transloca-
tion of water into the bowel lumen, and diarrhea.123 The diagnosis of 
C. difficile infection is suggested by the presence of fecal leukocytes (not 
present in osmotic diarrhea), systemic toxicity (fever, leukocytosis), 
and the persistence of diarrhea despite the discontinuation of enteral 
feeding (which will decrease the carbohydrate source in osmotic diar-
rhea). The diagnosis is confirmed by bioassay of C. difficile cytotoxins.124 
Endoscopy is reserved for use in suspected cases of C. difficile in which 
diagnosis is not confirmed by toxin assay or when a diagnosis must be 
made before assay results are available. In these instances, colonoscopy 
is superior to sigmoidoscopy (lesions are often proximal in the colon), 
and the presence of pseudomembranes in a patient with antibiotic-
associated diarrhea is pathognomonic of C. difficile diarrhea.125,126

C. difficile diarrhea is treated with oral metronidazole (500 mg,  
3 times daily) or oral vancomycin (125 mg, 4 times daily) for 10 to 
14 days. Metronidazole is considered to be the first choice because 
it and vancomycin have a similar efficacy but metronidazole is less 
expensive.127 However, oral vancomycin has been shown to be supe-
rior to metronidazole for severe C. difficile when patients are stratified 
by severity of illness.128 In severely ill patients, oral vancomycin (up to 
500 mg, 4 times daily) is supplemented with intravenously administered 
metronidazole.129 Relapse occurs in 10% to 25% of patients, is not from 
antibiotic resistance (not described to date), and should be treated by 
repeating the same therapy for another 10 to 14 days. Increases in the 

ACTH, adrenocorticotropic hormone; ARF, acute renal failure; BP, blood pressure; CO cardiac output; CPAP, continuous positive airway pressure; CVP, central venous pressure; DVT, 
deep vein thrombosis; FFP, fresh frozen plasma; IV, intravenously administered; LMWH, low-molecular-weight heparin; NMBA, neuromuscular blocking agents; PEEP, positive end-
expiratory pressure; pRBC, packed red blood cells; rhAPC, recombinant human activated protein C; Scvo2, central venous oxygen saturation; SI-ALI, sepsis-induced acute lung injury; 
SvO

2
, mixed venous oxygen saturation; VT, tidal volume.

aCerebrospinal fluid, wounds, urine, respiratory secretions, other body fluids.
bAfter cultures are obtained.
cSome experts prefer combination therapy for Pseudomonas infections.
dFor example, drainage of abscess, removal of infected vascular access device.
eFor example, percutaneous rather than surgical abscess drainage.
fIncreased blood pressure (BP) and urine output.
gEvidence of intravascular volume overload.
hHydrocortisone, 200 to 300 mg/day for 7 days in 3 or 4 divided doses or by continuous infusion.
iMore than 9- g/dL increase in cortisol after 30 to 60 minutes.
jControversial because hydrocortisone has mineralocorticoid activity.
kAPACHE II score > 25, sepsis-induced multiple organ dysfunction syndrome (MODS), septic shock, or sepsis-induced acute respiratory distress syndrome (ARDS).
lBecause support for this recommendation was based on a single randomized trial, practitioners must truly weigh the risk-to-benefit ratio before initiating therapy until other trials confirm 

the results.
mMay use if other coexisting conditions merit treatment with erythropoietin, (e.g., renal failure).

Recommendations from the Surviving Sepsis Campaign—Cont'd

11. Sedation, Analgesia, and Neuromuscular Blockade
Sedation protocols should be used that include the use of a sedation goal, measured by a standardized subjective sedation scale.
Use either continuous infusion or intermittent bolus to achieve predetermined end points.
Sedation should be interrupted or lightened daily to evaluate patients.
NMBAs should be avoided, if possible; when NMBAs are used, train-of-4 monitoring of depth of blockade should be used.

12. Glucose Control
Maintain blood glucose levels < 150 mg/dL with the use of insulin infusion.
Monitor blood glucose every 30 minutes initially and then regularly (every 4 hours) once glucose concentration has stabilized.
Glycemic control should include the use of a nutrition protocol that favors enteral feeding.

13. Renal Replacement
In ARF, continuous venovenous hemofiltration and intermittent hemodialysis are equivalent.
Venovenous hemofiltration may be tolerated better in hemodynamically unstable patients.
There is no evidence to support hemofiltration in sepsis independent of renal replacement needs.

14. Bicarbonate Therapy
No evidence supports the use of bicarbonate therapy for the treatment of hypoperfusion-induced lactic acidemia.

15. DVT Prophylaxis
Patients with severe sepsis should receive DVT prophylaxis with low-dose unfractionated heparin or LMWH.
Mechanical prophylaxis should be used in patients with contraindications to the use of heparin.
In extremely high-risk patients—i.e., with a history of DVT—a combination of pharmacologic and mechanical therapy is recommended.

16. Stress Ulcer Prophylaxis
All patients with sepsis should receive stress-ulcer prophylaxis.
H

2
-receptor antagonists are more efficacious than sucralfate.

No studies have directly compared the use of proton-pump inhibitors with H
2
-receptor antagonists, so their efficacy is unknown.

17. Consideration of Limitation of Support
Advance-care planning, including the communication of likely outcomes and realistic treatment goals, should be discussed with patients and their families.
Less aggressive therapy and withdrawal of therapy may be in the patient's best interest.

TABLE 
37-6

BOX 37-4. NOSOCOMIAL URINARY TRACT 
INFECTION

*

no other 
obvious source of infection.

5
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incidence and severity of C. difficile prompted investigators across the 
United States to identify a virulent strain of infection, which appears 
to be related to the use of cephalosporin and fluoroquinolone antibiot-
ics.130 The strain is known as BI/NAP1/027, which is restriction endo-
nuclease analysis group BI, pulse-field gel electrophoresis type NAP1, 
and polymerase chain reaction ribotype 027. Although this strain has 
not shown resistance to metronidazole, the use of oral vancomycin is 
recommended because of the hypervirulence of this strain.130

When caring for patients with C. difficile infection, health care work-
ers always should wear gloves because none of the antiseptic agents is 
reliably sporicidal against C. difficile. After removing the gloves, health 
care workers should wash with nonantimibicrobial or antimicrobial 
soap.

Sinusitis
Sinusitis is a frequent and clinically silent source of infection in intu-
bated patients.104 The presence of nasogastric tubes predisposes patients 
to developing ethmoid and maxillary sinusitis. Sinusitis is also particu-
larly common after nasal intubation, with an incidence rate of up to 
85% after 1 week of intubation.104,131–134 The diagnosis is suggested by 
the presence of air-fluid levels or total opacification of the sinuses on 
computed tomography scan.134 However, opacification of the sinuses is 
common after intubation. In one series, 96% of nasotracheally intu-
bated and 23% of orotracheally intubated patients with previously clear 
sinuses had new sinus opacification after 1 week of intubation.134 The 
diagnosis can be confirmed by the presence of pus and high quantitative 
cultures that can be obtained via either transnasal puncture of the max-
illary sinus or open ethmoidectomy or sphenoidectomy.104,133 Case series 
have reported a resolution of fever and leukocytosis after the treatment 
of sinusitis.133,134 Treatment consists of removal of all nasal tubes, drain-
age of the maxillary sinuses, and the use of broad-spectrum antibiotics.

Hematology
Transfusion
Blood products frequently are transfused into critically ill patients. In 
a general ICU population, patients receive an average of 0.2 unit blood 
products per day; this incidence increases to 1.3 units per day in car-
diothoracic ICUs.135,136 Although transfusion of blood products is often 
necessary to either improve oxygen delivery or restore the coagulation 
system (Box 37-5), a growing body of literature suggests that transfu-
sion carries substantial risk for patients after cardiac operations.

Several large studies have identified the use of transfusion as increas-
ing patients' risk for development of infection after cardiac operations. 
A review of 19 retrospective studies found that, in 17 studies, transfusion 
was found to be a significant factor related to postoperative infection 
and was frequently the best predictor of postoperative infection.135,137 
Transfusion has been cited as a risk factor for development of medias-
tinitis,58 early bacteremia,138 and pneumonia,139 as well as for increased 
mortality rate and increased LOS after cardiac operations.140

In 2001, Leal-Noval et al135 published a large cohort study that iden-
tified transfusion as a risk factor for severe postoperative infections. In 
their series of 738 cardiac surgical patients at a large Spanish teaching 
hospital, a transfusion of more than 4 units blood components was 
associated with a statistically significant increased risk for pneumonia, 
mediastinitis, mortality, and longer ICU LOS (Figure 37-3).135

In 2007, Murphy et al141 published the results of a review of the cardiac 
surgical databases in the United Kingdom, finding that those patients 
who had received transfusions of packed red blood cells (pRBCs) had a 
greater incidence of infection and increased rates of ischemic postop-
erative morbidity. Two articles published in Critical Care Medicine had 
similar conclusions. An observational cohort study of 11,963 patients 
at the Cleveland Clinic found that perioperative transfusion of pRBCs 
was the single factor most reliably associated with morbidity in patients 
who had undergone isolated coronary artery bypass grafting.142 Marik 
and Corwan,143 after systematically reviewing the literature, came to 
a similar conclusion—in patients in the ICU, pRBC transfusions are 
associated with increased rates of not only morbidity but also mortal-
ity. As transfusion practices continue to be evaluated, additional data 
suggest that allogeneic and not autologous blood is associated with the 
twofold increased risk for hospital infection, signifying an immuno-
logic relation144 (see Chapters 30 and 31).

In 1999, Hebert et al145 published a landmark study that has funda-
mentally altered the approach to transfusion in critically ill patients. 
This large, multicenter, randomized, prospective trial of 838 patients 
admitted to Canadian ICUs found no difference in 30-day mortal-
ity between patients assigned to a liberal (hemoglobin, 10–12 g/dL) 
and conservative pRBC transfusion protocol (hemoglobin, 7–9 g/dL). 
Mortality was lower in less ill patients (APACHE II [Acute Physiology 
and Chronic Health Evaluation II] score  20) and in younger patients 
(< 55 years of age). Also, the restrictive strategy resulted in a 54% 
reduction in pRBC transfusions. Before this study, pRBC  transfusion 

BOX 37-5. TRANSFUSION STRATEGY IN THE 
CARDIOTHORACIC INTENSIVE CARE UNIT
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Figure 37-3 Relation between the units of blood transfused and 
the percentage of infections. (Redrawn from Leal-Noval SR, Rincon-
Ferrari MD, Carcia-Curiel A, et al: Transfusion of blood components and 
postoperative infection in patients undergoing cardiac surgery. Chest 
119:1461, 2001.)
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had been extensively investigated as a component of the now-dated 
paradigm that supranormal oxygen delivery was associated with 
increased survival in critically ill patients.135 Hebert et al's study145 
showed that a conservative strategy was associated with no increase in 
mortality and halved the number of transfused units, with attendant 
decreases in infectious risk, immunomodulation, and cost associated 
with the lower transfusion rate. Two similar small trials in patients 
after cardiac operations showed no difference in outcome between 
conservative and liberal transfusion strategies.146,147

These data, combined with evidence supporting the use of early 
“goal-directed” therapy in sepsis, are what led to the transfusion recom-
mendations cited in the Surviving Sepsis Campaign Guidelines.101,148,149 
Although no consensus guidelines exist for transfusion practices after 
cardiac operations, an extrapolation of these recommendations for 
patients who have had cardiac surgical procedures seems prudent. That 
is, in the initial 24 to 48 hours of “resuscitation,” a more liberal trans-
fusion strategy targeting oxygen delivery (with objective end points, 
e.g., lactate levels, mixed venous oxygen saturation) and resolution of 
coagulopathy or bleeding seems appropriate. Once stabilized, patients 
in the cardiothoracic ICU long term should probably be subjected to 
a conservative (hemoglobin, 7–9 g/dL) transfusion strategy. A multi-
center retrospective review of patients after myocardial infarction sug-
gested that a more liberal goal of transfusing to achieve a hemoglobin 
concentration of 10 g/dL is associated with increased mortality rates.150 
Although not directly applicable to a cardiothoracic ICU setting, the 
results of this study do suggest that improving oxygen delivery in 
patients with coronary artery disease by transfusing pRBCs to a hemo-
globin of 10g/dL is not the panacea clinicians once thought.

ACUTE RENAL FAILURE
Acute renal failure (ARF), like many of the clinical syndromes fre-
quently encountered in the ICU, has been difficult to precisely define.151 
If it is agreed that the principal functions of the kidney are to create 
urine and excrete water-soluble waste products of metabolism, then 
ARF is the sudden loss of these functions.151

Renal solute excretion is a function of glomerular filtration. The 
glomerular filtration rate (GFR) is a convenient and time-honored way 
of quantifying renal function. It must be appreciated, however, that 
GFR varies considerably under normal circumstances as a function 
of protein intake.152 A normal GFR is 120 ± 25 mL/min for men and  
95 ± 20 mL/min for women. Serum creatinine concentration is the 
most frequently used surrogate of GFR and, hence, solute excre-
tion. When measured in the steady state and analyzed in the context 
of age, sex, and race, the GFR loosely reflects renal function. In fact, 
when baseline serum creatinine is unknown, standardized tables allow 
the estimation of baseline creatinine that can then be compared with 
actual serum creatinine levels to estimate decremental changes in renal 
function (Table 37-7).152

The use of creatinine concentration is much less accurate in esti-
mating renal function in non–steady-state conditions (e.g., ARF in 
the critically ill). Creatinine is formed from nonenzymatic dehydra-
tion of creatine (98% muscular in origin) in the liver. Because critical  
illness affects liver function, muscle mass, tubular excretion of creatinine, 
and the volume of distribution of creatinine, its limitations as a useful 
marker of renal function become apparent.152 Nonetheless, changes in 
serum creatinine concentration and the rate of change in creatinine con-
centration remain the most convenient and frequently used surrogates 
of renal dysfunction.

Urine output is the other frequently measured parameter of renal 
function in the ICU. Oliguria is defined by a urine output of less 
than 0.5 mL/kg/hr.152 Under a wide range of normal physiologic 
conditions, urine output primarily reflects changes in renal hemo-
dynamics and volume status rather than representing renal paren-
chymal function and reserve. Hence, it is very nonspecific for renal 
dysfunction unless urine output is severely reduced or absent.152 
And although oliguric renal failure has a greater mortality rate than 
does nonoliguric renal failure, no data demonstrate that the phar-
macologic creation of urine in patients with renal failure reduces 
mortality.153

The incidence of ARF after cardiovascular operations is high and is 
associated with a “formidable” mortality rate.154 A cohort study from 
Duke University described a 0.7% incidence rate of dialysis-dependent 
ARF that was associated with an increase in mortality rate from 1.8% to 
28%.155 Another cohort described an incidence rate of dialysis-dependent 
ARF of 1.1% after cardiac surgery that was associated with a mortality 
rate of 63.7%.154 In critically ill patients (noncardiac), the mortality rate 
for ARF is 50% to 80% and has not declined significantly since the advent 
of acute dialysis therapy.153

The pathogenesis of ARF after cardiac operations is thought to 
primarily result from hypoperfusion and ischemia.155 Other contrib-
uting factors include exposure to nephrotoxins, nonpulsatile flow 
during cardiopulmonary bypass, and aortic emboli. The two most 
important determinants of ARF after cardiopulmonary bypass are 
preexisting renal insufficiency and postoperative low-cardiac-output 
states.156,157

The Acute Dialysis Quality Initiative Workgroup formulated a 
 classification system for ARF in 2004 to develop consensus-based rec-
ommendations.158 Termed the RIFLE criteria (risk, injury, failure, loss, 
and end-stage renal disease; Table 37-8), stratification from risk for 
development of acute renal dysfunction to end-stage renal disease is 
based on GFR and urine output. Since the RIFLE criteria were insti-
tuted, three studies159–161 have been conducted in the cardiac surgical 
population that confirmed that the development of renal injury is an 
independent risk factor for 90-day mortality.152

Estimated Baseline Creatinine Concentration

Men Women

 
Age, yr

African  
American

 
White

African  
American

 
White

20–24 1.5 (133) 1.3 (115) 1.2 (106) 1.0 (88)
25–29 1.5 (133) 1.2 (106) 1.1 (97) 1.0 (88)
30–39 1.4 (124) 1.2 (106) 1.1 (97) 0.9 (80)
40–54 1.3 (115) 1.1 (97) 1.0 (88) 0.9 (80)
55–65 1.3 (115) 1.1 (97) 1.0 (88) 0.8 (71)
> 65 1.2 (106) 1.0 (88) 0.9 (80) 0.8 (71)

TABLE 
37-7

Data are presented as mg/dL ( mol/L). Estimated glomerular filtration rate: GFR (mL/
min/1.73 m2) = 175 × (Scr) − 1.154 × (Age)−0.203 × (0.742 if female) × (1.212 if 
African American) (conventional units). The equation does not require weight because 
the results are reported normalized to 1.73 m2 body surface area, which is an accepted 
average adult surface area.

RIFLE Criteria for Categorizing Acute Renal 
Dysfunction

Category Pcr  
and GFR Criteria UO Criteria

Risk  Pcr × 1.5 or  
GFR  > 25%

< 0.5 mL.kg–1.hr–1 for  
6 hours

Injury  Pcr × 2 or  
GFR  > 50%

< 0.5 mL.kg–1.hr–1 for  
12 hours

Failure  Pcr × 3, or serum creatinine  
 4 mg/100 mL with an acute  

rise > 0.5 mg/dL,  
or GFR  > 75%

< 0.3 mL.kg–1.hr–1 for  
24 hours or anuria 
for 12 hours

Loss Persistent ARF = complete loss of kidney function > 4 weeks
ESRD ESRD < 3 months

TABLE 
37-8

For conversion of creatinine expressed in conventional units to ST units, multiply by 88.4. 
Renal function is categorized based on serum creatinine concentration (P

cr
)or urinary 

output (UO), or both, and the criteria that led to the worst classification are used. 
Glomerular filtration rate (GFR) criteria are calculated as an increase of P

cr
 above the 

baseline P
cr
. When the baseline P

cr
 is unknown and the patient has no history of chronic 

renal disease, P
cr
 is calculated using the Modification of Diet in Renal Disease formula 

(GFR  170  [P
cr
 {mg/dL}] 0.999  [Age] 0.176  [0.762 if patient is female] [1.180 if 

patient is black]  [serum urea nitrogen concentration {mg/dL}] 0.170  [serum albumin 
concentration {g/dL}] 0.318). Acute kidney injury should be considered when kidney 
dysfunction is abrupt (within 1–7 days) and sustained (> 24 hours).

ARF, acute renal failure; ESRD; end-stage renal disease.
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Several strategies for preventing perioperative renal failure have 
been evaluated in patients who have undergone cardiac operations. 
“Renal-dose” dopamine has been shown to have no effect on either 
renal function or mortality after both cardiac and vascular opera-
tions.162–164 Similarly, the use of the diuretics furosemide and manni-
tol has demonstrated no renal-protective effect. In fact, a small study 
demonstrated a significantly worse renal outcome in patients prophy-
lactically treated with furosemide infusion versus control subjects.163 
Results with pulsatile perfusion during cardiopulmonary bypass have 
been similarly disappointing.151

The recombinant brain atrial natriuretic peptide nesiritide has dem-
onstrated some initial promise in treating perioperative renal failure in 
patients after cardiac operations. In a randomized, prospective, double-
blinded trial in two cardiothoracic ICUs in Sweden, patients with an 
increase in serum creatinine concentration more than 50% above base-
line had improved renal excretion, a decreased need for hemodialysis, and 
improved survival after treatment with brain atrial natriuretic peptide, 
compared with control subjects.165 Nesiritide works via a cyclic guanosine 
monophosphate–coupled receptor (NPR-A) in vascular smooth muscle 
cells. Physiologically, it produces arterial and venous vasodilation and 
inhibition of aldosterone production and increases urine volume and 
sodium excretion.166 Further trials are under way to more clearly define 
this agent's role in cardiac surgical patients (see Chapters 10 and 34).

Treatment and Renal Replacement 
Therapies
Just as the diagnosis and prevention of ARF remain enigmatic, so, too, 
does the treatment of ARF. In the critically ill patient who experiences 
development of ARF, the initial treatment strategy is to create an opti-
mal “environment” for the kidney to heal; that is, to maximize oxygen 
delivery to the renal parenchyma via the manipulation of hemody-
namics and volume status while simultaneously avoiding exposure 
to nephrotoxins (e.g., contrast agents, aminoglycosides) and ensuring 
that no postrenal obstruction exists. The administration of furosemide 
in this setting, long advocated to maintain urine output, has not been 
associated with an improvement in outcome but has been associ-
ated with an increase in oxygen consumption in the renal  cortex,167 
which may be deleterious in patients with decreased renal perfusion 
pressure.

If optimization is provided and the kidney does not recover, the clini-
cian must provide renal replacement therapy (RRT). Many of the classic 
indications for RRT are noncontroversial (Table 37-9).168 In the absence 
of these indications, the decision to initiate RRT in critically ill patients is 
a matter of clinical judgment. Typical laboratory parameters that suggest 
the need for RRT include a blood urea nitrogen concentration greater than 
100 mg/dL or a creatinine concentration greater than 4.5 mg/dL.164

Once the decision to initiate RRT has been made, the mode of 
replacement must be chosen. In broad terms, RRT can be divided into 

 intermittent hemodialysis or continuous RRT. The latter comes in a wide 
variety of forms, each associated with its own unique acronym (e.g., 
slow continuous ultrafiltration [SCUF], slow low-efficiency daily dialy-
sis [SLEDD], continuous venovenous hemofiltration [CVVH], contin-
uous venovenous hemofiltration-dialysis [CVVH-D]). The differences 
between these different forms of continuous RRT lie in the membrane 
used, the mechanism of solute transport, the presence or absence of a 
dialysis solution, and the type of vascular access.164,168,169 In the United 
States, most patients with ARF are treated with hemodialysis, but the 
trend is toward the increased use of continuous RRT, whereas in other 
countries, continuous RRT predominates.164,170–172 Currently, no stud-
ies support the use of one modality over another, but most intensivists 
prefer using continuous RRT in hemodynamically unstable patients or 
in patients in whom the hypotension associated with hemodialysis may 
lead to adverse effects.164,168 A trial of weaning of continuous RRT should 
be considered when established criteria have been met (Table 37-10).168

NUTRITION SUPPORT
Patients who are anticipated to have an extended stay in the ICU (lon-
ger than 2 to 3 days) will require nutrition assessment, and patients 
who are malnourished or who will remain non per os (NPO) with-
out parenteral nutrition should be examined and assessment made 
whether they should receive enteral or parenteral nutrition support. In 
the 1970s, several articles in the nutrition literature concluded that any-
where from 40% to 70% of patients in the hospital, and by extension in 
the ICU, were malnourished.173 Three decades of providing aggressive 
intervention have not yet changed that assessment. Because of chronic 
illness and the sequelae of acute illness, many patients remain cachectic 
and hypermetabolic, and though aggressive nutrition support may not 
completely reverse the sequelae of malnutrition in these patients, the 
lack of support will likely make the malnutrition worse.174,175

The stress response that many, if not all, critically ill patients have is 
responsible for this ongoing altered metabolic state. With any form of 
injury or acute illness, a number of hormones and cytokines that affect 
metabolism, including catecholamines, glucagons, tumor necrosis 
 factor, and so on are released. These hormones create a state in which 
metabolic rate is increased, protein synthetic rate is decreased, and gly-
colysis and lipolysis are increased. Patients who remain NPO and have 
an ongoing critical illness—such that the stress response does not abate 
as it normally would after a surgical procedure—require a nutrition 
assessment; after the assessment, a decision must be made whether the 
patient should be fed and by what means.

Nutrition Assessment
The nutrition assessment of any patient in the ICU begins by obtain-
ing a history of the patient's eating habits, weight loss or gain, medica-
tion use, alcohol use, and symptoms that would be compatible with a 
nutrient or vitamin deficiency. A history of an unplanned weight loss 
of 10% in the preceding 6 months places patients at increased risk 
for development of perioperative complications, and such patients 
should receive further evaluation, additional tests, and perhaps earlier 
intervention from a nutrition standpoint. Patients who have increased 
alcohol intake (i.e., two or more drinks per day for a man and one or 
more drinks for a woman), alcoholics, and patients with malabsorp-
tion are at risk for having a nutrient deficiency and for the sequelae 
associated with the deficiency. In addition, while making the initial 

Indications for Renal Replacement Therapy
TABLE 
37-9

Criteria for Weaning of Continuous Renal 
Replacement Therapy

TABLE 
37-10

RRT, renal replacement therapy.
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nutrition assessment, the clinician should assess the integrity of the 
patient's gastrointestinal tract to determine whether the patient might 
be a candidate for enteral feeding if nutrition support is indicated or, 
if not, should identify potential intravenous access sites.

A thorough physical examination should include an assessment of 
the patient's general appearance and overall condition, a brief neuro-
logic examination specifically looking at ability to swallow and protect 
the airway, muscle stores (in the temporal fossa), fat stores (usually in 
the triceps area), and evidence of jaundice, glossitis, edema, and cheilo-
sis. A subjective global assessment of the patient's overall nutrition  
status has been validated and is becoming the gold standard by which 
patients' nutrition status is assessed.176

For the final part of the nutrition assessment, laboratory tests 
should be conducted. Many nutritionists rely on measurement of 
serum albumin concentration, but because of the long half-life of 
serum albumin, others prefer measurement of serum prealbumin 
concentrations. Concentrations of the plasma proteins often will be 
decreased, but they do serve as a marker for adequacy of anabolism 
that can be measured at baseline and weekly thereafter to assess the 
efficacy of nutrition interventions. Other laboratory tests that should 
be assessed on a regular basis include acid-base status; electrolyte 
concentrations, to include phosphorus, magnesium, and calcium; 
and measures of renal and liver function. Finally, all patients in the 
ICU who are receiving nutrition support should have a serum glu-
cose concentration measured on a regular basis.

Every attempt should be made to keep the serum glucose concentra-
tion less than 150 to 180 mg/dL, with minimum variability in glucose 
concentrations ensured.177 One study found that patients with a mean 
absolute change in glucose concentration of more than 15.8 mg/dL/hr 
had a greater mortality rate than did a group with a change of less than 
7.1 mg/dL/hr.178 Caloric support should not be decreased merely to 
meet this goal, but any patient receiving nutrition intervention should 
have blood glucose monitored.

Measuring resting energy expenditure is a test that is used for the 
extremely obese patient and the profoundly anorexic patient to help 
guide support. Otherwise, using a simple measure, such as a Harris-
Benedict equation, allows the calculation of an estimation of the  
number of calories patients require.

where RMR is the resting metabolic rate, W is weight (kg), H is height 
(cm), and A is age (years). However, in reality, most intensivists use a 
simple goal of providing 1 kcal/kg/hr.

After the initial nutrition assessment, the patient is classified as having 
mild, moderate, or severe malnutrition. Patients who are moderately to 
severely malnourished should have more attention paid to their nutri-
tion support. If the patient is anticipated to remain NPO for several days, 
many intensivists and nutrition-support personnel would implement 
nutrition support early in the hospital course, within the first 1 to 3 days. 
The data for this recommendation are lacking, except in trauma patients 
in whom there are studies that justify early nutrition support.179 As long 
as there are no side effects, there should be no danger to early interven-
tion using a tube placed through the pylorus to aliment the patient.

Depending on the institution, enteral feeding tubes are placed  
fluoroscopically by a radiologist, endoscopically by a gastroenterologist, 
or at the bedside by an intensivist using several different techniques and 
approaches. There are several complications from enteral nutrition, 
including, among others, placement of the feeding tube past the tra-
cheal tube and into the trachea and the feeding tube remaining in the 
stomach and not passing through the pylorus. Bloating is one of the 
more frequent side effects of enteral nutrition; significant ileus with 
gastric residual volumes increases the risk for aspiration of gastric con-
tents. In addition, distention of the large or small intestine can increase 
intra-abdominal pressure, displacing the diaphragm in a cephalad 
direction and interfering with weaning from mechanical ventilation if 
the patient is mechanically ventilated. Another frequent side effect of 
enteral nutrition is diarrhea, which can be secondary to bacterial over-
growth, the osmolality of the nutrition formula, or the administration 
through the enteral feeding tube of medications containing sorbitol or 
glycerol or be caused by C. difficile infection.

Although enteral nutrition is preferred and has been reported to 
decrease the incidence of infectious complications in some patient pop-
ulations, occasionally, some patients cannot be fed enterally and must be 
fed parenterally. If the parenteral route is chosen, placement of the cen-
tral venous access line using a sterile technique is critical.51 Furthermore, 
keeping blood glucose levels at or less than 150 to 180 mg/dL decreases 
the incidence of IVD-related BSI and pneumonia.180

Formulas
Enteral formulas, which can be provided via tube feeding or orally,  
are listed in Tables 37-11 and 37-12.

For men : RMR 66.4 (13.8 W) (5 H) (6.8 A)

For women : RMR 655(9.6 W) (1.8 H) (4.7 A)

Nutrient Analysis of Tube-Feeding Formulasa

Product Kcal/
mL

Volumeb H
2
O, 

mL
Osmolality, 
mOsm

Protein, g 
(%)

Fat, g (%) CHO, g (%) Fiber, g Na, 
mEq

K, 
mEq

Ca, 
mg

Phos, 
mg

Mg, 
mg

Comments

Jevity
1.0 1.06 1321 829 300 44.3 

(16.7)
34.7 (29) 154.7 (54.3) 14.4 40.4 40.2 910 760 305 Isotonic, with 

fiber
1.5 1.5 1000 760 525 63.8 (17) 49.8 

(29.4)
215.7 (53.6) 22 60.9 47.4 1200 1200 400 Calorically 

dense, 
with fiber

Nepro 1.8 948 725 600 81 (18) 96 (48) 166.8 (34) 15.6 346.1 27.2 1060 700 210 Low 
electrolyte 
for renal 
failure

NutriHep 1.5 100 760 790 40 (11) 21.2 (12) 290 (77) 0 7 33.8 956 1000 376 High BCAA 
for hepatic 
ence phalo-
pathy

Osmolite 1.2 1000 820 360 55 (18.5) 39.3 (29) 157.5 (52.5) 0 58.3 46.4 1200 1200 400 Calorically 
dense

Peptamen 1 1500 850 270 40 (16) 39 (33) 127 (51) 0 24.3 28.5 800 700 300 Elemental
TwoCal 

HN
2 948 701 725 83.5 (16.7) 90.5 (40.1) 218.5 (43.2) 5 63 62.6 1050 1050 425 Calorically 

dense, high 
protein

TABLE 
37-11

aNutrients per 1000 mL.
bVolume required to achieve 100% minimum recommended dietary intake.
BCAA, branched-chain amino acids; CHO, carbohydrate.
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Protein
Most authorities currently recommend 1.0 to 1.5 g protein/kg/day 
based on the patient's average weight, including the admission weight, 
current weight, and ideal body weight. Unless the patient has renal 
insufficiency and is not on dialysis or unless the patient has hepatic 
encephalopathy that responds to administration of branched-chain 
amino acids, there are no unique protein formulas that should be used 
to feed enterally or parenterally.

Lipids and Carbohydrates
Most of a patient's energy needs should be met with a combination of 
carbohydrate (glucose) and lipids (lipid emulsion). The amount of glu-
cose that a critically ill patient can oxidize is limited to 6  g glucose/kg/
day or 4 mg/kg/min. Patients who receive more glucose than this are at 
increased risk for development of complications such as hyperglycemia, 
diuresis, increased carbon-dioxide production (which, in some circum-
stances, may keep the patient mechanically ventilated), and a fatty liver.

Lipids are the other mainstay for supplying calories to a critically ill 
patient. They are not adequately oxidized if more than 1.0 to 1.5 g lipid 
emulsion/kg/day is administered to the patient. When lipids are used 
as part of a parenteral nutrition regimen, serum triglyceride concen-
trations should be checked on a regular basis to ensure that the patient 
does not experience development of hypertriglyceridemia, with its 
attendant side effects and toxicity.

Electrolytes
Electrolyte abnormalities are common in patients in the ICU. For 
patients fed parenterally who have renal failure, formulas are avail-
able that have low levels of potassium and phosphate, among others. In 
patients receiving parenteral nutrition, it is relatively easy to manipu-
late the concentration of deficient or excessive electrolytes in the total 
parenteral nutrition formula.

Vitamins
Most enteral products contain 100% of the recommended daily dose of 
nutrients, but some patients may require supplementation of  vitamins. 

Patients who are alcoholic should receive supplemental thiamin; 
patients with short-bowel syndrome who are deficient in fat-soluble 
vitamins may benefit from the administration of these vitamins; and 
unless patients are on anticoagulants, they need to be supplemented 
with vitamin K. Fluid balance in patients fed enterally and parenterally 
also must be monitored, and, occasionally, formulas for both enteral 
and parenteral nutrition may need to be changed to accommodate 
fluid excess or dehydration.

Several formulas have been recommended for delivery to critically ill 
patients, including formulas that contain glutamine,  arginine, essential 
-3 fatty acids, nucleotides, and structured lipids. The SCCM-American 

Society for Parenteral and Enteral Nutrition guidelines for support in 
critically ill patients gave a Grade A recommendation to administer-
ing an enteral formulation with anti-inflammatory properties (fish and 
borage oils and antioxidants) to patients with acute lung injury and 
acute respiratory distress syndrome.181 Yet within a year of this publi-
cation, the EDEN-Omega Study (early vs. delayed enteral feeding and 
omega-3 fatty acid/antioxidant supplementation for treating people 
with acute lung injury and acute respiratory distress syndrome) was 
terminated early because of futility.182

Electrolyte Abnormalities
Fluid and electrolyte abnormalities occur often after cardiac opera-
tions. Diagnosis and treatment algorithms are shown in Figures 37-4 
and 37-5 for hypernatremia and hyponatremia, Figure 37-6 and Table 
37-13 for hyperkalemia, and Figure 37-7 for hypokalemia. Symptoms 
of hypercalcemia (serum Ca2+ > 13.0 mEq) include anorexia, nausea, 
vomiting, lethargy, dehydration, coma, and death. The treatment of 
hypercalcemia is listed in Table 37-14. Hypomagnesemia is common, 
and the underlying cause should be identified, if possible, and then 
treated with an intravenous infusion of 0.1 to 0.2 mEq/kg/day or orally 
at 0.4 mEq/kg/day. Close monitoring is necessary with the treatment of 
any electrolyte disorder.

Nutrient Analysis of Oral Supplementsa

Product kcal Pro, g Fat, g CHO, g Fiber Na, mEq K, mEq Ca, mg Phos, mg Mg, mg Flavors

Boostc 240 10 4 0 41 5.7 Strawberry, vanilla, chocolate
CIBb (mg) 160 4.5 1 28 0–1 4.3  8.9 300 250 105 Strawberry, vanilla, chocolate
CIBb , sugar free 

(mg)
70 4.5 1 12 0–1 4  8.9 300 250 80 Strawberry, vanilla, chocolate

Enlivec 250 10 0 65 0 1.96  1.2 50 280 14 Apple, mixed berry
Ensure Plusc 355 13 11.4 50.1 0 10.4 11.3 200 200 100 Strawberry, vanilla, chocolate
Glucerna Shakec 220 10 8.5 29 3 210  9.5 250 250 100 Strawberry, vanilla, chocolate, 

butter pecan
Neproc 425 19.1 22.7 39.4 3.7 10.9  6.4 250 165 50 Vanilla, butter pecan, mixed berry
Resource Breezec 250 9 0 54 0 3.5  0.3 10 150 1 Orange, peach, wild berry
TwoCal HNc 475 19.9 21.5 51.8 1–2 15 14.8 250 250 100 Vanilla, butter pecan

TABLE 
37-12

aNutrients per serving
bA serving equals 1 package.
cA serving equals 8 oz.
CHO, Carbohydrate; CIB, Carnation Instant Breakfast; Pro, protein.



1100 SECTION VI Postoperative Care

Hypernatremia
Fluid volume status assessed by physical exam

Isovolemic hypernatremia
Loss of H2O

Check urine Na+

Renal loss
  Diuretic
  Glycosuria
  Renal failure

External loss
  GI—vomiting
  GI—diarrhea
  Excess sweating
  Respiratory loss

Renal loss
  Diabetes insipidus
  Central
  Nephrogenic

External loss
  Insensible losses
  Skin
  Respiration

Iatrogenic
  Hypertonic NaHCO3
  NaCl tablets
  Hypertonic solutions

Mineralocorticoid
  1° Hyperaldosteronism
  Cushing’s disease
  Adrenal

Hypertonic dialysis
  Hemodialysis
  Peritoneal dialysis

Treatment
  Diuretic ± dialysis

Treatment
  Saline then hypotonic
  solutions

Treatment
  Water replacement
  D5W at 1–2 mEq/L/hr
     ± vasopressin for central DI

> 20 mEq/L > 20 mEq/L< 10 mEq/L

Check urine Na+

Hypovolemic hypernatremia
Loss of H2O > Na+ loss

Check urine Na+

Hypervolemic hypernatremia
Gain of H2O and Na+

Figure 37-4 Assessment and treatment of hypernatremia. D5W, 5% dextrose in water; DI, diabetes insipidus; GI, gastrointestinal. (Modified 
from Torres N: Electrolyte abnormalities: Sodium. In Faust RJ [ed]: Anesthesiology Review, 3rd ed. Philadelphia: Churchill Livingstone, 2002, p 28, by 
 permission of Mayo Foundation.)
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Hyponatremia
Serum osmolality

Normal
  (250–285 mOsm/L)

Treatment
  Isotonic saline
    (asymptomatic patient)
  Hypertonic saline
    (symptomatic patient)    

Treatment
  Isotonic saline
    (asymptomatic patient)
  Hypertonic saline
    (symptomatic patient)    

Treatment
  Water restriction (no symptoms)
  Isotonic saline (no symptoms)
  Hypertonic saline (symptoms)
  Furosemide diuresis (symptoms)

< 10 mEq/L
  Extrarenal
    GI—vomiting
    GI—diarrhea
    Pancreatitis
    Skin losses
    Lung losses

< 20 mEq/L
  Renal
    Diuretic
    Obstruction
    Renal damage
    Renal tubular acidosis
    Adrenal insufficiency

< 10 mEq/L
  Cirrhosis
  Heart failure
  Renal failure

< 20 mEq/L
  Acute/chronic
    renal failure

< 10 mEq/L
  H2O intoxication

< 20 mEq/L
  Renal failure
  Hypothyroid
  Pain
  SIADH
  Emotion
  Adrenal insufficiency

High
  (> 285 mOsm/L)

Low
(< 250 mOsm/L)

Assess extracellular
fluid volume state

Hypovolemic
Hypoosmotic
Hyponatremia

Isovolemic
Hypoosmotic
Hyponatremia

Urine Na+Urine Na+ Urine Na+

Hypervolemic
Hypoosmotic
Hyponatremia

Isosmotic hyponatremia
  1) Pseudohyponatremia
      Hyperlipidemia
      Hyperproteinemia
  2) Isotonic infusions
      Glucose    Glycerol
      Mannitol   Sorbitol
      Glycine     Ethanol

Hyperosmotic hyponatremia
  1) Hypernatremia
  2) Hypertonic infusions
      Glucose      Glycerol
      Mannitol     Sorbitol
      Glycine       Ethanol

Figure 37-5 Assessment and treatment of hyponatremia. GI refers to gastrointestinal; SIADH, syndrome of inappropriate antidiuretic hormone. 
(Modified from Torres N: Electrolyte abnormalities: Sodium. In Faust RJ [ed]: Anesthesiology Review, 3rd ed. Philadelphia, 2002, Churchill Livingstone,  
p 29, by permission of Mayo Foundation.)
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Hyperkalemia

Spurious
  Hemolysis
  Thrombocytosis
  Leukocytosis
  Mononucleosis
    (leaky RBC)

Redistribution
  Acidosis
  Diabetic ketoacidosis
  Beta-blockade
  Succinylcholine
  Periodic paralysis
  Digoxin toxicity

Potassium excess

Increased intake/
    tissue release
  IV/oral intake
  Hemolysis
    Rhabdomyolysis
    Tumor lysis
    Stored blood

Renal function

GFR > 20 mL/min GFR < 20 mL/min
  Acute renal failure
  Chronic renal failure

Aldosterone deficient
  Addison's disease
  Hereditary
  Adrenal defects
  Drugs
    Heparin
    NSAID
    ACE inhibitors
    Cyclosporin
    Spironolactone

Tubular hyperkalemia
without aldosterone
deficiency
  Acquired
    Obstruction
    Renal transplants
    SLE
    Amyloidosis
    Sickle cell
  Drugs
    K-sparing diuretics

Figure 37-6 Causes of hyperkalemia. ACE inhibitor, acetylcholine esterase inhibitor; GFR, glomerular filtration rate; IV, intravenous; NSAID, non-
steroidal antiinflammatory drugs; RBC, red blood cells; SLE, systemic lupus erythematosus. (Modified from Torres N: Electrolyte abnormalities: 
Potassium. In Faust RJ [ed]: Anesthesiology Review, 3rd ed. Philadelphia, 2002, Churchill Livingstone, p 31, by permission of Mayo Foundation.)

Treatment of Hyperkalemia

Treatment Dose Mechanism Onset Duration

Calcium chloride 7–14 mg/kg Direct antagonism Instantly 15–30 min
Sodium bicarbonate 0.7–1.4 mEq/kg Direct antagonism; redistribution 15–30 min 3–6 hr
Glucose + insulin 25 g + 10–15 units Redistribution 15–30 min 3–6 hr
Kayexalate 30 ga Elimination of K+ 1–3 hr NA
Peritoneal dialysis NA Elimination of K+ 1–3 hr NA
Hemodialysis NA Elimination of K+ Rapid NA

TABLE 
37-13

aMay be given orally or rectally.
NA, not applicable.
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Hypokalemia

Low plasma
renin

Aldosterone Urine chloride

Exclude redistribution
  Alkalosis
  Insulin
  Periodic paralysis
  Barium poisoning
  B12 therapy

High plasma renin
  Malignant HTN
  Renovascular
    disease
  Renin secreting

Low
  Mineralocorticoid
    ingestion
  Adrenal hyperplasia
    (congenital)
  Cushing’s syndrome

< 10 mEq/day
  Vomiting

> 10 mEq/day
  Bartter’s syndrome
  Diuretics
  Magnesium deficiency

High
  Hyperaldosteronism
  Bilateral hyperplasia

Low HCO3
–

  RTA
High HCO3

–

High blood pressure

Plasma renin levels Serum HCO3
–

Normal blood pressure

Extrarenal K losses
  Urine lytes
  K+ < 20 mEq/day
  Na+ > 100 mEq/day
  (if Na+ < 100 mEq/day,
   repeat test after
   increasing dietary Na+

   > 100 mEq/day)
  Biliary losses
  Lower GI losses
  Fistula
  Skin losses

Renal K losses
  Urine lytes
  K+ > 20 mEq/day
  Na+ > 100 mEq/day
(if Na+ < 100 mEq/day,
repeat test after 
increasing dietary 
Na+ > 100 mEq/day)

Figure 37-7 Causes of hypokalemia. GI, gastrointestinal; RTA, renal tubular acidosis. (Modified from Torres N: Electrolyte abnormalities: Potassium. 
In Faust RJ [ed]: Anesthesiology Review, 3rd ed. Philadelphia, 2002, Churchill Livingstone, p 32, by permission of Mayo Foundation.)

Treatment of Hypercalcemia

Treatment, dose Onset of Action Duration of Action Normalization, % Advantages Disadvantages

Saline, 200–500 mL/hra Hours During infusion 0–10 Rehydration May produce cardiac failure, electrolyte 
changes, hypokalemia, hypomagnesemia; 
requires intensive monitoring

Saline + furosemide, 
40–80 mg q2h

Hours During treatmentb 0–10 Enhanced calcium 
elimination

May produce cardiac failure, electrolyte 
changes, hypokalemia, hypomagnesemia; 
requires intensive monitoring

Zoledronatec, 4 mg IV 
over 15 minutes

1–2 days 32–39 days 60–80 Potent and effective Increases serum phosphate concentration; 
requires 3-day infusion

Calcitonind, 4 U/kg SQ or 
IM q12h

Hours 2–3 days 10–20 Nontoxic, rapid onset 
of normalization

Only decreases serum calcium level by 
2–3 mg/dL, may produce tachyphylaxis

Gallium nitrate, 200 mg/
m2/day

2–3 days 10–14 days 70–80 Potent Long infusion time, cannot be used in 
patients with renal failure

TABLE 
37-14

IM, intramuscularly; IV, intravenously; SQ, subcutaneously.
aIncreases urine calcium concentration and excretion.
bSaline flow rate equals urine flow rate.
cMost potent biphosphonate available.
dInhibits osteoclasts and stimulates calciuresis.
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KEY POINTS

1. Inadequate postoperative analgesia and/or an 
uninhibited perioperative surgical stress response 
has the potential to initiate pathophysiologic 
changes in all major organ systems, including 
the cardiovascular, pulmonary, gastrointestinal, 
renal, endocrine, immunologic, and/or central 
nervous systems, all of which may lead to 
substantial postoperative morbidity. Adequate 
postoperative analgesia prevents unnecessary 
patient discomfort, may decrease morbidity, may 
decrease postoperative hospital length of stay, 
and thus may decrease cost.

2. Pain after cardiac surgery may be intense 
and originates from many sources, including 
the incision (sternotomy or thoracotomy), 
intraoperative tissue retraction and dissection, 
vascular cannulation sites, vein-harvesting sites, 
and chest tubes, among others. Achieving 
optimal pain relief after cardiac surgery is often 
difficult, yet may be attained via a wide variety of 
techniques, including local anesthetic infiltration, 
nerve blocks, intravenous agents, intrathecal 
techniques, and epidural techniques.

3. Traditionally, analgesia after cardiac surgery 
has been obtained with intravenous opioids 
(specifically morphine). However, intravenous 
opioid use is associated with definite 
detrimental side effects (nausea/vomiting, 
pruritus, urinary retention, respiratory 
depression), and longer-acting opioids such 
as morphine may delay tracheal extubation 
during the immediate postoperative period 
via excessive sedation and/or respiratory 
depression. Thus, in the current era of 
early extubation (“fast-tracking”), cardiac 
anesthesiologists are exploring unique options 
other than traditional intravenous opioids for 
control of postoperative pain in patients after 
cardiac surgery.

4. Although patient-controlled analgesia is a well-
established technique (used for more than two 
decades) and offers potential unique benefits 
(reliable analgesic effect, improved patient 
autonomy, flexible adjustment to individual 
needs, etc.), whether it truly offers significant 
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clinical advantages (compared with traditional 
nurse-administered analgesic techniques) to 
patients immediately after cardiac surgery 
remains to be determined.

5. Cyclooxygenase-2 (COX-2) inhibitors possess 
analgesic (opioid-sparing) effects and lack 
deleterious effects on coagulation (in contrast 
with nonselective nonsteroidal anti-inflammatory 
drugs [NSAIDs]). However, current evidence 
does not suggest that COX-2 inhibitors provide 
major advantages over traditional NSAIDs. 
Furthermore, potential links between this class 
of drugs and cardiovascular complications, 
sternal wound infections, and thromboembolic 
complications need to be fully evaluated.

6. Administration of intrathecal morphine to 
patients initiates reliable postoperative analgesia 
after cardiac surgery. Intrathecal opioids or 
local anesthetics cannot reliably attenuate 
the perioperative stress response associated 
with cardiac surgery that persists during the 
immediate postoperative period. Although 
intrathecal local anesthetics (not opioids) 
may induce perioperative thoracic cardiac 
sympathectomy, the hemodynamic changes 
associated with a “total spinal” make the 
technique unpalatable in patients with cardiac 
disease.

7. Administration of thoracic epidural opioids or 
local anesthetics to patients initiates reliable 
postoperative analgesia after cardiac surgery. 
The quality of analgesia obtained with thoracic 
epidural anesthetic techniques is sufficient 
to allow cardiac surgery to be performed in 
“awake” patients (without general endotracheal 
anesthesia). Administration of thoracic epidural 
local anesthetics (not opioids) can both reliably 
attenuate the perioperative stress response 
associated with cardiac surgery that persists 
during the immediate postoperative period 
and induce perioperative thoracic cardiac 
sympathectomy.

8. Use of intrathecal and epidural techniques in 
patients undergoing cardiac surgery, although 
seemingly increasing in popularity, remains 
extremely controversial. Concerns regarding 
hematoma risk and the fact that the numerous 
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Adequate postoperative analgesia prevents unnecessary patient  
discomfort, may decrease morbidity, may decrease postoperative hos-
pital length of stay, and thus may decrease cost. Because postoperative 
pain management has been deemed important, the American Society 
of Anesthesiologists has published practice guidelines regarding this 
topic.1 Furthermore, in recognition of the need for improved pain 
management, the Joint Commission on Accreditation of Healthcare 
Organizations has developed new standards for the assessment and 
management of pain in accredited hospitals and other health care set-
tings.2 Patient satisfaction (no doubt linked to adequacy of postopera-
tive analgesia) has become an essential element that influences clinical 
activity of not only anesthesiologists but all healthcare professionals.

Achieving optimal pain relief after cardiac surgery is often difficult. 
Pain may be associated with many interventions, including sterno-
tomy, thoracotomy, leg-vein harvesting, pericardiotomy, and/or chest 
tube insertion, among others. Inadequate analgesia and/or an unin-
hibited stress response during the postoperative period may increase 
morbidity by causing adverse hemodynamic, metabolic, immunologic, 
and hemostatic alterations.3–5 Aggressive control of postoperative pain, 
associated with an attenuated stress response, may decrease morbid-
ity and mortality in high-risk patients after noncardiac surgery6,7 and 
may also decrease morbidity and mortality in patients after cardiac 
surgery.8,9 Adequate postoperative analgesia may be attained via a wide 
variety of techniques (Table 38-1). Traditionally, analgesia after car-
diac surgery has been obtained with intravenous opioids (specifically 
morphine). However, intravenous opioid use is associated with definite 
detrimental side effects (nausea/vomiting, pruritus, urinary retention, 
respiratory depression), and longer-acting opioids such as morphine 
may delay tracheal extubation during the immediate postoperative 
period via excessive sedation and/or respiratory depression. Thus,  

in the current era of early extubation (“fast-tracking”), cardiac anesthesi-
ologists are exploring unique options other than traditional intravenous 
opioids for control of postoperative pain in patients after cardiac sur-
gery.10,11 No single technique is clearly superior; each possesses distinct 
advantages and disadvantages. It is becoming increasingly clear that a 
multimodal approach/combined analgesic regimen (utilizing a variety 
of techniques) is likely the best way to approach postoperative pain 
(in all patients after surgery) to maximize analgesia and minimize side 
effects. When addressing postoperative analgesia in cardiac surgical 
patients, choice of technique (or techniques) is made only after a thor-
ough analysis of the risk/benefit ratio of each technique in the specific 
patient in whom analgesia is desired.

PAIN AND CARDIAC SURGERY
Surgical or traumatic injury initiates changes in the peripheral and 
central nervous systems (CNSs) that must be addressed therapeutically 
to promote postoperative analgesia and, it is hoped, positively influ-
ence clinical outcome (Boxes 38-1 and 38-2). The physical processes 
of incision, traction, and cutting of tissues stimulate free nerve end-
ings and a wide variety of specific nociceptors. Receptor activation and 
activity are further modified by the local release of chemical mediators 
of inflammation and sympathetic amines released via the periopera-
tive surgical stress response. The perioperative surgical stress response 
peaks during the immediate postoperative period and exerts major 
effects on many physiologic processes. The potential clinical benefits 
of attenuating the perioperative surgical stress response (above and 
beyond simply attaining adequate clinical analgesia) have received 
much attention during the 2000s and remain fairly controversial.12 
However, it is clear that inadequate postoperative analgesia and/or an 
uninhibited perioperative surgical stress response has the potential to 
initiate pathophysiologic changes in all major organ systems, includ-
ing the cardiovascular, pulmonary, gastrointestinal, renal, endocrine, 
immunologic, and/or CNSs, all of which may lead to substantial post-
operative morbidity.

Pain after cardiac surgery may be intense and it originates from 
many sources, including the incision (sternotomy, thoracotomy, etc.), 
intraoperative tissue retraction and dissection, vascular cannulation 
sites, vein-harvesting sites, and chest tubes, among others.13,14 Patients 
in whom an internal mammary artery (IMA) is surgically exposed 
and used as a bypass graft may have substantially more postoperative 
pain.15

A prospective clinical investigation involving 200 consecutive patients 
undergoing cardiac surgery via median sternotomy assessed the loca-
tion, distribution, and intensity of postoperative pain.13 All patients 

BOX 38-2. POTENTIAL CLINICAL BENEFITS OF 
ADEQUATE POSTOPERATIVE ANALGESIA

BOX 38-1. PAIN AND CARDIAC SURGERY

clinical investigations regarding this topic are 
suboptimally designed and use a wide array of 
disparate techniques have prevented clinically 
useful conclusions.

9. As a general rule, it is best to avoid intense, 
single-modality therapy for the treatment of 
acute postoperative pain. The administration 
of two analgesic agents that act by different 
mechanisms (“multimodal” or “balanced” 
analgesia) provides superior analgesic efficacy 
with equivalent or reduced adverse effects. 
Analgesic therapies should be used only after 
thoughtful consideration of the risks and benefits 
for each individual patient. The therapy (or 
therapies) selected should reflect the individual 
anesthesiologist's expertise, as well as the 
capacity for safe application of the chosen 
modality in each practice setting. The choice of 
medication, dose, route, and duration of therapy 
always should be individualized.

Techniques Available for Postoperative Analgesia

-Adrenergic agents

TABLE  
38-1
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received 25 to 50 g/kg intraoperative intravenous fentanyl, were sub-
jected to routine cardiopulmonary bypass (CPB), had their arms posi-
tioned along their body on the operating table, had their sternum closed 
with five peristernal wires, and received mediastinal and thoracic drains 
passed through the rectus abdominis muscle just below the xiphoid. 
A subgroup (127 patients) also underwent long saphenous vein har-
vesting either from the calf (men) or thigh (women). All patients were 
extubated before the first postoperative morning. Postoperative analge-
sic management was standardized and included intravenous morphine, 
oral paracetamol, oral tramadol, and subcutaneous morphine. Pain 
location, distribution, and intensity were documented in the morning 
on the first, second, third, and seventh postoperative days using a stan-
dardized picture dividing the body into 32 anatomic areas. A numerical 
rating scale of 0 to 10 (with 0 representing no pain and 10 representing 
worst possible pain) was used to assess maximal pain intensity.

These investigators found that maximal pain intensity was highest 
on the first postoperative day and lowest on the third postoperative 
day. However, maximal pain intensity was only graded as “moderate” 
(mean pain score was approximately 3.8) and did not diminish during 
the first 2 postoperative days, yet started to decline between postopera-
tive days 2 and 3. Pain distribution did not appear to vary throughout 
the postoperative period, yet location did (more shoulder pain observed 
on the seventh postoperative day). As time after surgery increased, pain 
usually moved from primarily incisional/epigastric to osteoarticular. 
Another source of postoperative pain in patients after cardiac surgery 
is thoracic cage rib fractures, which may be common.16,17 Furthermore, 
sternal retraction, causing posterior rib fracture, may lead to brachial 
plexus injury. In these patients, routine chest radiographs may be nor-
mal despite the presence of fracture. Thus, bone scans (better at detect-
ing rib fractures than chest radiographs) are recommended whenever 
there is unexplained postoperative nonincisional pain in a patient who 
has undergone sternal retraction.17 Other studies have indicated that 
the most common source of pain in patients after cardiac surgery is the 
chest wall. Age also appears to impact pain intensity; patients younger 
than 60 often have greater pain intensity than patients older than 60. 
Although maximal pain intensity after cardiac surgery is usually only 
moderate, there remains ample room for clinical improvement in anal-
gesic control to minimize pain intensity, especially during the first few 
postoperative days.

Persistent pain after cardiac surgery, although rare, can be problem-
atic.18–20 The cause of persistent pain after sternotomy is multifacto-
rial, yet tissue destruction, intercostal nerve trauma, scar formation, 
rib fractures, sternal infection, stainless-steel wire sutures, and/or cos-
tochondral separation may all play roles. Such chronic pain is often 
localized to the arms, shoulders, or legs. Postoperative brachial plexus 
neuropathies also may occur and have been attributed to rib fracture 
fragments, IMA dissection, suboptimal positioning of patients during 
surgery, and/or central venous catheter placement. Postoperative neu-
ralgia of the saphenous nerve has also been reported after harvesting of 
saphenous veins for coronary artery bypass grafting (CABG). Younger 
patients appear to be at greater risk for development of chronic, long-
lasting pain. The correlation of severity of acute postoperative pain and 
development of chronic pain syndromes has been suggested (patients 
requiring more postoperative analgesics may be more likely to develop 
chronic pain), yet the causative relation is still vague.

Ho and associates18 assessed via survey 244 patients after cardiac 
surgery and median sternotomy and found that persistent pain (defined 
as pain still present 2 or more months after surgery) was reported in 
almost 30% of patients. The incidence rate of persistent pain at any 
site was 29% (71 patients) and for sternotomy was 25% (61 patients). 
Other common locations of persistent pain reported to these inves-
tigators were the shoulders (17.4%), back (15.9%), and neck (5.8%). 
However, such persistent pain was usually reported as mild, with only 
7% of patients reporting interference with daily living. The most 
common words used to describe the persistent pain were “annoying” 
(57%), “nagging” (33%), “dull” (30%), “sharp” (25%), “tiring” (22%), 
“tender” (22%), and “tight” (22%). The temporal nature of this pain 
was mostly reported as being brief/transient and periodic/intermittent. 

Twenty patients (8%) also described symptoms of numbness, burn-
ing pain, and tenderness over the IMA-harvesting site, symptoms sug-
gestive of IMA syndrome. Thus, it was concluded that mild persistent 
pain after cardiac surgery and median sternotomy is common yet only 
infrequently substantially interferes with daily life.

Although the most common source of pain in patients after cardiac 
surgery remains the chest wall, leg pain from vein-graft harvesting can 
be problematic as well. Such pain may not become apparent until the 
late postoperative period, which may be related to the progression of 
patient mobilization, as well as the decreasing impact of sternotomy 
pain (unmasking leg incisional pain). The recent utilization of mini-
mally invasive vein-graft harvesting techniques (endoscopic vein-graft 
harvesting) decreases postoperative leg pain intensity and duration 
compared with conventional open techniques.21 Although initial har-
vest times may be prolonged, harvest times become equivalent between 
the two techniques (endoscopic vs. conventional) once a short learning 
curve is overcome. Furthermore, leg morbidity (infection, dehiscence, 
etc.) may be less in patients undergoing endoscopic vein harvest com-
pared with patients undergoing conventional open techniques because 
of different incisional lengths.

Patient satisfaction with quality of postoperative analgesia is as 
much related to the comparison between anticipated and experi-
enced pain as it is to the actual level of pain experienced. Satisfaction 
is related to a situation that is better than predicted, dissatisfaction to 
one that is worse than expected. Patients undergoing cardiac surgery 
remain concerned regarding the adequacy of postoperative pain relief 
and tend to preoperatively expect a greater amount of postoperative 
pain than that which is actually experienced.14 Because of these unique 
preoperative expectations, patients after cardiac surgery who receive 
only moderate analgesia postoperatively will likely still be satisfied 
with their pain control. Thus, patients may experience pain of moder-
ate intensity after cardiac surgery yet still express very high  satisfaction 
levels.14,15

Scientific advances have allowed a better understanding of how 
and why pain occurs, leading to unique and possibly clinically ben-
eficial pain management strategies. Clinicians now know that noxious 
input from acute injury may trigger a state of CNS sensitization, called 
wind-up. In essence, dorsal horn neurotransmitter release via nocice-
ptive input conditions the CNS such that there is enhanced respon-
siveness (secondary hyperalgesia). Although experimental evidence 
exists indicating that enhanced responsiveness outlasts the initial pro-
vocative insult (induced sensitivity outlasts stimulus), the exact clinical 
relevance remains to be determined. Advances regarding spinal cord 
neuropharmacology have led to research aimed at modifying or block-
ing N-methyl-d-aspartate (NMDA) receptors to influence pain control 
and to the concept of preemptive analgesia. The concept of preemptive 
analgesia is predicated on addressing pain before it initiates peripheral 
and central sensitization. However, given the redundancy in the neu-
rotransmitter receptor systems in the CNS, it is unlikely that block-
ing only one component will result in clear clinical benefits. Although 
the use of NMDA-receptor antagonists and the concept of preemp-
tive analgesia are intriguing and certain clinical investigations appear 
to support their utility, clear and definite clinical benefits in humans 
remain to be determined. Debate continues over the potential benefits 
of NMDA-receptor antagonists and the utility of preemptive analgesic 
treatment, as well as direction in which research and conceptual devel-
opment in this exciting field need to proceed.

POTENTIAL CLINICAL BENEFITS OF 
ADEQUATE POSTOPERATIVE ANALGESIA
Inadequate analgesia (coupled with an uninhibited stress response) 
during the postoperative period may lead to many adverse hemo-
dynamic (tachycardia, hypertension, vasoconstriction), metabolic 
(increased catabolism), immunologic (impaired immune response), 
and hemostatic (platelet activation) alterations. In patients undergo-
ing cardiac surgery, perioperative myocardial ischemia (diagnosed by 
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 is most commonly observed during the immediate postoperative period 
and appears to be related to outcome.22,23 Intraoperatively, initiation of 
CPB causes substantial increases in stress response hormones (norepi-
nephrine, epinephrine, etc.) that persist into the immediate postop-
erative period and may contribute to myocardial ischemia observed 
during this time.24–26 Furthermore, postoperative myocardial ischemia 
may be aggravated by cardiac sympathetic nerve activation, which dis-
rupts the balance between coronary blood flow and myocardial oxygen 
demand.27 Thus, during the pivotal immediate postoperative period 
after cardiac surgery, adequate analgesia (coupled with stress–response 
attenuation) may potentially decrease morbidity and enhance health-
related quality of life.27,28

pain in patients after noncardiac surgery may beneficially affect out-
come.6,7 In 1987, Yeager et al,7 in a small (n = 53 patients), randomized, 
controlled clinical trial involving patients undergoing major thoracic/
vascular surgery, revealed that patients who were managed with more 
intense perioperative anesthesia and analgesia demonstrated decreased 
postoperative morbidity and improved operative outcome. In 1991, 
Tuman et al,6 in another small (n = 80 patients), randomized, con-
trolled clinical trial involving patients undergoing lower extremity 
revascularization, revealed that patients who were managed with more 
intense perioperative anesthesia and analgesia demonstrated improved 
outcome compared with patients receiving routine on-demand nar-
cotic analgesia.

in patients after cardiac surgery may beneficially affect outcome. 
Two intriguing clinical investigations published in 1992 hint at such 
possibilities.8,9 Mangano et al8 prospectively randomized 106 adult 
patients undergoing elective CABG to receive either standard postop-
erative analgesia or intensive analgesia during the immediate postop-
erative period. Standard-care patients received low-dose intermittent 
intravenous morphine for the first 18 postoperative hours, whereas 
intensive-analgesia patients received a continuous intravenous sufen-
tanil infusion during the same time period. Patients receiving sufen-
tanil demonstrated a lesser severity of myocardial ischemia episodes 

-
operative period. The authors postulated that the administration of 
intensive analgesia during the immediate postoperative period may 
have more completely suppressed sympathetic nervous system acti-
vation, thereby having numerous beneficial clinical effects, including 
beneficial alterations in sensitivity of platelets to epinephrine, benefi-
cial alterations in fibrinolysis, enhanced regional left ventricular func-
tion, and decreased coronary artery vasoconstriction, all potentially 
leading to a reduced incidence/severity of myocardial ischemia. Anand 
and Hickey9 prospectively randomized 45 neonates undergoing elective 
cardiac surgery (mixed procedures) to receive either standard periop-
erative care or deep opioid anesthesia. Standard-care patients received 
a halothane/ketamine/morphine anesthetic with intermittent intra-
venous morphine for the first 24 postoperative hours, whereas deep-
opioid patients received an intravenous sufentanil anesthetic with a 
continuous infusion of either intravenous fentanyl or intravenous  
sufentanil during the same postoperative time period. Neonates 
receiving continuous postoperative opioid infusions demonstrated 
a reduced perioperative stress response (assessed via multiple blood  
mediators), less perioperative morbidity (hyperglycemia, lactic  
acidemia, sepsis, metabolic acidosis, disseminated intravascular coagu-
lation), and significantly fewer deaths than the control group (0/30 vs. 
4/15, respectively; p < 0.01).

The accompanying editorial accurately summarizes this clini-
cal investigation: “What Anand and Hickey have shown is that this 
reluctance to treat pain adequately is not a necessary evil. It markedly  
contributes to a bad outcome.”29 Unfortunately, aggressive control of 
postoperative pain in patients after cardiac surgery with relatively large 
amounts of intravenous opioids in this manner does not allow tracheal 
extubation in the immediate postoperative period (a goal of current 
practice).

TECHNIQUES AVAILABLE  
FOR POSTOPERATIVE ANALGESIA
Although the mechanisms of postoperative pain and the pharmacol-
ogy of analgesic drugs are relatively well understood, the delivery of 
effective postoperative analgesia remains far from universal. Many 
techniques are available (see Table 38-1). In general, the American 
Society of Anesthesiologists Task Force on Acute Pain Management in 
the Perioperative Setting reports that the existing literature supports 
the efficacy and safety of three techniques used by anesthesiologists 
for perioperative pain control: regional analgesic techniques (including 
but not limited to intercostal blocks, plexus blocks, and local anesthetic 
infiltration of incisions), patient-controlled analgesia (PCA) with sys-
temic opioids, and intrathecal/epidural opioid analgesia.1 Regarding 
regional analgesic techniques, the existing literature supports the anal-
gesic efficacy of peripheral nerve blocks and postincisional infiltra-
tion with local anesthetics for postoperative analgesia, yet is equivocal 
regarding the analgesic benefits of preincisional infiltration. Regarding 
PCA with systemic opioids, the existing literature supports its efficacy 
(compared with intramuscular techniques) for postoperative pain 
management, yet the existing literature is equivocal regarding the effi-
cacy of PCA techniques compared with nurse- or staff-administered 
intravenous analgesia. In addition, the existing literature is equivocal 
regarding the comparative efficacy of epidural PCA versus intravenous 
PCA techniques.

When background opioid infusions are included with PCA tech-
niques, patients report better analgesia and greater morphine con-
sumption without increased incidence of nausea, vomiting, pruritus, 
or sedation. Although greater morphine consumption during PCA 
with continuous background infusion might predispose patients to 
respiratory depression, the existing literature is insufficient to reveal 
this potential adverse effect. Finally, regarding intrathecal and epidural 
opioid analgesia, the existing literature supports the efficacy of epidu-
ral morphine and fentanyl for perioperative analgesia but is insufficient 
to characterize the spectrum of risks and benefits associated with the 
use of other specific opioids given by these routes. Pruritus and urinary 
retention occur more frequently when morphine is given intrathecally 
or epidurally compared with systemic (intravenous or intramuscular) 
administration. Furthermore, epidural morphine provides more effec-
tive pain relief than intramuscular morphine. Similarly, epidural fen-
tanyl provides more effective postoperative analgesia than intravenous 
fentanyl. The existing literature is insufficient to evaluate the effects 
of epidural techniques administered at different times (preincisional, 
postincisional, postoperative).

LOCAL ANESTHETIC INFILTRATION
Pain after cardiac surgery is often related to median sternotomy (peaking 
during the first 2 postoperative days). Because of problems associated 
with traditional intravenous opioid analgesia (nausea and vomiting, pru-
ritus, urinary retention, respiratory depression) and the more recently 
introduced nonsteroidal anti-inflammatory drugs (NSAIDs) and 
cyclooxygenase (COX) inhibitors (gastrointestinal bleeding, renal dys-
function), alternative methods of achieving postoperative analge-
sia in cardiac surgical patients have been sought. One such alternative 
method that may hold promise is continuous infusion of local anesthetic 
(Box 38-3). In a prospective, randomized, placebo-controlled, double-
blind clinical trial, White et al30 studied 36 patients undergoing cardiac  
surgery. Intraoperative management was standardized. All patients had 

BOX 38-3. LOCAL ANESTHETIC INFILTRATION
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two indwelling infusion catheters placed at the median sternotomy  
incision site at the end of surgery (one in the subfascial plane above the 
sternum, one above the fascia in the subcutaneous tissue). Patients received 
0.25% bupivacaine (n = 12), 0.5% bupivacaine (n = 12), or normal saline 
(n
48 hours after surgery. Average times to tracheal extubation were simi-
lar in the three groups (approximately 5 to 6 hours). Compared with the 
control group (normal saline), there was a statistically significant reduc-
tion in verbal rating scale pain scores and intravenous PCA morphine 
use in the 0.5% bupivacaine group. Patient satisfaction with their pain  
management was also improved in the 0.5% bupivacaine group (vs. con-
trol). However, there were no significant differences in PCA morphine 
use between the 0.25% bupivacaine and control groups. Although tra-
cheal extubation time and the duration of the intensive care unit (ICU) 
stay (30 vs. 34 hours, respectively) were not significantly altered, time 
to ambulation (1 vs. 2 days, respectively) and duration of hospital stay 
(4.2 vs. 5.7 days, respectively) were lower in the 0.5% bupivacaine group 
than in the control group.

Serum bupivacaine concentrations in patients were reasonable, yet 
one complication related to the local anesthetic delivery system was 
encountered when a catheter tip was inadvertently broken off dur-
ing its removal from the incision site, which required surgical reex-
ploration of the wound under local anesthesia. The authors concluded 

decreasing postoperative pain and the need for postoperative supple-
mental opioid analgesic medication, as well as for improving patient 
satisfaction (earlier ambulation, reduced length of hospital stay) with 
pain management after cardiac surgery.

Another clinical investigation revealed the potential benefits of 
using a continuous infusion of local anesthetic in patients after car-
diac surgery.31 In this prospective, randomized, placebo-controlled, 
double-blind clinical trial, Dowling et al31 studied 35 healthy patients 
undergoing cardiac surgery. Patients undergoing elective CABG via  
median sternotomy were randomized to either “ropivacaine” or “pla-
cebo” groups. At the end of the operation, before wound closure, bilateral 

of either 0.2% ropivacaine or normal saline. After sternal reapproxima-
tion with wires, two catheters with multiple side openings were placed 
anterior to the sternum (Figure 38-1). These catheters were connected 
to a pressurized elastomeric pump containing a flow regulator, which 
allowed for delivery of 0.2% ropivacaine or normal saline at approxi-

(short-acting anesthetics were used to minimize the presence of residual 
anesthetic agents in the postoperative period), as was postoperative pain 
management via intravenous PCA morphine (for 72 hours).

Both groups exhibited similar postoperative extubation times 
(approximately 8 hours). The sternal catheters were removed in both 
groups after 48 hours. Total mean PCA morphine consumption dur-
ing the immediate postoperative period (72 hours) was significantly 
decreased in the ropivacaine group compared with the placebo group 
(47.3 vs. 78.7 mg, respectively; p = 0.038). Mean overall pain scores 
(scale ranging from 0 for no pain to 10 for maximum pain imaginable) 
also were significantly decreased in the ropivacaine group compared 
with the placebo group (1.6 vs. 2.6, respectively; p = 0.005). Most inter-
estingly, patients receiving ropivacaine had a mean hospital length of  
stay of 5.2 ± 1.3 days compared with 8.2 ± 7.9 days for patients receiving 
normal saline, a difference that was statistically significant (P = 0.001). 
One patient in the placebo group had an extremely long postopera-
tive hospitalization (39 days). However, the difference between the two 
groups regarding length of hospital stay remained statistically significant 
even if this outlier was removed (5.2 ± 1.3 days vs. 6.3 ± 2.8 days, respec-
tively; p < 0.01). Despite differences in postoperative analgesia, postop-
erative pulmonary function (assessed via forced expiratory volume in  
1 second and peak expiratory flow) was similar between the two groups. 
There was no difference in wound infections or wound healing between 
the two groups during hospitalization or after hospital discharge. No 
complications related to placement of the sternal wound catheters or 
performance of the intercostal nerve blocks were encountered.

The authors concluded that their analgesic technique significantly 
improves postoperative pain control while decreasing the amount of 
opioid analgesia required in patients subjected to standard median 
sternotomy. The significant decrease in hospital length of stay observed 
by the investigators is intriguing, may result in substantial cost reduc-
tions, and deserves further study.

The management of postoperative pain with continuous direct infu-
sion of local anesthetic into the surgical wound has been described after 
a wide variety of surgeries other than cardiac (inguinal hernia repair, 
upper abdominal surgery, laparoscopic nephrectomy, cholecystectomy, 
knee arthroplasty, shoulder surgery, and gynecologic operative lap-
aroscopy).32 The infusion pump systems used for anesthetic wound 
perfusion are regulated by the U.S. Food and Drug Administration as 
medical devices. Thus, adverse events involving these infusion pump 
systems during direct local anesthetic infusion into surgical wounds 
are reported to this organization.

Complications encountered with these infusion pump systems  
reported to the U.S. Food and Drug Administration include  tissue 
necrosis, surgical wound infection, and cellulitis after orthope-
dic, gastrointestinal, podiatric, and other surgeries. None of these 
reported adverse events has involved patients undergoing cardiac  
surgery. The most commonly reported complication is tissue necrosis, 
an adverse event almost never seen after normal surgical procedures. 
Furthermore, consequences of these reported adverse events were  
typically severe and required intervention and additional medical and/
or surgical treatment. Although these initial reports may be isolated 
incidents, they may also represent an early warning that is representa-
tive of a problem that is widespread. Nevertheless, these reports provide 
a potentially important signal, suggesting the need for further investi-
gation into the relation between use of these infusion pumps for direct 
continuous infusion of local anesthetics and other drugs into surgi-
cal wounds and tissue necrosis, serious infections, or cellulitis. Neither 
of the two clinical investigations involving local anesthetic infusion in 
patients after cardiac surgery with median sternotomy reported such 

Figure 38-1 Intraoperative placement of the pressurized elasto-
meric pump and catheters. (From Dowling R, Thielmeier K, Ghaly A,  
et al: Improved pain control after cardiac surgery: Results of a randomized, 
double-blind, clinical trial. J Thorac Cardiovasc Surg 126:1271, 2003.)
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wound complications.30,31 Regardless, these safety issues merit careful 
consideration because of the importance of sternal wound complica-
tions in this setting.

The anterior and posterior branches of the intercostal nerves inner-
vate the sternum. Parasternal infiltration of local anesthetic, therefore, 
is a possible means of improving postoperative analgesia. Although 
the use of parasternal blocks has not been extensively investigated, 
one small, prospective, randomized, placebo-controlled, double-blind 
clinical study indicated that parasternal block and local anesthetic 
infiltration of the sternotomy wound and mediastinal tube sites with 
local anesthetic may be a useful analgesic adjunct for patients who are 
expected to undergo early tracheal extubation after cardiac surgery.33

NERVE BLOCKS
With the increasing popularity of minimally invasive cardiac surgery, 
which uses nonsternotomy incisions (minithoracotomy), the use of 
nerve blocks for the management of postoperative pain has increased 
as well34–39 (Box 38-4). Thoracotomy incisions (transverse anterolateral 
minithoracotomy, vertical anterolateral minithoracotomy), because of 
costal cartilage trauma tissue damage to ribs, muscles, or peripheral 
nerves, may induce more intense postoperative pain than that result-
ing from median sternotomy. Adequate analgesia after thoracotomy is 
important because pain is a key component in alteration of lung func-
tion after thoracic surgery. Uncontrolled pain causes a reduction in 
respiratory mechanics, reduced mobility, and increases in hormonal 
and metabolic activity. Perioperative deterioration in respiratory 
mechanics may lead to pulmonary complications and hypoxemia, 
which may, in turn, lead to myocardial ischemia/infarction, cerebro-
vascular accidents, thromboembolism, and delayed wound healing, 
leading to increased morbidity and prolonged hospital stay. Various 
analgesic techniques have been developed to treat postoperative thora-
cotomy pain. The most commonly used techniques include intercostal  
nerve blocks, intrapleural administration of local anesthetics, and  
thoracic paravertebral blocks. Intrathecal techniques and epidural 
techniques also are effective in controlling postthoracotomy pain and 
are covered in detail later in this chapter.

Intercostal nerve blocks have been used extensively for analgesia 
after thoracic surgery.34–36 They can be performed either intraopera-
tively or postoperatively and usually provide sufficient analgesia lasting 
approximately 6 to 12 hours (depending on amount and type of local 
anesthetic used) and may need to be repeated if additional analgesia 

-
ment under direct vision, before chest closure, as a single preoperative 
percutaneous injection, as multiple percutaneous serial injections, or 
via an indwelling intercostal catheter. Blockade of intercostal nerves 
interrupts C-fiber afferent transmission of impulses to the spinal cord. 
A single intercostal injection of a long-acting local anesthetic can pro-
vide pain relief and improve pulmonary function in patients after  
thoracic surgery for up to 6 hours. A continuous extrapleural inter-
costal nerve block technique may be used in which a catheter is placed 
percutaneously into an extrapleural pocket by the surgeon to achieve 
longer duration of analgesia. A continuous intercostal catheter allows 
frequent dosing or infusions of local anesthetic agents and avoids 
multiple needle injections. Various clinical studies have confirmed the 
analgesic efficacy of this technique, and the technique compares favor-
ably with thoracic epidural analgesic techniques.34 A major concern 
associated with intercostal nerve block is the potentially high amount 
of local anesthetic systemic absorption, yet multiple clinical studies 

involving patients undergoing thoracic surgery have documented safe 
blood levels with standard techniques. Clinical investigations involv-
ing patients undergoing thoracic surgery indicate that intercostal nerve 
blockade by intermittent or continuous infusion of 0.5% bupivacaine 
with epinephrine is an effective method, as is continuous infusion of 
0.25% bupivacaine through indwelling intercostal catheters for supple-
menting systemic intravenous opioid analgesia for postthoracotomy 
pain. The value of single preclosure injections remains doubtful.

Intrapleural administration of local anesthetics initiates analge-
sia via mechanisms that remain incompletely understood. However, 
the mechanism of action of extrapleural regional anesthesia seems to 
depend primarily on diffusion of the local anesthetic into the para-

-
tral nerve root but also afferent fibers of the posterior primary ramus. 
Posterior ligaments of the posterior primary ramus innervate poste-
rior spinal muscles and skin and are traumatized during posterolateral 
thoracotomy. Intrapleural administration of local anesthetic agent to 
this region through a catheter inserted in the extrapleural space thus 
creates an anesthetic region in the skin. The depth and width of the 
anesthetic region depend on diffusion of the local anesthetic agent in 
the extrapleural space. With this technique, local anesthetics may be 
administered via an indwelling intrapleural catheter placed between 
the parietal and visceral pleura by intermittent or continuous infusion 
regimens. Concerns regarding systemic absorption of local anesthetic 
and toxicity are always a concern with this technique, yet have not been 
substantiated in clinical studies that assayed plasma levels. A handful 
of clinical investigations involving patients undergoing thoracic sur-
gery via thoracotomy incision suggests that 0.25% to 0.5% bupivacaine 
may improve analgesia in patients after thoracic surgery, yet its true 
efficacy as a postoperative analgesic in this patient population remains 
somewhat controversial.37 The analgesic benefits are of short duration 
and there does not appear to be a significant overall opioid-sparing 
effect. Furthermore, the optimum concentration and duration regi-
men remains to be defined. However, a prospective, randomized, clini-
cal study involving 50 patients undergoing minimally invasive direct 
CABG (via minithoracotomy) indicated that an intrapleural analge-
sic technique (with 0.25% bupivacaine) is safe, effective, and com-
pares favorably (provided superior postoperative analgesia) with a 
conventional thoracic epidural technique.38 These investigators noted, 
however, that careful catheter positioning, chest tube clamping, and 
anchoring of the catheter are mandatory for postoperative intrapleural 
analgesia to be effective. A major factor implicated in lack of efficacy 
regarding intrapleural techniques is loss of local anesthetic solution 
through intercostal chest drainage tubes. Although clamping the chest 
tubes during the postoperative period will increase analgesic efficacy, it 
may not be safe to clamp chest tubes because they provide important 
drainage of hemorrhage and air and allow for enhanced lung patency 
and expansion. Apart from proper catheter positioning (insertion of 
catheter under direct vision and anchoring catheter to skin are essen-
tial), effective analgesia with this technique also appears to depend on 
whether lung surgery is performed or whether the pleural anatomy and 
physiology are relatively intact.

Thoracic paravertebral block involves injection of local anesthetic 
adjacent to the thoracic vertebrae close to where the spinal nerves 
emerge from the intervertebral foramina (Figure 38-2). Thoracic para-
vertebral block, compared with thoracic epidural analgesic techniques, 
appears to provide equivalent analgesia, is technically easier, and may 
harbor less risk. Several different techniques exist for successful tho-
racic paravertebral block and recently have been extensively reviewed.35 
The classic technique, most commonly used, involves eliciting loss of 
resistance. Injection of local anesthetic results in ipsilateral somatic 
and sympathetic nerve blockade in multiple contiguous thoracic der-
matomes above and below the site of injection (together with possible 
suppression of the neuroendocrine stress response to surgery). These 
blocks may be effective in alleviating acute and chronic pain of unilat-
eral origin from the chest, abdomen, or both. Bilateral use of thoracic 
paravertebral block also has been described. Continuous thoracic para-
vertebral infusion of local anesthetic via a catheter placed under direct 

BOX 38-4. NERVE BLOCKS
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vision at thoracotomy is also a safe, simple, and effective method of 
providing analgesia after thoracotomy. It is usually used in conjunction 
with adjunct intravenous medications (opioid or other analgesics) to 
provide optimum relief after thoracotomy.

Although supplemental intravenous analgesics are usually required, 
opioid requirements are substantially reduced. Unilateral paravertebral 
block is useful for attaining post-thoracotomy analgesia because pain 
after lateral thoracotomy is essentially always unilateral. The role of 
bilateral thoracic paravertebral block remains to be defined. The bene-
fits of unilateral paravertebral blockade are a lesser incidence of adverse 
events (hypotension, urinary retention) and a decreased risk for sys-
temic local anesthetic toxicity because less local anesthetic is used. Few 
clinical investigations involve unilateral paravertebral block in patients 
undergoing thoracic surgery. Therefore, it is not possible to determine 
from the available literature whether the technique of paravertebral 
blockade (single injection) is truly useful in the postoperative analgesic 
management of patients after thoracotomy. However, continuous tho-
racic paravertebral block, as part of a balanced analgesic regimen, may 
provide effective pain relief with few adverse effects after thoracotomy 
and appears to be comparable with thoracic epidural analgesia.35

Intercostal nerve blocks, intrapleural administration of local 
 anesthetics, and thoracic paravertebral blocks offer the advantages of 
simplicity and efficacy in controlling postoperative pain in patients 
after thoracic surgery. However, although analgesic efficacy of these 
techniques sometimes is comparable with intrathecal techniques and 
epidural techniques, these techniques appear to work best as a part of 
a multimodal analgesic regimen (supplementing other analgesic tech-
niques). Complications associated with infiltrations of large quantities 
of local anesthetic (often required) are always a concern when utilizing 
these analgesic techniques.

For a wide variety of reasons (increased use of small thoracic inci-
sions by cardiac surgeons, etc.), the last decade has seen a resurgence of 
nerve blocks (usually catheter-based techniques) in patients undergo-
ing cardiac surgery. Specifically, recent clinical studies using intercos-
tal catheters,40 intrapleural catheters,41,42 and paravertebral blockade43,44 
indicate that these techniques may have unique advantages, even when 
compared with traditional intrathecal/epidural techniques.45–47

OPIOIDS
Beginning in the 1960s (and continuing for essentially 30 years), large 
doses of intravenous opioids (starting with morphine) have been 
administered to patients undergoing cardiac surgery48,49 (Box 38-5). 
Because even very large amounts of intravenous opioids do not initiate 
“complete anesthesia” (unconsciousness, muscle relaxation, suppres-
sion of reflex responses to noxious surgical stimuli), other intravenous/

inhalation agents must be administered during the intraoperative 
period.50 Analgesia is the best known and most extensively investi-
gated opioid effect, yet opioids also are involved in a diverse array of 
other physiologic functions, including control of pituitary and adrenal 
medulla hormone release and activity, control of cardiovascular and 
gastrointestinal function, and in the regulation of respiration, mood, 
appetite, thirst, cell growth, and the immune system.51 A number of 
well-known and potential side effects of opioids (nausea and vomiting, 
pruritus, urinary retention, respiratory depression) may limit postop-
erative recovery when they are used for postoperative analgesia.

Opioids interact with specific receptors that are widely distributed 
within the CNS to produce a variety of pharmacologic effects. Currently, 
three distinct opioid-receptor types are recognized: , , and . The  
receptor has two subtypes: a high-affinity 

1
 receptor and a low-affinity 

2
 receptor. The supraspinal mechanisms of analgesia are thought 

to involve 
1
 receptors, whereas spinal analgesia, respiratory depres-

sion, and gastrointestinal effects are associated with the 
2
 receptor. 

Other subtypes of the  receptor have been isolated, yet their clinical 
 and  

receptors also have been isolated. Selective -agonists may have thera-
peutic potential as analgesics, lacking the adverse side effects produced 
by the current -receptor agonists. 

1
-Receptors appear to mediate  

spinal analgesia, whereas 
2
-receptors appear to mediate supraspinal 

analgesia. Unfortunately, despite extensive pharmacologic and func-
tional studies of the wide variety of opioid receptors, understanding of 
the structural basis of their actions remains quite limited.

The classic pharmacologic effect of opioids is analgesia, and these 
drugs have traditionally been the initial choice when a potent postoper-
ative analgesic is required. Two anatomically distinct sites exist for opi-
oid receptor–mediated analgesia: supraspinal and spinal. Systemically 
administered opioids produce analgesia at both sites. Supraspinally, the 

1
 receptor is primarily involved in analgesia, whereas the 

2
 recep-

tor is the one predominantly involved in the spinal modulation of 
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 nociceptive processing.  receptors are important in mediating spinal 
and supraspinal analgesia as well.  ligands may have a modulatory 
rather than a primary analgesic role. All three types of opioid receptors 
( , , and ) have been demonstrated in peripheral terminals of sensory 
nerves. Activation of these receptors seems to require an inflammatory 
reaction because locally applied opioids do not produce analgesia in 
healthy tissue. The inflammatory process also may activate previously 
inactive opioid receptors.

Although nausea and vomiting, pruritus, and urinary retention 
are more commonly encountered, respiratory depression remains the 
most feared complication associated with use of opioids. All -receptor 
agonist opioids produce dose-related respiratory depression, which 
appears to be mediated via 

2
 receptors. Pure  agonists have little 

effect on respiration, and the role of  receptors in respiratory control 
remains to be elucidated. The primary respiratory effect of opioids is a 
reduction in the sensitivity of the respiratory center to carbon dioxide 
(together with depression of both medullary and peripheral chemore-
ceptors). Initially, respiratory rate is affected more than tidal volume, 
which may even increase. With increasing doses of opioids, respiratory 
rhythmicity is disturbed, resulting in the irregular gasping breathing 
characteristic of opioid overdose. In addition to retention of carbon 
dioxide, respiratory depression also may result in hypoxia (the hypoxic 

seem to be more sensitive to the respiratory depressant effects of opi-
oids than younger patients, and the dose used needs to be adjusted 
accordingly. It also is important to keep in mind that all other CNS 
depressants, such as benzodiazepines, barbiturates, and/or inhalation 
anesthetics, will potentiate the respiratory depressant effects of the opi-
oids. Furthermore, in addition to the parent opioid drug, metabolites 
may, in some circumstances, contribute to respiratory depression. For 
instance, metabolites of morphine (morphine-6- -glucuronide) may 
occur in substantial quantities after intravenous administration and 
may be responsible for a considerable proportion of the clinical effects 
of intravenous morphine.

Morphine is the prototype opioid agonist with which all opioids 
are compared. Morphine is perhaps the most popular analgesic used 
in patients after cardiac surgery. Many semisynthetic derivatives are 
made by simple modifications of the morphine molecule. Morphine is 
poorly lipid soluble and binds approximately 35% to plasma proteins, 
particularly albumin. Morphine is primarily metabolized in the liver, 
principally by conjugation to water-soluble glucuronides. The liver 
is the predominant site for morphine biotransformation, although 
extrahepatic metabolism also occurs in the kidney, brain, and possi-

total body clearance. The terminal elimination half-life of morphine is 
on the order of 2 to 3 hours. In patients with liver cirrhosis, morphine 
pharmacokinetics are variable, probably reflecting the variability of 
liver disease in patients. Morphine's terminal elimination half-life in 
patients with renal disease is comparable with that of normal patients. 
Although morphine is perhaps the most popular intravenous analgesic  
used in patients after cardiac surgery, other synthetically derived  
opioids have been developed and may be used as well. These include 
fentanyl, alfentanil, sufentanil, and remifentanil.

Fentanyl is considerably more potent (60 to 80 times) than morphine. 
However, at the opioid receptor, the intrinsic affinities of fentanyl and 
morphine differ by only a factor of 2 to 3. The differences between receptor 
affinities and clinical potency ratios arise from differing physiochemical 
and pharmacokinetic properties of the drugs (in particular, the differences 
in lipid solubility). Fentanyl is highly lipid soluble, which influences rate of 
entry and exit to and from organs and tissues, especially the CNS, which 
has a high lipid content.

Fentanyl is rapidly transferred across the blood–brain barrier, result-
ing in a rapid onset of action after intravenous injection. The relative 
potential for entering the CNS is approximately 150 times greater for 
fentanyl than for morphine. However, the large quantities of fenta-
nyl taken up by adipose tissues may act as a reservoir (depending on 
dosage amounts) that slowly releases fentanyl back into the circula-
tion when plasma concentrations decline to less than that in fat. This 

slow reentry may serve to maintain the plasma concentration and is 
one factor in the relatively long plasma terminal elimination half-life 
of fentanyl. Fentanyl is rapidly and extensively metabolized by the liver 
to inactive metabolites. After bolus intravenous injection, plasma fen-
tanyl concentrations decrease rapidly because of distribution from the 
plasma to tissues, so that after moderate (10 g/kg) doses, fentanyl has 
a short duration of action (see Chapter 9).

drug. With increased doses, the distribution phase is completed before 
the fentanyl concentration declines to threshold levels, so duration of 
action becomes dependent on the decrease in concentration during the 
much slower elimination phase. Thus, to avoid accumulation of fenta-
nyl, successive doses at regular intervals should be progressively reduced 
in amount, or the interval between doses of the same size should be 
progressively lengthened. When fentanyl is given by continuous intra-
venous infusion, the rate of decline of fentanyl plasma concentration is 
markedly dependent on the duration of the infusion. Fentanyl under-
goes substantial first-pass uptake in the lungs (approximately 80% of 
the injected dose). Hepatic extraction of fentanyl is also high, making 
its clearance dependent on liver blood flow. Thus, factors that reduce 
liver blood flow also will decrease fentanyl clearance. It is likely that 
fentanyl metabolites accumulate in patients with impaired renal func-
tion, yet this is unlikely to have clinical consequences because they are 
pharmacologically inactive. Because the liver is the principal organ for 
fentanyl biotransformation, decreases in hepatic function caused by 
liver disease will be expected to alter fentanyl pharmacokinetics.

The popularity of fentanyl as an intraoperative analgesic agent 
relates directly to the cardiovascular stability it provides, even in criti-
cally ill patients. Also, its analgesic efficacy relative to the intensity of 
side effects has prompted much interest in its use as an analgesic after 
surgery and/or in critically ill patients.52 Fentanyl (as well as any opi-
oid) can be administered intravenously for postoperative analgesia in 
many ways: using a loading dose with a continuous fixed or variable 
infusion, a fixed background infusion with PCA, or PCA alone. An 
intravenous bolus of 1 to 2 g/kg usually is administered before initiat-
ing an infusion. If variable, the infusion rate is usually 1 to 2 g/kg/hr 
and may be adjusted upward or downward as required by fluctuations 
in analgesic requirements or appearance of side effects. Before the infu-
sion rate is increased, small intravenous bolus doses of fentanyl may 
be administered. Infusion rates of 1.5 to 2.5 g/kg/hr usually provide 
good-to-excellent postoperative analgesia. At rest, the quality of anal-
gesia remains stable; however, with movement, analgesia may not be 
sufficient, even with greater infusion rates.

A background low-dose intravenous infusion of fentanyl may be 
combined with PCA to provide satisfactory analgesia with potentially 
fewer adverse effects. PCA bolus doses typically range from 5 to 50 g, 
and background infusion rates may be fixed (ranging from 5 to 50 g/hr) 
or be variable (adjusted up and down according to clinical criteria). 
Generally, the larger the background infusion rate, the smaller the PCA 

range from “on demand” (no lockout) to 15 minutes, the most com-
mon interval being 1 to 5 minutes. The technique of using a back-
ground infusion plus PCA produces excellent postoperative analgesia. 
Fentanyl is rarely used alone for PCA because of its brief duration of 
action. The most commonly administered opioid used in this manner 
(PCA alone) remains morphine. Transdermal delivery of fentanyl also 
has been investigated extensively. This modality is simple, noninvasive, 
and allows continuous release of fentanyl into the systemic circulation. 
However, the steady release of fentanyl in such a manner does not allow 
flexibility in dose adjustment, which may result in inadequate treat-
ment of postoperative pain during rapidly changing intensity. Thus, 
intravenous opioids often are necessary to supplement analgesia when 
transdermal fentanyl is used to manage acute postoperative pain.

Alfentanil is about 5 to 10 times less potent than fentanyl. The drug 
acts rapidly; peak effect being reached within minutes after intravenous 
administration. Its duration of action after bolus administration also is 
shorter than fentanyl. Alfentanil is highly lipid soluble (about 100 times 
more lipid soluble than morphine) and rapidly crosses the blood–brain 
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barrier. Alfentanil pharmacokinetics are minimally affected by renal 
disease, and hepatic extraction is more a function of intrinsic hepatic 
enzyme capacity and protein binding than liver blood flow.

The performance of a patient-demand, target-controlled alfentanil 
infusion system has compared favorably with traditional morphine 
PCA in patients after cardiac surgery.53 Checketts et al53 prospectively 
randomized 120 patients undergoing elective cardiac surgery to receive 
either morphine PCA or alfentanil PCA for postoperative analgesia 
(nonblinded). All patients received a similar standardized intraoper-
ative anesthetic technique and were extubated during the  immediate 
postoperative period. Overall median visual analog pain scores were  
significantly lower in patients receiving alfentanil, yet both alfen-
tanil and morphine delivered high-quality postoperative analgesia 
(Figure 38-3). Although the clinical impression by these investigators was 
that alfentanil patients were less sedated in the immediate  postoperative 
period, this clinical observation was not substantiated after statistical 
analysis of sedation scores. The two groups did not differ with respect 
to overall sedation scores, frequency of nausea and vomiting, hemo-
dynamic instability, myocardial ischemia, or hypoxemia during the 
immediate postoperative period.

Sufentanil is approximately 10 times more potent than fentanyl. The 
drug is extremely lipid soluble and highly bound to plasma proteins. 
Because of its high potency, conventional clinical doses of sufentanil 
result in plasma concentrations that rapidly decline to less than the sen-
sitivity of most assay methods, making it difficult to determine accurate 
pharmacokinetic parameters. However, sufentanil pharmacokinetics 
appear not to be altered in patients with renal disease. Because hepatic 
sufentanil clearance approaches liver blood flow, it is expected that 
the drug's pharmacokinetics would change with hepatic disease, yet 
the clinical relevance remains undetermined. Sufentanil undergoes 
substantial (approximately 60%) first-pass uptake in the lungs.

Remifentanil has a very fast onset and an ultrashort duration of 
action, and is unique in that it is readily susceptible to rapid hydro-
lysis by nonspecific esterases in the blood and tissues. Remifentanil is 
moderately lipophilic and is half as potent as fentanyl when blood con-
centrations causing equivalent analgesia are compared. Remifentanil 
has an elimination half-life of 10 to 20 minutes. The time required for 
a 50% reduction in blood concentration after discontinuation of an 
infusion that has attained steady state is about 3 minutes and does not 
increase with duration of infusion. Available evidence suggests that 

neither pharmacokinetics nor pharmacodynamics of remifentanil is 
significantly altered in patients with severe hepatic or renal disease. 
These properties should confer ease of titration to changing analge-
sic conditions. However, the quick offset of action, although desirable, 
may result in inadequate postoperative analgesia. Because of the rapid 
offset of effect of remifentanil, the continued requirement for postop-
erative analgesia needs to be considered before the remifentanil is dis-
continued. A transition must be made from remifentanil to some other 
longer-acting analgesic for substantial postoperative pain. Although 
the transition to postoperative pain management can be made using 
a remifentanil infusion alone, this appears to be associated with a high 
incidence of adverse respiratory effects.

In 1996, Bowdle et al54 evaluated the use of a remifentanil infusion 
to provide postoperative analgesia during recovery from total intrave-
nous anesthesia with remifentanil and propofol from a wide variety 
of noncardiac surgeries (abdominal, spine, joint replacement, thoracic 
surgery). This multi-institutional study involving 157 patients had a 
detailed protocol that specified doses and method of administration of 
all anesthetic drugs. In essence, total intraoperative intravenous anes-
thesia consisted of midazolam (premedication only), remifentanil, 
propofol, and vecuronium. Propofol was stopped immediately before 
intraoperative extubation, and the remifentanil infusion was contin-
ued for postoperative analgesia. During the immediate postoperative 
period, intravenous morphine was administered during tapering of 
remifentanil infusion. Adverse respiratory events (oxygen saturation via 
pulse oximetry < 90%, respiratory rate less than 12 per minute, apnea) 
affected 45 patients (29%, 2 required naloxone). Apnea occurred in 11 
patients (7% treated with mask ventilation and downward titration of 
remifentanil infusion; 1 required naloxone). The administration of a 
bolus of remifentanil preceded the onset of adverse respiratory events 
in 19 of 45 cases and in 9 of 11 cases of apnea.

These data suggest that remifentanil boluses plus an infusion are 
particularly likely to produce clinically significant adverse respiratory 
events. The authors of this open, dose-ranging study concluded that 
although remifentanil certainly initiates analgesia, its use in the imme-
diate postoperative period may pose dangers. Additional studies are 
needed to investigate the transition from remifentanil to longer-lasting 
analgesics and to refine strategies that minimize respiratory depres-
sion whereas optimizing pain control. The administration of a potent, 
rapidly acting opioid such as remifentanil by continuous infusion for 
postoperative analgesia must be performed with meticulous attention 

in the postoperative administration of bolus doses of remifenta-
nil because substantial respiratory depression (including apnea) may 
develop. Furthermore, the remifentanil infusion should be inserted 
into the intravenous line as close as possible to the patient to minimize 
dead space, and the rate of the main intravenous infusion should be 
controlled at a rate that is high enough to continuously flush remifen-
tanil from the tubing. A more dilute remifentanil solution that would 
run at greater rates (on a volume per time basis) would help to mini-
mize the effect of variations in flow rate of the main intravenous tubing 
on delivery of remifentanil to the patient. Remifentanil also may pos-
sess detrimental cardiovascular effects via bradycardia and decreases in 
systemic vascular resistance, leading to decreased cardiac output and 
hypotension.55 Such changes may occur during clinically utilized doses 
for cardiac surgery (0.1 to 1.0 g/kg/min), inducing significant cardio-
vascular disturbances that are potentially deleterious to patients with 
cardiac disease.55

PATIENT-CONTROLLED ANALGESIA
When intravenous opioids are used for controlling postoperative pain 
(most commonly morphine and fentanyl), PCA technology gener-

“loading” the patient with intravenous opioids to the point of patient 
comfort before initiating PCA, ensuring that the patient wants to con-
trol analgesic treatment, using an appropriate PCA dose and lockout 

Alfentanil PCA
Morphine PCA

61%

47%

30%

Excellent

P
at

ie
nt

s 
(%

)

Good Satisfactory Poor

35%

7%

70

60

50

40

30

20

10

0

14%

2% 4%

Figure 38-3 Overall patient satisfaction with postoperative anal-
gesia. Ninety-one percent of patients using alfentanil rated their post-
operative analgesia as excellent or good, whereas 82% of patients using 
morphine rated their postoperative analgesia similarly (differences 
not statistically significant). PCA, patient-controlled analgesia. (From 
Checketts MR, Gilhooly CJ, Kenny GNC: Patient-maintained analgesia 
with target-controlled alfentanil infusion after cardiac surgery: A com-
parison with morphine PCA. Br J Anaesth 80:748, 1998 ©The Board  
of Management and Trustees of the British Journal of Anaesthesia, by 
permission of Oxford University Press/British Journal of Anaesthesia.)
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 interval, and considering the use of a basal rate infusion. Focused guid-
ance of PCA dosing by a dedicated acute pain service, compared with 
surgeon-directed PCA, may result in more effective analgesia with 
fewer adverse effects. Patient-controlled epidural analgesic techniques, 
with opioids and/or local anesthetics, also have been proved reliable, 
effective, and safe.56,57

Although PCA is a well-established technique (used for more than 
two decades) and offers potential unique benefits (reliable analgesic 
effect, improved patient autonomy, flexible adjustment to individ-
ual needs, etc.), whether it truly offers significant clinical advantages 
(compared with traditional nurse-administrated analgesic techniques) 
to patients immediately after cardiac surgery remains to be deter-
mined.58–63 A clinical investigation by Gust et al59 indicated that PCA 
techniques provide a higher quality of postoperative analgesia, which 
may lead to a reduction in postoperative respiratory complications. 
In this prospective, randomized, clinical investigation involving 120 
healthy patients after extubation after elective CABG, patients received 
either intravenous PCA piritramide, intravenous PCA piritramide 
plus rectal indomethacin, or conventional nurse-controlled analgesia 
with intravenous piritramide and/or rectal indomethacin for 3 days. 
Postoperative assessment included daily visual analog pain scoring and 
chest radiographs graded for the extent of atelectasis by a radiologist 
blinded to treatment. Perioperative management (surgical treatment, 
intraoperative anesthetic management) was standardized. Although 
chest radiography atelectasis scores and visual analog pain score values 
were similar among the three groups on the first and second postop-
erative days, on the third postoperative day, chest radiography atelecta-
sis scores and visual analog pain score values were significantly better 
in the two PCA groups compared with the control (nurse-controlled 
analgesia) group.

At the end of the study, all patients retrospectively graded their post-
operative pain management on average as good, but significantly more 
patients in the two PCA groups assessed their pain management as 
excellent compared with the control group. These investigators con-
cluded that treatment with PCA may reduce respiratory complications 
in patients after CABG. However, no difference was observed regard-
ing perioperative oxygenation values among the three groups during 
the entire study period, and not a single patient in any group met pro-
spectively defined criteria for diagnosis of pneumonia. Other clini-
cal investigations also have indicated that PCA techniques, compared 
with standard nurse-based pain therapy, may provide higher quality 
analgesia leading to reduced cardiopulmonary morbidity after cardiac 
surgery.60,63

Despite the popularity of PCA techniques and the results of the 
earlier quoted studies, other clinical investigations demonstrated no 
major benefits offered.58,61,62 Tsang and Brush58 prospectively evaluated 
69 patients after cardiac surgery via median sternotomy. Thirty-nine 
were randomized to receive PCA morphine after surgery, whereas  
30 were randomized to receive nurse-administered morphine after 
surgery. Perioperative care was standardized, visual analog pain scores 
were used for pain assessment, and pulmonary function tests were 
performed before surgery and every 6 hours after surgery until dis-
charge from the ICU. These clinical investigators found no difference 
between the two groups regarding postoperative morphine consump-
tion (Figure 38-4), postoperative visual analog pain scores, postoperative 
sedation scores, and postoperative pulmonary function (Figure 38-5). 
These investigators concluded that there are no significant advantages 
achieved when using PCA routinely in patients after cardiac surgery. 
Interestingly, in this study, opinions expressed by the nursing staff on 
the use of PCA were not as positive as expected (repetition of PCA 
instruction to patients was often required during the study period). 
Potential reasons for required repeated instructions on PCA include 
poor retention of preoperative learning because of anxiety after  
hospital admission, incomplete recovery of higher cognitive func-
tion after prolonged general anesthesia and CPB, and/or ICU-induced 
disorientation.

These results suggest that there may be additional patient limita-
tions to the effective use of PCA immediately after cardiac surgery even 

though patients can obey simple commands and acknowledge dis-
comfort. Munro and associates,61 when comparing intravenous PCA  
morphine and nurse-administered subcutaneous morphine, detailed 
similar findings. They prospectively randomized 92 patients undergoing 
elective cardiac surgery to receive either intravenous PCA morphine or 
nurse-administered subcutaneous morphine during the postoperative 
period. They found no differences between the two groups regarding 
many postoperative variables, including total postoperative morphine 
requirements, postoperative visual analog pain scores at rest and with 
movement, daily verbal pain relief scores, side effect profiles, and phys-
iotherapist's evaluation of effectiveness of analgesia for chest physio-
therapy. Subcutaneous techniques are attractive because they have low 
equipment and disposable costs, eliminate the need for bulky pumps 
in ambulating patients, and may be more effective for the elderly or 
mildly confused postoperative patient.

Myles et al62 also were unable to find any specific clinical benefits 
during use of PCA techniques in patients after cardiac surgery. In their 
prospective clinical investigation, 72 patients undergoing elective car-
diac surgery were randomized to receive either intravenous PCA mor-
phine or intravenous nurse-titrated morphine during the immediate 
postoperative period. They found no differences between the two 
groups regarding many postoperative variables, including postopera-
tive morphine consumption, postoperative pain scores, postoperative 
nausea scores, and postoperative serum cortisol levels (Figure 38-6). 
Much like Munro and associates, they noted that patients also had 
variable ability and understanding of the requirements of PCA, par-
ticularly in the early postoperative period when they were confused 
or too weak to operate the demand button. These investigators also 
noted that overall pain management in their patients was optimized 
by receiving experienced one-to-one nursing care (other studies evalu-
ating PCA also have found that nurse-administered techniques may 
provide the highest quality analgesia). It could, therefore, be argued 
that these studies support increased staff education and involvement 
to optimize postoperative analgesia. The nurses in these clinical inves-
tigations all raised concerns regarding the time required for PCA setup 
and the inability of patients to cope with the demands of PCA in the 
early stages of their recovery, particularly if elderly, confused, or both. 
However, PCA was well received later in the recovery process and was 
found to be less demanding on nursing time.
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Figure 38-4 Total morphine equivalents. Dosages of morphine 
equivalents in the patient-controlled analgesia (PCA) nurse-adminis-
tered groups during each observation period. No differences existed 
between the two groups at any observation period. (From Tsang J, 
Brush B: Patient-controlled analgesia in postoperative cardiac surgery. 
Anaesth Intensive Care 27:464, 1999.)
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NONSTEROIDAL ANTI-INFLAMMATORY 
AGENTS
NSAIDs, in contrast with the opioids' CNS mechanism of action, 
mainly exert their analgesic, antipyretic, and anti-inflammatory effects 
peripherally by interfering with prostaglandin synthesis after tissue 
injury64,65 (Box 38-6). NSAIDs inhibit COX, the enzyme responsible 
for the conversion of arachidonic acid to prostaglandin (Figure 38-7). 
Combining NSAIDs with traditional intravenous opioids may allow a 

patient to achieve an adequate level of analgesia with fewer side effects 
than if a similar level of analgesia was obtained with intravenous opi-
oids alone. Numerous clinical investigations reveal the potential value 
(opioid-sparing effects) of NSAIDs when combined with traditional 
intravenous opioids during the postoperative period after noncardiac 
surgery. In fact, the administration of NSAIDs is one of the most com-
mon nonopioid analgesic techniques currently used for postoperative 
pain management. The efficacy of NSAIDs for postoperative pain has 
been demonstrated repeatedly in many analgesic clinical trials. Unlike 
opioids, which preferentially reduce spontaneous postoperative pain, 
NSAIDs have comparable efficacy for both spontaneous and move-
ment-evoked pain, the latter of which may be more important in caus-
ing postoperative physiologic impairment. Certainly, NSAIDs reduce 
postoperative opioid consumption, accelerate postoperative recovery, 
and represent an integral component of balanced postoperative analge-
sic regimens after noncardiac surgery. However, little is known regard-
ing NSAID use in the management of pain after cardiac surgery. It is 
likely that concerns regarding NSAID side effects, including alterations 
in the gastric mucosal barrier, renal tubular function, and inhibition 
of platelet aggregation, have made clinicians reluctant to use NSAIDs 
in patients undergoing cardiac surgery. Other rare adverse effects of 
NSAIDs (from COX inhibition) include hepatocellular injury, asthma 
exacerbation, anaphylactoid reactions, tinnitus, and urticaria. Despite 
these fears, a small number of clinical investigations seem to indicate 
that NSAIDs may provide analgesia in patients after cardiac surgery 
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Figure 38-6 Postoperative serum cortisol. Mean serum cortisol level 
at 24 and 48 hours after cardiopulmonary bypass (CPB) for patients 
receiving intravenous patient-controlled analgesia (PCA) morphine or 
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Figure 38-5 Postoperative pulmonary function. Postoperative  
pulmonary function tests in the patient-controlled analgesia (PCA) and 
nurse-administered groups during each observation period. A signifi-
cant decrease in forced expiratory volume in 1 second (FEV1) in both 
groups was observed immediately after surgery (and lasting 48 hours). 
No differences existed between the two groups at any observation 
period. (From Tsang J, Brush B: Patient-controlled analgesia in postop-
erative cardiac surgery. Anaesth Intensive Care 27:464, 1999.)
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without untoward effects (gastrointestinal ulceration, renal dysfunc-
tion, excessive bleeding). Although NSAIDs have been associated with 
reports of increased postoperative blood loss, other studies have failed 
to corroborate this.

NSAIDs are not a homogenous group and vary considerably in  
analgesic efficacy as a result of differences in pharmacodynamic and 
pharmacokinetic parameters. NSAIDs are nonspecific inhibitors of 
COX, which is the rate-limiting enzyme involved in the synthesis of 
prostaglandins. A major scientific discovery revealed that COX exists 
in multiple forms. Most important, a constitutive form is present in  
normal conditions in healthy cells (COX-1) and an inducible form 
(COX-2) exists, which is the major isozyme induced by and associated 
with inflammation. Simplistically, COX-1 is ubiquitously and consti-
tutively expressed, and has a homeostatic role in platelet aggregation, 
gastrointestinal mucosal integrity, and renal function, whereas COX-2 
is inducible and expressed mainly at sites of injury (and kidney and 
brain) and mediates pain and inflammation. NSAIDs are nonspecific 
inhibitors of both forms of COX, yet vary in their ratio of COX-1 to 
COX-2 inhibition. Recent molecular studies distinguishing between 
constitutive COX-1 and inflammation-inducible COX-2 enzymes have 
led to the exciting hypothesis that the therapeutic and adverse effects 
of NSAIDs could be uncoupled66–71 (Figure 38-8). Subsequently, over 
the past ten years, clinicians have witnessed an exponential increase in 
publications and the growing use of COX-2 inhibitors in the periop-
erative period after noncardiac surgery. A compelling body of evidence 
now exists that COX-2 inhibitors, like their predecessors the nonse-
lective NSAIDs, in general provide postoperative analgesia, decrease 
intravenous opioid requirements, and provide greater patient satisfac-
tion compared with placebo. There is also some evidence that opioid 
sparing by COX-2 inhibitors also spares opioid side effects. The pri-
mary advantage of COX-2 inhibitors, compared with NSAIDs, is their 
lack of effect on platelet function and bleeding, hence the opportunity 
for perioperative administration.

Only a handful of clinical studies have investigated the potential 
of NSAIDs in the management of postoperative pain after cardiac 
surgery.72–75 One well-designed clinical investigation showed that a 
combination of NSAID and intravenous opioid may provide supe-
rior analgesia after cardiac surgery without untoward effects. Rapanos 
et al74 prospectively randomized 57 patients to receive either indo-
methacin suppositories or placebo suppositories in a double-blinded 
fashion during the immediate postoperative period after elective 
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Figure 38-7 The role of cyclooxygenase in prostaglandin (PG) synthesis. Prostaglandin and thromboxanes (TX), which are important in inflam-
mation and homeostasis, are products of a biochemical cascade by which membrane phospholipids are converted to arachidonic acid, then  
to intermediate prostaglandins by cyclooxygenase, and to their final products by a series of synthases. COX, cyclooxygenase; NSAID, nonsteroidal 
anti-inflammatory drug. (From Gilron I, Milne B, Hong M: Cyclooxygenase-2 inhibitors in postoperative pain management: Current evidence and 
future directions [review article]. Anesthesiology 99:1198, 2003.)
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Figure 38-8 Cyclooxygenase (COX) pathways. Recent molecular 
studies distinguishing between COX-1 and COX-2 enzymes have led to 
the exciting hypothesis that the therapeutic and adverse effects of the 
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could be uncoupled. (From Gajraj NM: Cyclooxygenase-2 inhibitors 
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CABG. Patients receiving indomethacin suppositories demonstrated 
significantly less (P = 0.019) morphine consumption (assessed via 
PCA morphine) and significantly lower (P = 0.006) pain scores 
(assessed via visual analog pain scores) during the immediate post-
operative period compared with controls. Postoperative morphine 
use during the first 24 postoperative hours was 22.40 ± 12.55 mg 
in the indomethacin group and 35.99 ± 25.84 mg in the placebo 
group. There were no differences between groups regarding tracheal 
extubation time or postoperative blood loss (assessed via chest tube 
output). None of the study subjects (either group) developed postop-
erative renal dysfunction. In fact, a moderate reduction in serum crea-
tinine concentration was observed in both groups. These investigators  
concluded that the combination of indomethacin suppositories with 
morphine after cardiac surgery results in reduced postoperative pain 
scores and opioid consumption without an increase in side effects.

However, two well-designed clinical investigations demonstrated 
that the use of NSAIDs or NSAID-like drugs (acetaminophen) in 
patients after cardiac surgery may not offer any substantial clinical 
benefits.72,75 Hynninen et al,72 in a prospective, double-blind, pla-
cebo-controlled study, randomized patients to receive either diclofenac  
(n = 28 patients), ketoprofen (n = 28 patients), indomethacin (n = 27 
patients), or placebo (n = 31 patients) for postoperative analgesia after 
elective CABG via a median sternotomy. All patients received stan-
dardized fast-track cardiac anesthesia and standardized postoperative 
analgesia treatment. Mean morphine consumption in the immediate 
postoperative period was significantly reduced only in the diclofenac 
group when compared with placebo (12.4 vs. 19.0 mg, respectively; P < 
0.05). Total analgesic consumption calculated as morphine equivalents 
was also significantly lower only in the diclofenac group compared 
with placebo (18.1 vs. 26.5 mg, respectively; P  0.05). No additional 
important differences were observed when doses of other analgesics 
were compared. The visual analog pain scores at rest were comparable 
among the four groups at all times. Also, there were no postoperative 
differences among the four groups regarding creatinine concentration, 
percentage of patients with 20% and greater increases in creatinine 
level after surgery, and 24-hour blood loss. These findings indicate that 
although some NSAIDs may offer opioid-sparing effects, others may not.

75 in a prospective, double-blind, placebo-controlled 
study, randomized patients to receive either propacetamol, a prodrug 
of acetaminophen (n = 40 patients), or placebo (n = 39 patients) for 
postoperative analgesia after elective CABG via a median sternotomy. 
Acetaminophen (not an NSAID) might be a safer nonopioid analgesic 
in cardiac surgery because it does not depress platelet function or renal 
function as much as traditional NSAIDs. The mechanism behind the 
analgesic action of acetaminophen remains unclear. Acetaminophen 
has only a weak inhibitory influence on peripheral COXs and has no 
substantial anti-inflammatory activity. Acetaminophen-induced anal-
gesia may be partially centrally mediated, and the peak cerebrospinal 
fluid concentrations may reflect analgesic actions. Intravenous propac-
etamol is quickly hydrolyzed to acetaminophen in the bloodstream. 

75 a standardized intra-
operative anesthetic technique was used for all patients, and extuba-
tion times were identical between the two groups (approximately 5.3 
hours). From the time of extubation, all patients had access to PCA 
oxycodone using a standardized protocol. The variation of oxycodone 
consumption was large in both groups, and although postoperative 
cumulative oxycodone consumption (combined amount adminis-
tered via PCA and given as rescue doses) was less in the propacetamol 
group compared with the placebo group, the difference was not sta-
tistically significant (123.5 ± 51.3 mg vs. 141.8 ± 57.5 mg, respectively;  
P = 0.15). Postoperative visual analog pain scores (obtained at rest and 
during a deep breath) were similar, as well as patients' satisfaction with 
analgesia, between the two groups. Furthermore, no differences existed 
between the two groups regarding postoperative pulmonary function 
tests (forced expiratory volume in 1 second, peak expiratory volume, 
forced vital capacity), blood gas analysis, bleeding, renal function tests, 
and liver function tests. Postoperative nausea and vomiting were the 
most common adverse events, which occurred with identical frequency 

in both groups. These investigators concluded that propacetamol 
neither enhances postoperative opioid-based analgesia in patients 
after CABG, nor does it decrease cumulative opioid consumption or 
reduce adverse effects.

One prospective, randomized clinical study investigated the potential 
advantages and disadvantages of using COX inhibitors in patients after 
cardiac surgery.76 Immer et al76 prospectively randomized 69 patients 
scheduled for elective CABG with conventional sternotomy to receive 
either a COX-2 inhibitor (etodolac), a nonselective COX inhibitor 
(diclofenac), or a weak opioid (tramadol) for postoperative analgesia. 
Postoperative pain was assessed via a visual analog scale, periopera-
tive blood samples were obtained for serum creatinine and urea levels, 
and creatinine clearance was determined on the first postoperative day  
(before starting study medication) and on the fourth postoperative 
day (after receiving study medication). In patients with insufficient 
postoperative analgesia (defined via predetermined visual analog scale 
score), supplemental subcutaneous morphine was administered. Total 
morphine consumption and occurrence of nausea were recorded daily.  
At the doses analyzed by these investigators, etodolac and diclofenac 
produced slightly better postoperative analgesia (assessed via visual 
analog scale scores and morphine consumption) with fewer adverse 
effects (assessed via antiemetic therapy) than tramadol. However, a short-
lasting impairment of renal function was found in patients treated with 
etodolac and diclofenac (assessed via serum creatinine and urea levels; 
Figures 38-9 and 38-10). However, at hospital discharge, no significant  
differences existed among the three groups regarding serum creatinine 
and urea levels (see Figures 38-9 and 38-10). Furthermore, all three groups 
experienced similar decreases in postoperative creatinine clearance.

Another clinical investigation in CABG patients suggested a pro-
portionately, but not significantly, greater incidence of serious cardiac 
and cerebrovascular adverse events in patients taking COX-2 inhibi-
tors.77 In this multicenter (58 institutions), prospective, randomized, 
double-blind, parallel-group trial performed by Ott et al,77 462 patients 
undergoing CABG were allocated at a ratio of 2:1 to parecoxib/valde-
coxib (311 patients) or standard care (151 patients; control) groups, 
respectively. Patients in the parecoxib/valdecoxib group required sig-
nificantly less morphine or morphine equivalents than patients in the 
control group during the postoperative period (up to 6 days). Both 
patients and physicians evaluated the study medication (parecoxib/
valdecoxib) as significantly better than control therapy. Pain question-
naires detected significant improvements in the parecoxib/valdecoxib 
group beginning on day 4 and continuing for at least 4 days. However, 
although there were no differences between the groups in overall 
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Figure 38-9 Serum creatinine values. Serum creatinine values 
for groups A (tramadol), B (diclofenac), and C (etodolac) on postop-
erative days 1 to 4 and at discharge. Results are displayed as mean  
values. Serum creatinine levels were significantly greater on postopera-
tive days 3 and 4 in groups B and C compared with group A (p < 0.05). 
However, at discharge, no significant differences were found among the 
three groups. (From Immer FF, Immer-Bansi AS, Trachsel N, et al: Pain 
treatment with a COX-2 inhibitor after coronary artery bypass operation: 
A randomized trial. Ann Thorac Surg 75:490, 2003.)
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adverse events, serious adverse events occurred twice as frequently in 
parecoxib/valdecoxib-treated patients than in control patients (19.0% 
vs. 9.9%, respectively; P = 0.015).

Regarding individual serious adverse events, a greater incidence 
rate in sternal wound infection was found in the parecoxib/valdecoxib 
patients (3.2%) versus control patients (0.0%) (P = 0.035). The effects 
of NSAIDs on sternal wound complications had not been reported 
previously. The COX-2 enzyme enables prostaglandin release and 
the inflammatory response; inhibition of this enzyme by nonspecific 
COX inhibitors (NSAIDs), as well as specific COX-2 inhibitors, might 
impede reparative inflammatory responses and increase susceptibility 
to sternal wound infections. An alternative hypothesis is that reduced 
fever and tachycardia in NSAID/COX-2 inhibitor–treated patients 
may delay detection of infection, resulting in further progression 
and greater consequence. Regardless of the mechanism, these safety 
issues merit careful consideration because of the importance of sternal 
wound complications in this setting. The incidence of other individual 
serious adverse events, including cerebrovascular complications, myo-
cardial infarction, and renal dysfunction, were proportionally greater 
in the parecoxib/valdecoxib patients but not significantly different 
between the two groups. Specifically, when the groups were compared, 
more patients in the treatment group (parecoxib/valdecoxib) experi-
enced cerebrovascular disorders (2.9% vs. 0.7%; P = 0.177), myocardial 
infarction (1.6% vs. 0.7%; P = 0.669), and renal dysfunction (1.9% vs. 
0.0%; P = 0.184) compared with control patients.

Such thrombosis-mediated complications also merit careful con-
sideration. In cardiac surgery patients exposed to CPB, the delicate 
balance among platelets, endothelial cells, and serum clotting factors 
is disturbed, with consequent thrombosis and clot lysis occurring dis-
parately and unpredictably throughout the vascular system. Given 
that COX-2 inhibitors are platelet sparing, they might tip the balance 
toward thrombosis during periods of platelet activation. In addition, 
because COX-1 is unaffected, consequent release of thromboxane A

2
 

may further promote platelet activation and thrombosis. Of note, 
some analyses addressing these issues in chronically treated patients 
with arthritis indicate a potential association between COX-2 inhibi-
tion and thrombogenic events (myocardial infarction, stroke, vascu-
lar death).78 Ott et al77 concluded that, in patients undergoing CABG, 
the COX-2 inhibitor combination of parecoxib/valdecoxib is effective 
in controlling postoperative analgesia. However, the treatment regi-
men may be associated with an increased incidence of serious adverse 
events overall and sternal wound infections in particular. Their study, 

 therefore, raises important concerns requiring a comprehensive eval-
uation of the potential link between this class of drugs and periop-
erative complications in a large-scale clinical trial before the COX-2 
inhibitors are routinely used in patients undergoing cardiac surgery.

Over the next decade, much more will be learned about COX-2 
inhibitors. Their analgesic (opioid-sparing) effects and lack of deleteri-
ous effects on coagulation (in contrast with nonselective NSAIDs) cer-
tainly are desirable. The evidence to date does not suggest that COX-2 
inhibitors provide major advantages over traditional NSAIDs. It is pos-
sible that their continued development will lead to specific drugs with a 
superior therapeutic profile. Many important questions regarding their 
safety remain to be answered, such as effects on CNS sensitization, 
perioperative renal function, preemptive analgesia, clinically signifi-
cant blood loss, the gastrointestinal system, the cardiovascular sys-
tem, chronic postsurgical pain, bone/wound healing, blood pressure, 
and peripheral edema, among others. Specifically regarding patients 
undergoing cardiac surgery, the potential links between this class of 
drugs and sternal wound infections and thromboembolic complica-

retraction of more than 20 peer-reviewed articles and abstracts (span-
ning 15 years) published by a leading investigator in the periopera-
tive use of NSAIDs and COX-2 inhibitors raises important questions 
as to the potential adverse impact of this investigator's fraudulent work 
on the practice of acute postoperative pain management.79 Simply put, 
such unprecedented retraction forces clinicians to question all that was 
previously “known” (assumed true) of the advantages/disadvantages of 
using NSAIDs and COX-2 inhibitors, prompting the need for future 
clinical analysis studies to address these important issues.

2-ADRENERGIC AGONISTS
The 

2
-adrenergic agonists provide analgesia, sedation, and sym-

patholysis (Box 38-7). The initial impetus for the use of 
2
-agonists in 

anesthesia resulted from astute clinical observations made in patients 
during intraoperative anesthesia who were receiving clonidine ther-
apy. Soon thereafter, investigators revealed that clonidine substantially 
reduced anesthetic requirements (minimal alveolar concentration). 
More recently, dexmedetomidine has undergone extensive clinical 
evaluation for perioperative use. Dexmedetomidine exerts profound 
effects on cardiovascular parameters and thus appears to affect its own 
pharmacokinetics. At high doses, there is marked vasoconstriction, 
which probably reduces the drug's volume of distribution. The elimi-
nation half-life of dexmedetomidine is 2 to 3 hours.

2
-Adrenergic agonists produce clinically sedative effects via stim-

ulation of 
2
 receptors in the locus ceruleus and clinically analgesic 

effects via stimulation of 
2
 receptors within the locus ceruleus and the 

spinal cord.80
2
-agonists enhance the 

analgesic effects of the opioids via an unknown mechanism of action. 
Several mechanisms of action have been postulated for the analgesia 
noted with 

2
-adrenergic agonists, including supraspinal, ganglionic, 

spinal, and peripheral mechanisms. Clinically, systemic administra-
tion of these agents produces antinociception and sedation, whereas 

other adrenergic receptors, the 
2
-adrenergic agonists demonstrate 

tolerance after prolonged administration.
As with all clinically used analgesics, the 

2
-adrenergic agonists  

possess clinically important side effects that may limit their usefulness. 
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Figure 38-10 Serum urea values. Serum urea values for groups A  
(tramadol), B (diclofenac), and C (etodolac) on postoperative days 1 
to 4 and at discharge. Results are displayed as mean values. Serum 
urea levels were significantly greater on postoperative days 3 and  
4 in groups B and C compared with group A (P < 0.05). However, 
at discharge, no significant differences were found among the three 
groups. (From Immer FF, Immer-Bansi AS, Trachsel N, et al: Pain treat-
ment with a COX-2 inhibitor after coronary artery bypass operation:  
A randomized trial. Ann Thorac Surg 75:490, 2003.)

BOX 38-7 a2-ADRENERGIC AGONISTS
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The effects of dexmedetomidine on the respiratory system include a 
decrease in tidal volume, minimal changes in respiratory rate, and a 
rightward shift and depression of slope of the carbon dioxide response 
curve (all of which may cause hypercarbia). However, respiratory 
depression associated with the drug is usually clinically unimportant 
even during profound levels of sedation. The effects of dexmedeto-
midine on the cardiovascular system are many, and in contrast with 
the respiratory effects, may become clinically important. Physiologic 
changes include decreased heart rate, decreased systemic vascular resis-
tance, and possibly indirectly decreased myocardial contractility, all 
potentially leading to decreased cardiac output and decreased blood 
pressure in susceptible patients. By developing more highly selective 

2
-adrenergic agonists, it is hoped that these detrimental cardiovascu-

lar effects will be minimized while maximizing desired analgesic and 
sedative properties. Currently, the clinical role of these drugs includes 
preoperative sedation, an intraoperative adjuvant during anesthesia to 
reduce sedative and analgesic requirements, and postoperative seda-
tion and analgesia. The potential ability of the 

2
-adrenergic agonists 

to reduce and/or prevent perioperative myocardial ischemia, although 
intriguing, remains to be determined.81

The potential perioperative analgesic benefits of 
2
-agonists, when 

administered to patients undergoing cardiac surgery, were demonstrated 
almost 20 years ago.82 In 1987, Flacke et al,82 in prospective, nonblinded 
fashion, randomized patients undergoing elective CABG to receive 
either perioperative oral clonidine supplementation (10 patients) or 
serve as control patients (10 patients). Outside of oral clonidine supple-
mentation, management of the two study groups was identical. Patients 
receiving oral clonidine required significantly less preinduction diaze-
pam and significantly less intraoperative sufentanil (Figure 38-11) and 
isoflurane to maintain intraoperative normotension (clearly establish-
ing clonidine's sedative/analgesic properties). Furthermore, patients 
receiving oral clonidine were extubated earlier during the postop-
erative period compared with control patients (approximately 11 vs.  
16 hours, respectively; P < 0.05). However, 4 of 10 patients receiving oral 
clonidine required atropine for treatment of intraoperative bradycardia. 
Unfortunately, postoperative analgesia was not assessed in this clinical 
investigation.

Although the analgesic properties of 
2
-adrenergic agonists are 

undisputed, most of the clinical investigations regarding perioperative 
use of this class of drugs remain focused on exploiting the sedative 
effects and beneficial cardiovascular effects (decreasing hypertension 
and tachycardia) associated with their use.83–86 

2
-Adrenergic agonists 

have been used perioperatively in patients undergoing cardiac surgery, 
yet the focus of such clinical investigations has been on the intraop-
erative period and the potential for enhanced postoperative hemody-
namic stability, potentially leading to reduced postoperative myocardial 
ischemia (not specifically to enhanced postoperative analgesia).87–90 
Taken together, these clinical investigations indicated that periopera-
tive administration of 

2
-adrenergic agonists to patients undergo-

ing cardiac surgery decreases intraoperative anesthetic requirements, 
may enhance perioperative hemodynamic stability, and may decrease 
perioperative myocardial ischemia, yet may cause excessive postoper-
ative sedation and aggravate postoperative hemodynamic instability 
via bradycardia and/or decreased systemic vascular resistance (lead-
ing to hypotension and increased pacing requirements in susceptible 
patients). The potential ability of this class of drugs to initiate reliable 
postoperative analgesia awaits definitive investigation.

INTRATHECAL AND EPIDURAL 
TECHNIQUES
It is clear from numerous clinical investigations that intrathecal or 
epidural techniques, or both (using opioids and/or local anesthetics), 
initiate reliable postoperative analgesia in patients after cardiac sur-
gery91 (Boxes 38-8 and 38-9). Additional potential advantages of using 
intrathecal or epidural techniques, or both, in patients undergoing car-
diac surgery include stress-response attenuation and thoracic cardiac 
sympathectomy.

An uninhibited stress response during the postoperative period 
may lead to many adverse hemodynamic (tachycardia, hypertension, 
vasoconstriction), metabolic (increased catabolism), immunologic 
(impaired immune response), and hemostatic (platelet activation) 
alterations. Intrathecal or epidural anesthesia and analgesia (with 
local anesthetics or opioids) can effectively inhibit the stress response 
associated with surgical procedures.27

possess greater efficacy than opioids in perioperative stress-response 
attenuation, perhaps because of their unique mechanism of action. 
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Figure 38-11 Cumulative sufentanil dose. Mean cumulative sufenta-
nil doses are shown for the periods before intubation, before incision, 
before CPB, and for the entire anesthetic period. (From Flacke JW, Bloor 
BC, Flacke WE, et al: Reduced narcotic requirement by clonidine with 
improved hemodynamic and adrenergic stability in patients undergoing 
coronary bypass surgery. Anesthesiology 67:11, 1987.)

BOX 38-8. INTRATHECAL TECHNIQUES

BOX 38-9. EPIDURAL TECHNIQUES
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Although still a matter of some debate, perioperative stress-response 
attenuation with epidural local anesthetics and/or opioids in high-
risk patients after major noncardiac surgery may decrease morbidity 
and mortality.6,7,27 In patients undergoing cardiac surgery, initiation 
of CPB causes significant increases in stress-response hormones that 
persist into the immediate postoperative period.24–26 Attenuation of 
this component of the perioperative stress response with intravenous 
opioids also may decrease morbidity and mortality in these patients.8,9 
Unfortunately, perioperative stress-response attenuation in patients 
undergoing cardiac surgery with intravenous opioids in this manner 
does not allow tracheal extubation to occur in the immediate postop-
erative period. Intrathecal or epidural anesthesia and analgesia tech-
niques (particularly with local anesthetics) are attractive alternatives 
to intravenous opioids in this setting for their potential to attenuate 
the perioperative stress response, yet still allow tracheal extubation to 
occur in the immediate postoperative period.

The myocardium and coronary vasculature are densely innervated 
by sympathetic nerve fibers that arise from T1 to T5 and profoundly 
influence total coronary blood flow and distribution.92 Cardiac sym-
pathetic nerve activation initiates coronary artery vasoconstriction93 
and paradoxic coronary vasoconstriction in response to intrinsic vaso-
dilators.94 In patients with CAD, cardiac sympathetic nerve activation 
disrupts the normal matching of coronary blood flow and myocardial 
oxygen demand.95,96 Animal models have revealed an intense post-
stenotic coronary vasoconstrictive mechanism mediated by cardiac 
sympathetic nerve activation that attenuates local metabolic coronary 
vasodilation in response to myocardial ischemia.97,98 Furthermore, 
myocardial ischemia initiates a cardiocardiac reflex mediated by sym-
pathetic nerve fibers, which augments the ischemic process.99 Cardiac 
sympathetic nerve activation likely plays a central role in initiating 
postoperative myocardial ischemia by decreasing myocardial oxygen 
supply via the mechanisms listed earlier.27,100

-
tively blocks cardiac sympathetic nerve afferent and efferent fibers.27 
Opioids, administered similarly, are unable to effectively block such 
cardiac sympathetic nerve activity.27 Patients with symptomatic CAD 
benefit clinically from cardiac sympathectomy, and the application 
of thoracic sympathetic blockade in the management of angina pec-
toris was described as early as 1965.101

increases the diameter of stenotic epicardial coronary artery segments 
without causing dilation of coronary arterioles,95 decreases determi-
nants of myocardial oxygen demand,96 improves left ventricular func-
tion,102 and decreases anginal symptoms.96,103 Furthermore, cardiac 
sympathectomy increases the endocardial-to-epicardial blood flow 
ratio,104,105 beneficially affects collateral blood flow during myocardial 
ischemia,105 decreases poststenotic coronary vasoconstriction,98 and 
attenuates the myocardial ischemia-induced cardiocardiac reflex.98 In 

-
cardial infarct size after coronary artery occlusion.104 Of note, these 
beneficial effects are not caused by systemic absorption of the local 
anesthetic.104

undergoing cardiac surgery by effectively blocking cardiac sympa-
thetic nerve activity and improving the myocardial oxygen supply/
demand balance.

Intrathecal Techniques
Application of intrathecal analgesia to patients undergoing cardiac 
surgery was initially reported by Mathews and Abrams in 1980.106 They 
described the administration of intrathecal morphine (1.5 to 4.0 mg) 
to 40 adults after the induction of general anesthesia for cardiac  
surgery. Somewhat remarkably, all 40 patients awakened pain free at 
the end of surgery (before leaving the operating room), and 36 patients 
were tracheally extubated before transfer to the ICU. After surgery, all 
40 patients were entirely pain free for the first 27.5 postoperative hours, 
and 17 did not require any supplemental analgesics before discharge 
from the hospital. Of the 17 patients who received 4.0 mg intrathe-
cal morphine, 11 did not require any postoperative analgesic drugs. 

Mathews and Abrams106 summarized: “The benefits of recovering from 
surgery free from pain have been impressive. This has been particularly 
appreciated by patients who have had previous operations with con-
ventional anesthesia and postoperative analgesic drugs. The patients 
have been remarkably comfortable, able to move more easily in bed, 
and more cooperative, thus greatly helping their nursing care.” After 
this impressive clinical display, other investigators have subsequently 
applied intrathecal anesthesia and analgesia techniques to patients 
undergoing cardiac surgery.107–132

Most clinical investigators have used intrathecal morphine in 
hopes of providing prolonged postoperative analgesia. Some clinical 
investigators have used intrathecal fentanyl, sufentanil, and/or local 
anesthetics for intraoperative anesthesia and analgesia (with stress–
response attenuation) and/or thoracic cardiac sympathectomy. An 
anonymous survey of members of the Society of Cardiovascular 
Anesthesiologists indicated that almost 8% of practicing anesthe-
siologists incorporate intrathecal techniques into their anesthetic 
management of adults undergoing cardiac surgery.133 Of these anes-
thesiologists, 75% practice in the United States, 72% perform the 
intrathecal injection before induction of anesthesia, 97% use mor-
phine, 13% use fentanyl, 2% use sufentanil, 10% use lidocaine, and 
3% use tetracaine.133

Two randomized, blinded, placebo-controlled clinical studies revealed  
the ability of intrathecal morphine to induce significant postopera-
tive analgesia after cardiac surgery.119,126 In 1988, Vanstrum et al126 
prospectively randomized 30 patients to receive either intrathecal 
morphine (0.5 mg) or intrathecal placebo before induction of anesthe-
sia. Intraoperative anesthetic management was standardized, and after 
surgery all patients received only intravenous morphine administered 
by a nurse who attempted to keep the linear analog pain score at less 
than 4 (a score of 1 represented no pain, 10 represented the worst pain 
imaginable; the scale was 25 cm long). Although pain scores between 
groups were not significantly different at any postoperative time inter-
val tested, patients who received intrathecal morphine required signifi-
cantly less intravenous morphine than placebo controls (2.4 vs. 8.3 mg, 
respectively; P < 0.02) during the initial 30 hours after intrathe-
cal injection (Figure 38-12). Associated with this enhanced analgesia in 
patients receiving intrathecal morphine was a substantially decreased 
need for antihypertensive medications (sodium nitroprusside, nitro-
glycerin, hydralazine) during the immediate postoperative period. 
Time to tracheal extubation (approximately 20 hours) and postopera-
tive arterial blood gas tensions after anesthesia were not significantly 
affected by the use of intrathecal morphine. In 1996, Chaney and asso-
ciates119 prospectively randomized 60 patients to receive either intrath-
ecal morphine (4.0 mg) or intrathecal placebo before induction of 
anesthesia for elective CABG. Intraoperative anesthetic management 
was standardized, and after tracheal extubation, all patients received 
intravenous morphine via PCA exclusively. The mean time from ICU 
arrival to tracheal extubation was similar in all patients (approximately 
20 hours). However, patients who received intrathecal morphine 
required significantly less intravenous morphine than placebo con-
trols (33.2 vs. 51.1 mg, respectively; P < 0.05) during the initial post-
operative period (Table 38-2). Despite enhanced analgesia, no clinical 
differences between groups existed regarding postoperative morbidity 
(pruritus, nausea, vomiting, urinary retention, prolonged somnolence, 
atrial fibrillation, ventricular tachycardia, myocardial infarction, cere-
bral infarction), mortality, or duration of postoperative hospital stay 
(approximately 9 days in each group).

The mid-1990s saw the emergence of fast-track cardiac surgery, 
with the goal being tracheal extubation in the immediate postopera-
tive period. Chaney and associates in 1997118 were the first to study 
the potential clinical benefits of intrathecal morphine when used in 
patients undergoing cardiac surgery and early tracheal extubation. They 
prospectively randomized 40 patients to receive either intrathecal mor-
phine (10 g/kg) or intrathecal placebo before induction of anesthesia 
for elective CABG. Intraoperative anesthetic management was stan-
dardized (intravenous fentanyl, 20 g/kg, and intravenous midazolam, 
10 mg), and after surgery all patients received intravenous morphine via 
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PCA exclusively. Of the patients who were tracheally extubated during 
the immediate postoperative period, the mean time from ICU arrival to 
tracheal extubation was significantly (P = 0.02) prolonged in patients 
who received intrathecal morphine (10.9 ± 4.4 hours) compared with pla-
cebo controls (7.6 ± 2.5 hours). Three patients who received intrathecal 
morphine had tracheal extubation substantially delayed (12 to 24 hours) 
because of prolonged ventilatory depression (likely secondary to intrathecal 
morphine). Although the mean postoperative intravenous morphine use for 
48 hours was less in patients who received intrathecal morphine (42.8 mg) 
compared with patients who received intra thecal placebo (55.0 mg), the 
difference between groups was not statistically significant. No clinical  

differences existed between groups regarding postoperative  morbidity, 
mortality, or duration of postoperative hospital stay (approximately  
9 days in each group).

These somewhat discouraging findings (absence of enhanced anal-
gesia, prolongation of tracheal extubation time) stimulated the same 
group of investigators in 1999 to try again, this time decreasing the 
amount of intraoperative intravenous fentanyl patients received (hop-
ing to decrease the effect of fentanyl on augmenting postoperative 
respiratory depression associated with intrathecal morphine).116 Forty 
patients were prospectively randomized to receive either intrathecal 
morphine (10 g/kg) or intrathecal placebo before induction of anes-
thesia for elective CABG. Intraoperative anesthetic management was 
standardized (intravenous fentanyl, 10 g/kg, and intravenous mida-
zolam, 200 g/kg), and after surgery all patients received intravenous 
morphine exclusively via PCA. Of the patients tracheally extubated 
during the immediate postoperative period, mean time to tracheal 
extubation was similar in patients who received intrathecal morphine 
(6.8 ± 2.8 hours) compared with intrathecal placebo patients (6.5 ± 
3.2 hours). However, once again, four patients who received intrathe-
cal morphine had tracheal extubation substantially delayed (14, 14, 18, 
and 19 hours) because of prolonged respiratory depression (likely sec-
ondary to intrathecal morphine). The mean postoperative intravenous 
morphine use during the immediate postoperative period was actually 
greater in patients receiving intrathecal morphine (49.8 mg) compared 
with patients receiving intrathecal placebo (36.2 mg), yet the difference 
between groups was not statistically significant. No clinical differences 
existed between groups regarding postoperative morbidity, mortality, 
or duration of postoperative hospital stay (approximately 6 days in 
each group). Thus, Chaney and associates, from their three prospec-
tive, randomized, double-blind, placebo-controlled, clinical investiga-
tions in the late 1990s involving 140 healthy adults undergoing elective 
CABG, concluded that although intrathecal morphine certainly can 
initiate reliable postoperative analgesia, its use in the setting of fast-
track cardiac surgery and early tracheal extubation may be detrimental 
by potentially delaying tracheal extubation in the immediate postop-
erative period.116,118,119

Since this time, however, other clinical investigators have revealed 
that certain combinations of intraoperative anesthetic techniques, 
coupled with appropriate doses of intrathecal morphine, will allow 
tracheal extubation after cardiac surgery within the immediate post-
operative period together with enhanced analgesia. Alhashemi et al108  
prospectively randomized 50 adults undergoing elective CABG to 
receive either one of two doses of intrathecal morphine (250 g or 
500 g) or intrathecal placebo. Intraoperative anesthetic manage-
ment was standardized (fentanyl, midazolam), and all patients received 
intermittent morphine by a blinded practitioner during the postop-
erative period. Tracheal extubation times were similar in the placebo 
group, 250 g intrathecal morphine group, and 500 g intrathecal mor-
phine group (7.3, 5.4, and 6.8 hours, respectively; P = 0.270). However, 
postoperative morphine requirements in the placebo group (21.3 ± 
6.2 mg), 250 g intrathecal morphine group (13.6 ± 7.8 mg), and the 
500 g intrathecal morphine group (11.7 ± 7.4 mg) were substantially 
different. There was at least a 36% reduction in postoperative intra-
venous morphine requirements among those patients who received 
intrathecal morphine. Although there were no differences in postop-
erative intravenous morphine requirements between patients random-
ized to receive either 250 or 500 g intrathecal morphine, both groups 
required significantly less intravenous morphine during the immedi-
ate postoperative period compared with control patients (p = 0.001). 
However, despite enhanced analgesia, there were no differences among 
the study groups in regard to midazolam, nitroglycerin, and sodium 
nitroprusside requirements in the postoperative period (Table 38-3). 
Furthermore, postextubation blood gas analysis, use of supplemental 
inspired oxygen, and ICU length of stay (approximately 22 hours in all 
groups) were comparable among the three groups.

These investigators, as well as others, revealed that the use of intrath-
ecal morphine in patients undergoing fast-track cardiac surgery and 
early tracheal extubation may (if used appropriately) provide enhanced  
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Figure 38-12 Postoperative supplemental intravenous (IV) mor-
phine requirements. Patients receiving intrathecal morphine (Group I) 
required significantly less supplemental intravenous morphine during 
the initial 24 postoperative hours (*, P < 0.048) and during the initial 
30 postoperative hours (**, P < 0.02) compared with patients receiving 
intrathecal placebo (Group II). (From Vanstrum GS, Bjornson KM, Ilko R: 
Postoperative effects of intrathecal morphine in coronary artery bypass 
surgery. Anesth Analg 67:261, 1988.)

Patients receiving intrathecal morphine (group MS) required significantly less 
supplemental intravenous morphine during the immediate postoperative period 
compared with patients receiving intrathecal placebo (group NS; 33.2 vs. 51.1 mg, 
respectively; P < 0.05).

ICU, intensive care unit; POD, postoperative day.
 

for coronary artery bypass grafting. Anesth Analg 83:215, 1996.

Postoperative Supplemental Intravenous Midazolam 
and Morphine Requirements

Group MS (n = 27) Group NS (n = 29)

Midazolam use from ICU arrival 
to extubation, mg (range)

8.7 ± 15.8 (0–80) 8.3 ± 15.4 (0–66)

Morphine use from ICU arrival 
to 8:00 AM POD 2, mg (range)

33.2 ± 15.8 (4–74) 51.1 ± 45.7 (4–254)

Morphine use from 8:00 AM 
POD 2 to 8:00 AM POD 3, mg 
(range)

14.2 ± 16.4 (0–68) 12.1 ± 12.6 (0–42)

TABLE  
38-2
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postoperative analgesia without delaying tracheal extubation. The authors 
also interestingly postulated that limiting the amounts of intraoperative 
intravenous opioids and intravenous sedatives, and the application of a 
postoperative tracheal extubation protocol may be more important in 
achieving the goal of early tracheal extubation after cardiac surgery than 
adequate pain control during the immediate postoperative period.

Many other suboptimally designed clinical investigations (retrospec-
tive, observational, etc.) attest to the ability of intrathecal morphine 
to induce substantial postoperative analgesia in patients after cardiac 
surgery (Table 38-4). Intrathecal doses of 0.5 to 10.0 mg administered 
before CPB initiate reliable postoperative analgesia, the quality of 
which depends not only on the intrathecal dose administered but on 
the type and amount of intravenous analgesics and sedatives used for 
the intraoperative baseline anesthetic. The optimal dose of intrathe-
cal morphine for achieving the maximum postoperative analgesia with 
minimum undesirable drug effects is uncertain. Naturally, when larger 
doses of intrathecal morphine are used, more intense and prolonged 
postoperative analgesia is obtained at the expense of more undesirable 
drug effects (nausea and vomiting, pruritus, urinary retention, respira-
tory depression).

Because of morphine's low lipid solubility, analgesic effects after 
intrathecal injection are delayed. Thus, even large doses of intrathecal 
morphine administered to patients before cardiac surgery will not ini-
tiate reliable intraoperative analgesia126–128,131 and, therefore, would not 
be expected to potentially attenuate the intraoperative stress response 
associated with CPB. Only an extremely large dose of intrathecal mor-
phine (10.0 mg) may initiate reliable intraoperative analgesia in this 

Reports of Intrathecal Anesthesia and Analgesia for Cardiac Surgery

 
First Author

 
Year

 
Study Design

Total 
Patients

 
Drugs: Dose

Intraoperative 
Management

 
Remarks

134 2003 Prospective, randomized 
blind, placebo-controlled

 38 Bupivacaine: 37.5 mg Standardized Potential stress-response attenuation

Bowler107 2002 Prospective, randomized  24 Morphine: 2.0 mg Not standardized No benefit
Bettex132 2002 Prospective, randomized  24 Morphine: 0.5 mg Not standardized Reliable postoperative analgesia. 

Facilitated early extubation
Sufentanil: 50 g

Alhashemi108 2000 Prospective, randomized, 
blind, placebo-controlled

  0 Morphine: 250 or 500 g Standardized Significant postoperative analgesia

109 2000 Prospective, randomized  40 Morphine: 8 g/kg Standardized No benefit
Zarate110 2000 Prospective, randomized  40 Morphine: 8 g/kg Standardized Reliable postoperative analgesia
Peterson113 2000 Retrospective  18 Morphine: 5 to 10 g/kg Not standardized No benefit

Tetracaine: 1 to 2 mg/kg
Hammer114 2000 Retrospective  25 Morphine: 7 to 10 g/kg Not standardized No benefit

Tetracaine: 0.5 to 2 mg/kg
Chaney116 1999 Prospective, randomized, 

blind, placebo-controlled
 40 Morphine: 10 g/kg Standardized No benefit

Shroff117 1997 Prospective, randomized  21 Morphine: 10 g/kg Not standardized Reliable postoperative analgesia, 
facilitated early extubation

Fentanyl: 25 g
Chaney118 1997 Prospective, randomized, 

blind, placebo-controlled
 40 Morphine: 10 g/kg Standardized Hindered early extubation

Chaney119 1996 Prospective, randomized, 
blind, placebo-controlled

 60 Morphine: 4.0 mg Standardized Significant postoperative analgesia, 
no stress-response attenuation

Taylor121 1996 Retrospective 152 Morphine: 30 g/kg Not standardized Reliable postoperative analgesia
Kowalewski122 1994 Retrospective  18 Morphine: 0.5 to 1.0 mg Not standardized Reliable postoperative analgesia, 

possible thoracic cardiac 
sympathectomy

Bupivacaine: 23 to 30 mg

Swenson123 1994 Retrospective  10 Morphine: 0.5 mg Not standardized Reliable postoperative analgesia, 
facilitated early extubation

Sufentanil: 50 g
Fitzpatrick125 1988 Prospective, randomized  44 Morphine: 1.0 to 2.0 mg Not standardized Significant postoperative analgesia
Vanstrum126 1988 Prospective, randomized, 

blind, placebo-controlled
 30 Morphine: 0.5 mg Standardized Significant postoperative analgesia, 

possible stress–response 
attenuation

Casey127 1987 Prospective, randomized, 
blind, placebo-controlled

 40 Morphine: 20 g/kg Standardized No benefit

Cheun128 1987 Prospective, observational 180 Morphine: 0.1 mg/kg Not standardized Reliable postoperative analgesia
Meperidine: 1.5 mg/kg

Aun129 1985 Prospective, randomized  60 Morphine: 2.0 to 4.0 mg Not standardized Significant postoperative analgesia
Jones131 1984 Prospective, observational  56 Morphine: 20 to 30 g/kg Not standardized Reliable postoperative analgesia
Mathews106 1980 Retrospective  40 Morphine: 1.5 to 4.0 mg Not standardized Reliable postoperative analgesia

TABLE  
38-4

administration on extubation time after coronary artery bypass graft surgery.  
J Cardiothorac Vasc Anesth 14:639, 2000.

Placebo  
(n = 19)

250 g  
(n = 16)

500 g  
(n = 15)

 
P

Ventilatory time (min) 441 ± 207 325 ± 187 409 ± 245 0.270
Morphine (mg) 21.3 ± 6.2 13.6 ± 7.8 11.7 ± 7.4 0.001
Midazolam (mg) 2.3 ± 3.5 0.9 ± 1.8 1.5 ± 2.7 0.346
Nitroglycerin (mg) 52.5 ± 37.6 55.0 ± 38.4 52.8 ± 43.0 0.982
Nitroprusside (mg) 7.9 ± 22.7 0.1 ± 0.4 1.4 ± 4.0 0.230

Analysis of Outcome Measures in Patients Receiving 
Either Placebo, 250 mg Intrathecal Morphine, or 
500 mg Intrathecal Morphine

TABLE  
38-3
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setting.130 Only one clinical investigation has examined the ability of 
intrathecal morphine to potentially attenuate the intraoperative stress 
response associated with CPB as measured by blood catecholamine 
levels.119 In Chaney and associates' clinical investigation,119 patients 
were prospectively randomized to receive either intrathecal morphine 
(4.0 mg) or intrathecal placebo before induction of anesthesia for 
elective CABG with CPB. Intraoperative anesthetic management was 
standardized, and multiple arterial blood samples were obtained peri-
operatively to ascertain norepinephrine and epinephrine levels. Patients 
who were administered intrathecal morphine experienced similar peri-
operative increases in blood catecholamine levels when compared with 
placebo controls. Thus, it appears that intrathecal morphine (even in 
relatively large doses) is unable to reliably attenuate the perioperative 
stress response associated with cardiac surgery and CPB.

Although intrathecal morphine cannot reliably prevent the periop-
erative stress response associated with CPB, it may (by initiating post-
operative analgesia) potentially attenuate the stress response during 
the immediate postoperative period.126 Vanstrum et al126 revealed that 
patients who were administered 0.5 mg intrathecal morphine before 
the induction of anesthesia not only required significantly less intrave-
nous morphine after surgery compared with placebo control patients, 
but also required significantly less intravenous nitroprusside (58.1 vs. 
89.1 mg, respectively; p < 0.05) during the initial 24 postoperative 
hours to control hypertension, which suggests partial postoperative 
stress-response attenuation.

Some clinical investigators have used intrathecal fentanyl, sufen-
tanil, and/or local anesthetics for patients undergoing cardiac sur-
gery, hoping to provide intraoperative anesthesia and analgesia (and 
stress–response attenuation), with mixed results (see Table 38-4). 
Administration of intrathecal local anesthetics to patients after the 
induction of anesthesia for cardiac surgery may help promote intra-
operative hemodynamic stability,120,122 whereas intrathecal sufentanil 
(50 g) administered before the induction of anesthesia for cardiac 
surgery can reduce volatile anesthetic requirements during mediastinal 
dissection but is unable to reliably block intraoperative hemodynamic 
responses to laryngoscopy and intubation.123

Most clinical attempts at inducing thoracic cardiac sympathec-

anesthetics. However, a small number of clinical investigators have 
attempted cardiac sympathectomy in this setting with an intrathecal 
injection of local anesthetic. In 1994, as reviewed retrospectively, 18 
adult patients were administered lumbar intrathecal hyperbaric bupi-
vacaine (23 to 30 mg) and/or hyperbaric lidocaine (150 mg) mixed 
with morphine (0.5 to 1.0 mg) after the induction of anesthesia.122 
In an attempt to produce a “total spinal” and, thus, thoracic cardiac 
sympathectomy, Trendelenburg position was maintained for at least 
10 minutes after intrathecal injection. Heart rate decreased signifi-
cantly (baseline mean 67 beats/min to postinjection mean 52 beats/
min) after the intrathecal injection (indicating cardiac sympathec-

of myocardial ischemia before CPB. Although these authors reported 
that the technique provided stable perioperative hemodynamics, 17 of 
18 patients required intravenous phenylephrine at some time intra-
operatively to increase blood pressure. In 1996, the same group of 
investigators reported similar hemodynamic changes in a case report 
involving a 10-year-old child with Kawasaki disease who underwent 
CABG and received intrathecal hyperbaric bupivacaine mixed with 
morphine via a lumbar puncture after induction of anesthesia.120 
Although Kowalewski's group reported that these patients experi-
enced enhanced postoperative analgesia, definite conclusions cannot 
be reached regarding this technique because of study design formats 
(retrospective review, case report).

A small (n = 38 patients), prospective, randomized, blinded clin-
ical investigation showed that large doses of intrathecal bupivacaine 
(37.5 mg) administered to patients immediately before induction of 
general anesthesia (19 patients received intrathecal bupivacaine, 19 
patients served as controls) for elective CABG may potentially initi-
ate intraoperative stress–response attenuation (assessed via serum 

 mediator levels, hemodynamics, and qualitative/quantitative altera-
tions in myocardial  receptors).134 However, no effect on clinical out-
come parameters (tracheal extubation times, respiratory function, 
perioperative spirometry, etc.) was observed. Mean tracheal extubation 
times (measured from the time of sternotomy dressing application) 
were extremely short in both groups (11 to 19 minutes). Specifically 
regarding postoperative analgesia, postoperative pain scores and mor-
phine use via PCA did not differ between the two groups. Not surpris-
ingly, phenylephrine use was more common in patients who received 
intrathecal bupivacaine compared with control patients.

The many clinical investigations involving the use of intrathecal anal-
gesic techniques in patients undergoing cardiac surgery indicate that 
the administration of intrathecal morphine to patients before CPB ini-
tiates reliable postoperative analgesia after cardiac surgery. Intrathecal 
opioids or local anesthetics cannot reliably attenuate the perioperative 
stress response associated with CPB that persists during the immediate 
postoperative period. Although intrathecal local anesthetics (not opi-
oids) may induce perioperative thoracic cardiac sympathectomy, the 
hemodynamic changes associated with a “total spinal” make the tech-
nique unpalatable in patients with cardiac disease. Indeed, a recently 
published meta-analysis of randomized, controlled trials (25 random-
ized trials, 1106 patients) concluded that spinal analgesia does not 
improve clinically relevant outcomes in patients undergoing cardiac 
surgery.135

Epidural Techniques

patient occurred in 1954, during the formative years of CPB.136 Clowes 
et al136 described their presurgical anesthetic technique in a 55-year-old  
man with severe cardiac failure: “An endotracheal tube was passed 
with topical anesthesia. Under extradural block of the upper thorax, 
hypotension developed but responded to the administration of a vaso-
pressor drug. At this time the patient became comatose” (Figure 38-13). 

cardiac surgery during the modern surgical era was initially reported 
by Hoar et al in 1976.137 They described the intraoperative insertion of 
thoracic epidural catheters in 12 patients after CABG (after intrave-
nous protamine, before transfer to ICU). The epidural catheters were 
injected with lidocaine and bupivacaine during the immediate post-
operative period to promote analgesia and effectively control hyper-
tension. Administration of epidural local anesthetics to these patients 
significantly decreased postoperative blood pressure in hypertensive 
and normotensive patients, and not a single patient required cardiac 
or peripheral vascular stimulants during the immediate postoperative 

138 was the first to 
describe the insertion of thoracic epidural catheters in patients before 
performance of cardiac surgery. In prospective, randomized fashion, 
patients undergoing elective CABG received either routine treatment 
for postoperative pain (n = 30 patients, intravenous morphine) or a 
continuous infusion of morphine (0.1 mg/hr) via a thoracic epidural 
catheter (n = 30 patients). Thoracic epidural catheters were inserted at 
T3-4 immediately before induction of anesthesia on the day of surgery. 
Intraoperative anesthetic technique was standardized and mean post-
operative tracheal extubation time was significantly shorter in patients 

hours, respectively; P < 0.01).
Continuous thoracic epidural infusion of morphine also achieved 

better postoperative pain relief in patients than intravenous mor-
phine (significantly better pain scores, significantly less supplemen-
tal intravenous morphine). Furthermore, in a subgroup of 20 patients 
(10 per group), postoperative “stress” was assessed via serum corti-
sol and 
lower postoperative levels of these mediators compared with control 
patients, indicating potential postoperative stress-response attenuation. 
Continuous thoracic epidural infusion of morphine (compared with 
controls) also was associated with a lower incidence of opioid-related 
side effects during the immediate postoperative period. The insertion 
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of the thoracic epidural catheter immediately before systemic heparin 
administration was not associated with any neurologic problems. Since 
this initial impressive display of potential benefits (reliable postopera-
tive analgesia, stress-response attenuation, facilitation of early tracheal 
extubation), other clinical investigators have subsequently applied 

139–174 Most clinical inves-
tigators have used thoracic epidural local anesthetics in hopes of pro-
viding perioperative stress-response attenuation and/or perioperative 
thoracic cardiac sympathectomy. Some clinical investigators have used 
thoracic epidural opioids to provide intraoperative and/or postoper-
ative analgesia. An anonymous survey of members of the Society of 
Cardiovascular Anesthesiologists indicated that 7% of practicing anes-
thesiologists incorporate thoracic epidural techniques into their anes-
thetic management of adults undergoing cardiac surgery.133 Of these 
anesthesiologists, 58% practice in the United States. Regarding the tim-
ing of epidural instrumentation, 40% perform instrumentation before 
induction of general anesthesia, 12% perform instrumentation after 
induction of general anesthesia, 33% perform instrumentation at the 
end of surgery, and 15% perform instrumentation on the first postop-
erative day.133

significant postoperative analgesia in patients after cardiac surgery. 
Patients randomized to receive a continuous thoracic epidural mor-
phine infusion (0.1 mg/hr) after cardiac surgery required significantly 
less postoperative supplemental intravenous morphine compared 
with patients without thoracic epidural catheters (5 vs. 18 mg/day per 
patient, respectively; p < 0.05) during the initial 3 postoperative days.138 
Children (aged 2 to 12 years) randomized to receive caudal epidural 
morphine (75 g/kg) intraoperatively after cardiac surgery required sig-
nificantly less postoperative supplemental intravenous morphine com-
pared with patients who did not receive epidural morphine (0.32 vs. 
0.71 mg/kg, respectively; p < 0.01) during the initial 24 postoperative 
hours.158 Numerous additional clinical studies further attest to the abil-

postoperative analgesia in patients after cardiac surgery (Table 38-5).

-
142 

prospectively randomized 70 patients undergoing elective CABG to 

infusion) perioperatively to general anesthesia (n = 25 patients), to 
receive intravenous clonidine supplementation (continuous infusion) 
perioperatively to general anesthesia (n = 24 patients), or to receive only 
general anesthesia (n = 21 patients, controls). Hemodynamics, plasma 
epinephrine and norepinephrine levels, plasma cortisol levels, the 
myocardium-specific contractile protein troponin T levels, and other 

and intravenous clonidine groups experienced postoperative decreases 
in heart rate compared with the control group (without jeopardizing 
cardiac output or perfusion pressure). The effects on stress-response 

-
dence of ischemia (ST-segment elevation, ST-segment depression) 

intravenous clonidine patients. The release of troponin T was attenu-

in the intravenous clonidine group). Interestingly enough, the high-
est quality of postoperative analgesia was found in the patients receiv-
ing intravenous clonidine. In the intravenous clonidine group, visual 
analog pain scores were nearly halved when compared with the two 
other groups. Sedation scores were similar among the three groups, 
with the exception of the 24-hour value in the intravenous clonidine 

-
tive comfort scores (rated between excellent and good) did not differ 
among the three groups.

-
thetics also significantly attenuates the perioperative stress response 
in patients undergoing cardiac surgery. Patients randomized to 
receive intermittent boluses of thoracic epidural bupivacaine intra-
operatively followed by continuous infusion postoperatively exhibited 
significantly decreased blood levels of norepinephrine and epineph-
rine perioperatively when compared with patients managed similarly 
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of initial cardiac patient receiving pre-
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First Author

 
Year

 
Study Design

Total 
Patients

 
Drugs: Dosage Method

Intraoperative 
Management

 
Remarks

Royse179 2003 Prospective, randomized 80 Ropivacaine, fentanyl infusion Not standardized Reliable postoperative analgesia
Pastor161 2003 Prospective, 

observational
714 Bupivacaine or ropivacaine boluses 

plus infusion
Not standardized No hematoma formation

Priestley180 2002 Prospective, randomized 100 Ropivacaine, fentanyl infusion Not standardized Reliable postoperative analgesia
de Vries165 2002 Prospective, randomized 90 Bupivacaine: bolus plus infusion Standardized Reliable postoperative analgesia

Sufentanil: bolus plus infusion Facilitated early extubation
Possible decreased hospital stay

Canto166 2002 Prospective, 
observational

305 Ropivacaine: bolus plus infusion Not standardized No hematoma formation

Fillinger167 2002 Prospective, randomized 60 Bupivacaine: bolus plus infusion Not standardized No benefit
Morphine: bolus plus infusion

Jideus139 2001 Prospective, randomized 41 Bupivacaine: bolus plus infusion Not standardized Stress-response attenuation
Sufentanil: infusion Thoracic cardiac sympathectomy

Scott140 2001 Prospective, randomized 206 Bupivacaine: bolus plus infusion Standardized Decreased postoperative arrhythmias
Clonidine: infusion Improved postoperative pulmonary 

function
Decreased postoperative renal failure
Decreased postoperative confusion

Dhole168 2001 Prospective, randomized 41 Bupivacaine: bolus plus infusion Not standardized No benefit
Djaiani169 2001 Retrospective 37 Bupivacaine: bolus plus infusion Not standardized Facilitated early extubation
Warters141 2000 Retrospective 278 Not specified Not standardized No hematoma formation

142 1999 Prospective, randomized 25 Bupivacaine: bolus plus infusion Standardized Stress-response attenuation
Sufentanil: bolus plus infusion Thoracic cardiac sympathectomy

Facilitated early extubation
Tenling143 1999 Prospective, randomized 14 Bupivacaine: bolus plus infusion Not standardized Reliable postoperative analgesia

Facilitated early extubation
Sanchez144 1998 Prospective, 

observational
571 Bupivacaine: boluses Not standardized No hematoma formation

Fawcett172 1997 Prospective, randomized 16 Bupivacaine: bolus plus infusion Standardized Reliable postoperative analgesia
Improved pulmonary function
Stress-response attenuation

Turfrey173 1997 Retrospective 218 Bupivacaine: bolus plus infusion Not standardized Facilitated early extubation
Clonidine: infusion Possible thoracic cardiac 

sympathectomy
Shayevitz147 1996 Retrospective 54 Morphine: bolus plus infusion Not standardized Reliable postoperative analgesia

Facilitated early extubation
Stenseth174 1996 Prospective, randomized 54 Bupivacaine: bolus plus infusion Not standardized Facilitated early extubation

Possible thoracic cardiac 
sympathectomy

Moore149 1995 Prospective, randomized 17 Bupivacaine: bolus plus infusion Standardized Stress-response attenuation
Possible thoracic cardiac 

sympathectomy
Stenseth150 1995 Prospective, randomized 30 Bupivacaine: bolus plus infusion Standardized Thoracic cardiac sympathectomy
Kirno151 1994 Prospective, randomized 20 Mepivacaine: bolus Standardized Stress-response attenuation

Thoracic cardiac sympathectomy
Stenseth152,153 1994 Prospective, randomized 30 Bupivacaine: bolus plus infusion Standardized Stress-response attenuation

Possible thoracic cardiac 
sympathectomy

155–157 1992 Prospective, randomized 54 Bupivacaine: bolus plus infusion Not standardized Reliable postoperative analgesia
Sufentanil: bolus plus infusion Stress-response attenuation

Possible thoracic cardiac 
sympathectomy

Rosen158 1989 Prospective, randomized 32 Morphine: bolus Not standardized Reliable postoperative analgesia
Facilitated early extubation

Joachimsson159 1989 Observational 28 Bupivacaine: boluses Not standardized Reliable postoperative analgesia
138 1987 Prospective, randomized 60 Morphine: infusion Standardized Reliable postoperative analgesia

Stress-response attenuation
Facilitated early extubation

Robinson160 1986 Prospective, 
observational

10 Meperidine: bolus Standardized Reliable postoperative analgesia

Hoar137 1976 Prospective, 
observational

12 Not standardized Reliable postoperative analgesia

Bupivacaine: boluses Possible stress response attenuation

Reports of Epidural Anesthesia and Analgesia for Cardiac SurgeryTABLE  
38-5
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without thoracic epidural catheters.152 Furthermore, increased blood 
catecholamine levels in these patients were associated with increased 
systemic vascular resistance.152 Patients randomized to receive contin-
uous thoracic epidural bupivacaine infusion perioperatively exhibited 
significantly decreased blood levels of norepinephrine and corti-
sol perioperatively when compared with patients managed similarly 
without thoracic epidural catheters.149 Patients randomized to receive 
a continuous thoracic epidural bupivacaine and sufentanil infusion 
perioperatively exhibited significantly decreased blood levels of nor-
epinephrine after sternotomy when compared with patients managed 
similarly without thoracic epidural catheters.155

local anesthetics to promote perioperative hemodynamic stability 
in patients undergoing cardiac surgery, which suggests perioperative 
stress-response attenuation.137,151,152,155 Although most clinical attempts 
at stress-response attenuation involve thoracic epidural administration 

may significantly attenuate the perioperative stress response in patients 
undergoing cardiac surgery.138 In this clinical investigation, patients 
randomized to receive a continuous thoracic epidural morphine infu-
sion after surgery exhibited significantly decreased blood levels of cor-
tisol and -endorphin after surgery when compared with patients 
managed similarly without thoracic epidural catheters.138

induce significant thoracic cardiac sympathectomy in patients under-
going cardiac surgery.150,151 In the first study, patients undergoing 
CABG were evaluated with reverse thermodilution catheters that had 
been inserted into the midcoronary sinus under fluoroscopic guidance 
before the induction of anesthesia.150 Intraoperative anesthetic man-
agement was standardized. Coronary sinus blood flow was measured 
by a constant-infusion technique, and coronary vascular resistance was 
calculated using coronary perfusion pressure (arterial diastolic pres-
sure minus pulmonary capillary wedge pressure) and coronary sinus 
blood flow. Patients who had been randomized to receive intermittent 
boluses of thoracic epidural bupivacaine intraoperatively followed by 
a continuous infusion after surgery exhibited significant decreases in 
coronary vascular resistance after CPB when compared with pre-CPB 
values, whereas patients managed similarly without thoracic epidural 
catheters exhibited significant increases in coronary vascular resistance 
after CPB. In the second study, patients undergoing CABG were evalu-
ated with catheters that had been inserted into the coronary sinus under 
fluoroscopic guidance and continuous pressure monitoring before the 
induction of anesthesia.151 Intraoperative anesthetic management was 
standardized and all patients received a continuous intravenous infu-
sion of tritiated norepinephrine (allowed assessment of cardiac nor-
epinephrine spillover to plasma via isotope dilution technique). Blood 
samples were obtained from the coronary sinus and radial artery and 
the rate of norepinephrine spillover from the heart was calculated 
according to the Fick principle to assess cardiac sympathetic activity.

Patients randomized to receive a single bolus of thoracic epidural 
mepivacaine immediately after induction of anesthesia exhibited sig-
nificantly decreased cardiac norepinephrine spillover after sternotomy 
when compared with patients managed similarly without thoracic  
epidural catheters. Furthermore, 20% of patients managed without 

-
emia after sternotomy, whereas no patient managed with a thoracic 
epidural catheter exhibited myocardial ischemia during this time.

anesthetics may clinically benefit patients undergoing cardiac surgery 
by increasing myocardial oxygen supply.95,104,105 However, such a cardiac 
sympathectomy may offer additional benefits to patients  undergoing 

with local anesthetics significantly decreases heart rate before155 and 
after149,155 initiation of CPB, and significantly decreases the need to 
administer -blockers after CPB.152 Multiple clinical studies also 

 
systemic vascular resistance before151,152 and after155,159 initiation of CPB. 

local anesthetics not only exhibit significant decreases in  postoperative 
heart rate and systemic vascular resistance but also significant decreases 

with patients managed similarly without thoracic epidural catheters.155

A relatively large clinical investigation highlighted the potential 
140 Scott et al140 

prospectively randomized (nonblinded) 420 patients undergoing 

general anesthesia or general anesthesia alone (control group). The 
two groups received similar intraoperative anesthetic techniques. In 

hours after surgery (titrated according to need). In control patients, 
target-controlled infusion alfentanil was used for the first 24 postop-
erative hours, then followed by PCA morphine for the next 48 hours. 
After surgery, striking clinical differences were observed between the 
two groups (Table 38-6). Postoperative incidence of supraventricular 
arrhythmia, lower respiratory tract infection, renal failure, and acute 

-
pared with control patients. However, data from this clinical inves-
tigation must be viewed with caution. The clinical protocol dictated 
that -adrenergic blocker therapy could not be used intraopera-
tively or postoperatively for the 5 days of the study period (except in 
those patients who developed a new arrhythmia requiring additional 
 therapy). Because approximately 90% of this study's patients were tak-
ing -adrenergic blockers before surgery, this unique perioperative 
management clouds interpretation of postoperative supraventricular 
arrhythmia data.

Despite prospective randomization, substantially fewer patients 

with control patients (5.8% vs. 13.4%, respectively), which clouds 
interpretation of postoperative lower respiratory tract infection data. 
These investigators also found that postoperative pre-extubation maxi-

with control patients), and postoperative tracheal extubation was facil-
-

aged somewhat differently during the immediate postoperative period). 
Although postoperative analgesia was not definitively assessed in this 

during the first 24 postoperative hours because of suboptimal postop-

to target-controlled infusion alfentanil or PCA morphine because of 
suboptimal postoperative analgesia. The results of this clinical inves-
tigation are certainly intriguing, but definitive conclusions regarding 
the use of thoracic epidural techniques in patients undergoing cardiac 
surgery cannot be drawn because of the study's substantial limitations, 
highlighted by an accompanying editorial175 and three subsequent  
letters to the editor.176–178

P
P P P

P

Anesth Analg

Various Outcomes of Patients

Outcome TEA (N = 206), n (%) GA (N = 202), n (%)

Supraventricular arrhythmia 21 (10.2) 45 (22.3)

infection
31 (15.3) 59 (29.2)

Renal failure 4 (2.0) 14 (6.9)
Cerebrovascular accident 2 (1.0) 6 (3.0)
Acute confusion 3 (1.5) 11 (5.5)
Significant bleeding 35 23
Any complications 84 108

TABLE  
38-6
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In contrast with the encouraging findings of Scott et al's140 clinical 
investigation, two prospective, randomized, nonblinded clinical inves-

cardiac surgery may not offer substantial clinical benefits.179,180 In 2002, 
Priestley et al180 prospectively randomized 100 patients undergoing 

-
eral anesthesia or general anesthesia alone (control group). The two 
groups received quite different intraoperative anesthetic techniques. 

for 48 hours (supplemental analgesics available if needed), whereas 
control patients received nurse-administered intravenous morphine, 

sooner than control patients (3.2 vs. 6.7 hours, respectively; P < 0.001), 
yet this difference may have been secondary to the different amounts 
of intraoperative intravenous opioid administered to the two groups 
(intraoperative intravenous anesthetic technique not standardized).

Postoperative pain scores at rest were significantly lower in patients 

2 and 3). Postoperative pain scores during coughing were significantly 

alent on days 1, 2, and 3; Figure 38-14). There were no significant dif-
ferences between the two groups in postoperative oxygen saturation 
on room air, chest radiograph changes, or spirometry (Table 38-7). 

Furthermore, no clinical differences were detected between the two 
groups regarding postoperative mobilization goals, atrial fibrillation, 
postoperative hospital discharge eligibility, or actual postoperative 
hospital discharge. In short, this clinical investigation revealed that 

and enhance early postoperative tracheal extubation, yet has no effect 
on important clinical parameters (morbidity, hospital length of stay, 
etc.). In 2003, Royse and associates179 prospectively randomized 80 

fentanyl) and general anesthesia or general anesthesia alone (control 
group). The two groups received very different intraoperative anes-

-
ivacaine/fentanyl until the third postoperative day, whereas control 
patients received nurse-administered intravenous morphine followed 

sooner during the immediate postoperative period than control sub-
jects (2.6 vs. 5.4 hours, respectively; P < 0.001); yet, this difference 
may have been secondary to the different amounts of intraoperative 
intravenous anesthetics administered (intraoperative anesthetic tech-
nique not standardized). Postoperative pain scores at rest and with 

-
tive days 1 and 2 only (equivalent on postoperative day 3; Table 38-8). 
Much like Priestley et al's180 investigation, there were no substantial dif-
ferences between the two groups regarding important postoperative 
clinical parameters (respiratory function, renal function, atrial fibril-
lation, ICU length of stay, hospital length of stay).

Most recently, in 2006, Hansdottir et al (via the best-designed study 
to date) provided additional evidence that thoracic epidural tech-
niques offer no real clinical benefits to patients undergoing cardiac 
surgery.181 This relatively large (113 patients) prospective trial ran-
domized patients undergoing elective cardiac surgery to receive either 

bupivacaine, fentanyl, and epinephrine) or patient-controlled intrave-
nous morphine analgesia during the immediate postoperative period. 
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Figure 38-14 Visual analog scale (VAS) scores. VAS scores for pain at 
rest (top) and with coughing (bottom) on the day of surgery and the first 
3 postoperative days. Significant differences (P < 0.03) existed between 
the two groups only on day 0 (rest and coughing) and on day 1 (rest 
only). GA, general anesthesia; TEA, thoracic epidural analgesia. (From 
Priestley MC, Cope L, Halliwell R, et al: Thoracic epidural anesthesia for 
cardiac surgery: The effects on tracheal intubation time and length of 
hospital stay. Anesth Analg 94:275, 2002.)

No significant differences existed between patients receiving thoracic epidural analgesia 

1
, forced expiratory volume in 1 second; FVC, forced vital capacity; SD, standard 

deviation.

surgery: The effects on tracheal intubation time and length of hospital stay. Anesth 
Analg 94:275, 2002.

Spirometry Results

Mean FEV
1
 (SD) Mean FVC (SD)

Variable TEA (L) GA (L) TEA (L) GA (L)

Predicted 2.9 (0.4) 2.9 (0.5) 3.9 (0.5) 3.9 (0.6)
Preoperative 2.5 (0.4) 2.6 (0.8) 3.3 (0.8) 3.4 (0.9)
Postoperative day 1 1.0 (0.3) 1.0 (0.4) 1.2 (0.4) 1.4 (0.5)
Postoperative day 2 1.1 (0.3) 1.1 (0.4) 1.4 (0.4) 1.5 (0.5)
Postoperative day 4 1.4 (0.4) 1.3 (0.5) 1.8 (0.6) 1.7 (0.6)

TABLE  
38-7

Mean pain scores at rest and with cough for days 1, 2, and 3. Significant differences (P < 0.05) 
existed between groups on days 1 and 2 (at rest and with cough) yet not on day 3.

From Royse C, Royse A, Soeding P, et al: Prospective randomized trial of high thoracic 
epidural analgesia for coronary artery bypass surgery. Ann Thorac Surg 75:93, 2003.

Visual Analog Scale Scores

 
Pain Score

High Thoracic Epidural Analgesia 
(mean ± SD)

 
Control (mean ± SD)

Rest day 1 0.02 ± 0.2 0.8 ± 1.8
Cough day 1 1.2 ± 1.7 4.4 ± 3.1
Rest day 2 0.1 ± 0.4 1.2 ± 2.7
Cough day 2 1.5 ± 2.0 3.6 ± 3.1
Rest day 3 0.2 ± 1.0 0.3 ± 1.1
Cough day 3 1.7 ± 2.3 2.7 ± 3.0

TABLE  
38-8
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Perioperative care was standardized (all patients underwent general 
anesthesia and received a median sternotomy). When the two groups 
were compared, the only difference was a shorter time to postopera-

Absolutely no differences were observed regarding postoperative  
analgesia (at rest and during cough), degree of sedation, lung volumes 
(forced vital capacity, forced vital capacity at 1 second, peak expiratory 
flow), degree of ambulation, global quality of recovery score  (including 
all five domains studied), cardiac morbidity (myocardial infarc-
tion, atrial fibrillation, etc.), renal morbidity (peak serum creatinine), 
 neurologic outcome (stroke, confusion), ICU stay, or hospital length of 
stay. Furthermore, this group of experienced investigators reported a 
very high (17%) “failure” rate for the use of thoracic epidural catheters 
in these patients.

Despite enhanced postoperative analgesia offered via thoracic 
epidural techniques, such analgesia does not appear to decrease 
the incidence of persistent pain after cardiac surgery. Ho and associ-
ates18 assessed via survey 244 patients after cardiac surgery via median 
sternotomy. One hundred fifty patients received perioperative sup-

infusion initiated before induction of anesthesia and continued after 
surgery for 2 to 3 days), and 94 patients received general anesthesia 
and routine postoperative nurse-controlled intravenous morphine 
infusion for analgesia (together with intraoperative wound infiltra-
tion with ropivacaine at chest wall closure). Persistent pain (defined 
as pain still present 2 or more months after surgery) was similar in the 
two cohorts (reported in almost 30% of patients). However, persistent 
pain reported by these patients was mild in most cases, infrequently 
interfering with daily life.

to allow cardiac surgery to be performed in awake patients without 
general endotracheal anesthesia. The initial report of awake cardiac 
surgery was published in the Annals of Thoracic Surgery in 2000. 
Karagoz and associates,182 from Turkey, described the perioperative 
course of five patients who underwent elective off-pump single-vessel 

throughout). All five patients did well, and none had to be con-
verted to general endotracheal anesthesia. Soon thereafter, a group 
of investigators from Germany described the perioperative course 
of 12 patients who underwent elective off-pump multivessel CABG 

183 All patients did well, yet 
two patients required conversion to general endotracheal anesthesia 
(one for incomplete analgesia, one for pneumothorax). Also in 2002, 
investigators from Brazil revealed that “outpatient” CABG was pos-
sible (discharge to home within 24 hours of hospital admission) in a 
small (n = 20) group of patients undergoing cardiac surgery solely via 

184 Since these initial small clinical reports appeared, larger series 
of patients have been published, demonstrating that “awake” cardiac 
surgery is feasible and safe.185–195 In 2003, the first case report of awake 
cardiac surgery requiring CPB was published.196 In this astonishing 
case report from Austria, a 70-year-old man with aortic stenosis 
underwent aortic valve replacement with assistance of normother-
mic CPB (total time: 123 minutes; cross-clamp time: 82 minutes) 

on demand throughout CPB. The patient did well and experienced an 
unremarkable postoperative course.

The many clinical investigations involving the use of epidural 
analgesic techniques in patients undergoing cardiac surgery indicate 
that administration of thoracic epidural opioids or local anesthetics 
before and/or after CPB initiates reliable postoperative analgesia after 
cardiac surgery. Administration of thoracic epidural local anesthet-
ics (not opioids) can both reliably attenuate the perioperative stress 
response associated with CPB (that persists during the immediate 
postoperative period) and induce perioperative thoracic cardiac sym-

tracheal extubation after cardiac surgery, yet patients may be extu-
bated after cardiac surgery (with or without CPB) in the operating 
room without assistance of thoracic epidural techniques.197

All clinical reports involving utilization of intrathecal anesthesia and 
-

bers of patients, and few (if any) are well designed (see Tables 38-4 and 
38-5). Only a handful of clinical studies involving intrathecal analge-
sia are prospective, randomized, blinded, and placebo-controlled (see 
Table 38-4). There are no blinded, placebo-controlled clinical studies 
involving epidural techniques (see Table 38-5). Furthermore, none of 

and analgesia techniques for cardiac surgery uses clinical outcome as 
a primary end point. Thus, there are clear deficiencies in the literature 
that prohibit definitive analysis of the risk/benefit ratio of intrathe-

undergoing  cardiac surgery.
198 assessed effects of perioperative 

central neuraxial analgesia on outcome after CABG. These authors, via 

trials in patients undergoing CABG with CPB. Fifteen trials enrolling 

668 patients were included for intrathecal analysis. Thoracic epidu-
ral techniques did not affect the incidences of mortality or myocar-
dial infarction, yet reduced risk for arrhythmias (atrial fibrillation and 
tachycardia), reduced risk for pulmonary complications (pneumo-
nia and atelectasis), reduced time to tracheal extubation, and reduced 
analog pain scores. Intrathecal techniques did not affect incidences 
of mortality, myocardial infarction, arrhythmias, or time to tracheal 
extubation, and only modestly decreased systemic morphine utiliza-
tion and pain scores (while increasing incidence of pruritus). These 
authors concluded that central neuraxial analgesia does not affect rates 
of mortality or myocardial infarction after CABG yet is associated with 
improvements in faster time to tracheal extubation, decreased pulmo-
nary complications and cardiac arrhythmias, and reduced pain scores. 
However, the authors also noted that the majority of potential clini-
cal benefits offered by central neuraxial analgesia (earlier extubation, 
decreased arrhythmias, enhanced analgesia) may be reduced and/or 
eliminated with changing cardiac anesthesia practice using fast-track 
techniques, use of -adrenergic blockers or amiodarone, and/or use of 
NSAIDs or COX-2 inhibitors. These authors also noted that the risk for 
spinal hematoma (addressed later in this chapter) because of  central 
neuraxial analgesia in patients undergoing full anticoagulation for CPB 
remains uncertain.

The use of intrathecal and/or epidural techniques in patients 
undergoing thoracotomy incisions (rare during cardiac surgery, yet 
sometimes used in certain circumstances) deserves brief mention.199 
Many factors are involved in the occurrence of pulmonary dysfunc-
tion after thoracotomy. Postoperative changes in pulmonary function 
result from lung resection, atelectasis, and/or volume loss caused by 
pneumothorax and inspiratory muscle dysfunction. Pain after tho-
racotomy can be intense, which may produce pulmonary compli-
cations after surgery. Somewhat surprisingly, patients undergoing 
a “clamshell” incision (transverse thoracosternotomy) for bilateral 
lung transplantation do not experience more postoperative pain than 
patients undergoing a standard thoracotomy for single-lung trans-
plantation, and lung transplant recipients undergoing thoracotomy 
have a lower incidence of adequate pain relief than patients undergo-
ing thoracotomy for other indications.200 These clinical observations 
emphasize that the condition of the patient may play a major role 
(together with type of incision) regarding adequacy of postoperative 
pain control.200 Clearly, compared with standard thoracotomy inci-
sions, patients receiving minithoracotomy incisions experience less 
postoperative pain and consume fewer supplemental analgesics dur-
ing the immediate postoperative period. Furthermore, up to half of 
all patients undergoing thoracotomy incision will experience chronic 
pain related to the surgical site.

-
trol after thoracotomy may help prevent the development of chronic 
postoperative thoracotomy pain. Therefore, an effective postopera-
tive analgesic plan must be developed for these patients. In contrast 
with median sternotomy incisions and minithoracotomy incisions, 
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there appears to be some clinical evidence indicating that use of 
regional anesthetic techniques may decrease postoperative com-
plications after thoracotomy incisions. Specifically, Ballantyne et 
al201 202 provide ample evidence that postoperative 
pain control with epidural techniques after thoracotomy incision 
may reduce pulmonary morbidity and overall patient mortal-

(superiority of thoracic over lumbar routes has been recently called 
into question) offers superior postoperative analgesia, not all clini-
cal studies have shown that such techniques truly improve postop-
erative pulmonary function and reduce postoperative pulmonary 
complications.

Side Effects of Intrathecal and  
Epidural Local Anesthetics
The most troubling and undesirable drug effect of intrathecal and 
epidural local anesthetics is hypotension. Spinal anesthesia to upper 
thoracic dermatomes produces a decrease in mean arterial blood pres-
sure that is accompanied by a parallel decrease in coronary blood 
flow.203,204 -
able remains speculative, especially in patients with CAD. Disturbances 
in myocardial oxygenation appear to occur in patients with CAD if 
coronary perfusion pressure is allowed to decrease by more than 50% 

205 Furthermore, if 
-adrenergic agonists are used to increase blood pressure during 

this time, there may be detrimental effects (vasoconstriction) on the 
native coronary arteries and bypass grafts.206,207 Of the 19 patients who 
received intrathecal local anesthetics to produce a “total spinal” for car-
diac surgery, 18 required intravenous phenylephrine intraoperatively 
to increase blood pressure, indicating that hypotension is a substan-
tial problem with this technique.120,122 Hypotension also appears to be 
relatively common when thoracic epidural local anesthetics are used 
in this setting. Volume replacement, -adrenergic agonists, and/or 

-adrenergic agonists are required in a fair proportion of patients, and 
coronary perfusion pressure may decrease in susceptible patients after 
CPB.

After epidural administration, local anesthetics can produce blood 
concentrations of drug that may initiate detrimental cardiac electro-
physiologic effects and myocardial depression.208 In fact, myocardial 

-
caine, a clinical effect at least partially caused by increased blood con-
centrations of the drug.209 Concomitant use of -adrenergic blockers 
may further decrease myocardial contractility in this setting.210,211 
Patients undergoing cardiac surgery who were randomized to receive 
intermittent boluses of thoracic epidural bupivacaine intraoperatively, 
followed by continuous infusion after surgery, exhibited significantly 
increased pulmonary capillary wedge pressures after CPB when com-
pared with patients managed similarly without epidural catheters 
(10.8 vs. 6.4 mm Hg, respectively; P < 0.001), which suggests myocar-
dial depression.152

Two case reports also indicated that the use of epidural anesthesia 
and analgesia may either mask myocardial ischemia or initiate myo-
cardial ischemia.212,213 Oden and Karagianes213 described the periop-
erative course of an elderly patient who had a history of exertional 
angina and underwent uneventful cholecystectomy. After surgery, 
analgesia was achieved with continuous lumbar epidural fentanyl. 
On the second postoperative day, with continuous lumbar epidu-
ral fentanyl being administered, ST-segment depression was noted 
on the electrocardiogram. The patient was awake, alert, and did not 
experience angina. Initiation of intravenous nitroglycerin at this time 

by these authors that epidural fentanyl-induced analgesia masked the 
212 described the periopera-

tive course of a middle-aged patient without cardiovascular symp-
toms (“borderline” hypertension) who was scheduled for exploratory 
laparotomy. Before surgery, a low thoracic epidural catheter was 
inserted and local anesthetic was administered (sensory level peaked 

by pinprick at T2). The patient at this time began complaining of 
left-sided jaw pain, and substantial (2.7 mm) ST-segment depression 
was noted on the electrocardiogram. Surgery was canceled and the 

-

kinase-MB fractions, the patient was diagnosed with a non–Q-wave 
myocardial infarction. Coronary angiography on the following day 
was unremarkable, and a presumptive diagnosis of coronary artery 
spasm was made. It was thought by these authors that low thoracic 
epidural-induced sympathectomy led to alterations in the sympa-
thetic–parasympathetic balance (i.e., vasoconstriction above level of 
block) leading to coronary artery spasm.

Side Effects of Intrathecal  
and Epidural Opioids
Although many have been described, the four clinically relevant unde-
sirable drug effects of intrathecal and epidural opioids are pruritus, 
nausea and vomiting, urinary retention, and respiratory depression.214 
After administration of intrathecal or epidural opioids, the most com-
mon side effect is pruritus. The incidence rate varies widely (from 
0% to 100%) and is often identified only after direct questioning of 
patients. Severe pruritus is rare, occurring in only approximately 1% of 
patients. The incidence of nausea and vomiting is approximately 30%. 
The incidence of urinary retention varies widely (from 0% to 80%) 
and occurs most frequently in young male patients. When intrathecal 
or epidural opioids are used in patients undergoing cardiac surgery, 
the incidences of pruritus, nausea and vomiting, and urinary retention 
are similar to that described earlier. Of note, if a large dose (4.0 mg) 
of intrathecal morphine is administered, prolonged postoperative  
urinary retention may occur.119

The most important undesirable drug effect of intrathecal and  
epidural opioids is respiratory depression. Only 4 months after the 
initial use of intrathecal215 and epidural216 opioids in humans, life-
 threatening respiratory depression was reported.217–219 The incidence 
of respiratory depression that requires intervention after conventional 
doses of intrathecal and epidural opioids is approximately 1%, the 
same as that after conventional doses of intramuscular and intravenous 

injection and is associated with administration of intrathecal or epidu-
ral fentanyl or sufentanil. Delayed respiratory depression occurs hours 
after opioid injection and is associated with administration of intrath-
ecal or epidural morphine. Delayed respiratory depression results from 
cephalad migration of morphine in cerebrospinal fluid and the subse-
quent stimulation of opioid receptors located in the ventral medulla.220 
Factors that increase the risk for respiratory depression include large 
and/or repeated doses of opioids, intrathecal utilization, advanced 
age, and concomitant use of intravenous sedatives.214 The magnitude 
of postoperative respiratory depression is profoundly influenced by 
the dose of intrathecal or epidural morphine administered, and the 
type and amount of intravenous analgesics and amnestics used for the 
intraoperative baseline anesthetic. Prolonged postoperative respira-
tory depression may delay tracheal extubation, and naloxone may be 
required in some patients.

Children may be more susceptible to developing postoperative respi-
ratory depression when intrathecal morphine is used in this setting. 
Of 56 children (aged 1 to 17 years) administered either 20 or 30 g/kg 
intrathecal morphine before surgical incision for cardiac surgery, 3 of 
29 who received 20 g/kg and 6 of 27 who received 30 g/kg required 
naloxone after surgery for respiratory depression.131

One clinical study indicated that administration of intrathecal 
morphine to patients undergoing cardiac surgery may be contrain-
dicated if early extubation is planned.118 Patients were randomized to 
receive either intrathecal morphine (10 g/kg) or intrathecal placebo 
before the induction of anesthesia. Intraoperative anesthetic manage-
ment was standardized and consisted of intravenous fentanyl (20 g/
kg) and intravenous midazolam (10 mg total) together with inhaled 
isoflurane and/or intravenous nitroglycerin, if required. Regarding 
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patients extubated during the immediate postoperative period, the 
mean time from ICU arrival to extubation was significantly increased 
in those who received intrathecal morphine compared with those who 
received intrathecal placebo (10.9 vs. 7.6 hours, respectively; P = 0.02). 
However, other clinical studies indicated that intrathecal or epidural 
morphine may yet prove to be a useful adjunct for cardiac surgery and 
early extubation. The optimal dose of intrathecal or epidural morphine 
in this setting, together with the optimal intraoperative baseline anes-
thetic that will provide significant postoperative analgesia yet not delay  
tracheal extubation in the immediate postoperative period, remains 
to be elucidated. In contrast with intrathecal and epidural opioids, 
epidural local anesthetics (which initiate no respiratory depression) 
should not delay tracheal extubation in the immediate postoperative 
period.

Risk for Hematoma Formation
Intrathecal or epidural instrumentation entails risk, the most feared 
complication being epidural hematoma formation. The estimated 
incidence of hematoma formation is approximately 1:220,000 after 
intrathecal instrumentation.221 Hematoma formation is more common 
(approximately 1:150,000) after epidural instrumentation because 
larger needles are used, catheters are inserted, and the venous plexus in 
the epidural space is prominent.221 Furthermore, hematoma formation 
does not occur exclusively during epidural catheter insertion; almost 
half of all cases develop after catheter removal.221

Although spontaneous hematomas can occur in the absence of 
intrathecal or epidural instrumentation,222 most occur when instrumen-
tation is performed in a patient with a coagulopathy (from any cause) 
or when instrumentation is difficult or traumatic.221 Paradoxically, 
intrathecal or epidural instrumentation has been performed safely in 
patients with known clinical coagulopathy.223,224 Of 1000 epidural cath-
eterizations performed in 950 patients receiving oral anticoagulants 
at time of catheter insertion, none experienced signs or symptoms 
of hematoma formation.224 Of 336 epidural injections performed in  
36 patients with chronic cancer pain either fully anticoagulated (oral 
anticoagulants or intravenous heparin) or profoundly thrombocy-
topenic (platelet count < 50,000/mm3) at the time of instrumentation, 
none had signs or symptoms of hematoma formation.223

Risk is increased when intrathecal or epidural instrumentation is 
performed before systemic heparinization, and hematoma formation 
has occurred in patients when diagnostic or therapeutic lumbar punc-
ture has been followed by systemic heparinization.225–228 When lum-
bar puncture is followed by systemic heparinization, concurrent use 
of aspirin, difficult or traumatic instrumentation, and administration 
of intravenous heparin within 1 hour of instrumentation increase the 
risk for hematoma formation.227 However, by observing certain pre-
cautions, intrathecal or epidural instrumentation can be performed 
safely in patients who will subsequently receive intravenous hepa-
rin.229,230 By delaying surgery 24 hours in the event of a traumatic tap, 
by delaying heparinization 60 minutes after catheter insertion, and by 
maintaining tight perioperative control of anticoagulation, more than 
4000 intrathecal or epidural catheterizations were performed safely in 
patients undergoing peripheral vascular surgery who received intrave-
nous heparin after catheter insertion.230 A retrospective review involv-
ing 912 patients further indicates that epidural catheterization before 
systemic heparinization for peripheral vascular surgery is safe.229 
However, the magnitude of anticoagulation in these two studies (acti-
vated partial thromboplastin time of approximately 100 seconds229 and 
activated coagulation time approximately twice the baseline value230) 
involving patients undergoing peripheral vascular surgery was sub-
stantially less than the degree of anticoagulation required in patients 
subjected to CPB.

Most clinical studies investigating the use of intrathecal or epidu-
ral anesthesia and analgesia techniques in patients undergoing cardiac 
surgery included precautions to decrease risk for hematoma formation. 
Some used the technique only after the demonstration of laboratory 
evidence of normal coagulation parameters, delayed surgery 24 hours 

in the event of traumatic tap, or required that the time from instru-
mentation to systemic heparinization exceed 60 minutes. Although 
most clinicians investigating use of epidural anesthesia and analgesia 
techniques in patients undergoing cardiac surgery insert catheters the 
day before scheduled surgery, investigators have performed instru-
mentation on the same day of surgery. Institutional practice (same-day 
admit surgery) may eliminate the option of epidural catheter inser-
tion on the day before scheduled surgery. An alternative is to perform  
epidural instrumentation postoperatively (before or after tracheal extu-
bation), after the demonstration via laboratory evidence of normal 
coagulation parameters.

Although most investigators agree that risk for hematoma is likely 
increased when intrathecal or epidural instrumentation is performed 
in patients before systemic heparinization required for CPB, the abso-
lute degree of increased risk is somewhat controversial; some believe 
the risk rate may be as high as 0.35%.225 An extensive mathematical 
analysis by Ho et al231 of the approximately 10,840 intrathecal injec-
tions in patients subjected to systemic heparinization required for 
CPB (without a single episode of hematoma formation) reported in 
the literature as of 2000 estimated that the minimum risk for hema-
toma formation was 1:220,000, and the maximum risk for hematoma 
formation was 1:3600 (95% confidence level); however, the maximum 
risk may be as high as 1:2400 (99% confidence level). Similarly, of the 
approximately 4583 epidural instrumentations in patients subjected to 
systemic heparinization required for CPB (without a single episode of 
hematoma formation) reported in the literature as of 2000, the minimum 
risk for hematoma formation was 1:150,000 and the maximum risk for 
hematoma formation was 1:1500 (95% confidence level); however, the 
maximum risk may be as high as 1:1000 (99% confidence level).231

Certain precautions, however, may decrease the risk.221,225 The tech-
nique should not be used in a patient with known coagulopathy from 
any cause. Surgery should be delayed 24 hours in the event of a trau-
matic tap, and time from instrumentation to systemic heparinization 
should exceed 60 minutes. In addition, systemic heparin effect and 
reversal should be tightly controlled (smallest amount of heparin used 
for the shortest duration compatible with therapeutic objectives), and 
patients should be closely monitored after surgery for signs and symp-
toms of hematoma formation. An obvious economic disadvantage of 
intrathecal or epidural instrumentation in patients before cardiac sur-
gery is the possible delay in surgery in the event of a traumatic tap. 
However, one study involving more than 4000 intrathecal or epidural 
catheterizations via a 17-gauge Tuohy needle indicated that the inci-
dence of traumatic tap (blood freely aspirated) is rare (< 0.10%).230

In 2004, the first case report of an epidural hematoma associated 
with a thoracic epidural catheter inserted in a patient before cardiac 
surgery was published.232 This 18-year-old man had a thoracic (T9-10) 
epidural catheter uneventfully inserted after induction of general anes-
thesia (the patient had intense fear of needles) immediately before initi-
ation of CPB for aortic valve replacement surgery. Three hours elapsed 
from instrumentation to systemic heparinization. The entire intraop-
erative course and immediate postoperative course were uneventful 
(tracheally extubated soon after surgery, ambulating without difficulty 
on the first postoperative day). At 49 hours after surgery, intravenous 
heparin therapy was initiated (prosthetic valve thromboprophylaxis). 
At 53 hours after surgery, alteplase (thrombolytic drug) was used to 
flush a dysfunctional intravenous catheter. Within 2 hours of intrave-
nous alteplase administration, the patient reported intense back pain 
while ambulating. At this point, the epidural catheter was removed. 
The activated partial thromboplastin time assessed at this time (dur-
ing catheter removal) was 87.4 seconds (reference range, 24.8 to 37.3 
seconds). The patient also was thrombocytopenic at this time. On cath-
eter removal, the patient experienced sudden onset of numbness and 
weakness distal to T9. Intravenous heparin was discontinued, a com-
puted tomographic scan was inconclusive, requiring a magnetic reso-
nance imaging scan, which revealed an epidural hematoma. Five hours 
from the onset of neurologic symptoms, the patient underwent surgi-
cal evacuation of the hematoma (which extended from the T8 to T11 
levels). Intraoperatively, intravenous methylprednisolone (30 mg/kg)  
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was administered, followed by an infusion (5.4mg/kg/hr), which was 
continued for 72 hours. Twenty-four hours after laminectomy, the 
patient demonstrated mild residual lower extremity motor and sen-
sory deficits. Six weeks later, his neurologic examination had returned 
to normal. The authors noted the factors affecting coagulation in this 
patient (heparin, alteplase, thrombocytopenia) that likely led to hema-
toma formation and theorized that removing the catheter may have 
increased bleeding, further compounding the problem.

Since 2004, numerous such reports (with catastrophic consequences, 
such as permanent paralysis) have appeared in the literature.233–235  
In addition, thromboembolic complications (neurologic, stroke) may 
occur during the postoperative period when normalization of coagu-
lation parameters (in a patient requiring anticoagulation) is achieved 
to safely remove the epidural catheter.236 Thus, bleeding and/or 
thromboembolic complications associated with these techniques in 
this setting are very real and potentially catastrophic.

Use of regional anesthetic techniques in patients undergoing car-
diac surgery, although seemingly increasing in popularity, remains 
extremely controversial, prompting numerous editorials by recognized 
experts in the field of cardiac anesthesia.237–240 One of the main reasons 
such controversy exists (and likely will continue for some time) is that 
the numerous clinical investigations regarding this topic are subopti-
mally designed and use a wide array of disparate techniques, preventing 
clinically useful conclusions on which all can agree.241,242

MULTIMODAL ANALGESIA
The possibility of synergism between analgesic drugs is a concept 
that is nearly a century old.243,244 Although subsequent research has 
demonstrated the difference between additivity and synergy, the 
fundamental strategy behind such combinations (“multimodal” or 
“balanced” analgesia) remains unchanged: enhanced analgesia with 
minimization of adverse physiologic effects. Use of analgesic combi-
nations during the postoperative period, specifically the combination 
of traditional intravenous opioids with other analgesics (NSAIDs, 
COX-2 inhibitors, ketamine, etc.), has been proved clinically effec-

simply reported analgesic  efficacy, whereas more recent clinical inves-
tigations have additionally evaluated and described specific opioid-
sparing effects (which should lead to a reduction in side effects). For 
example, in the late 1980s, initial clinical studies involving ketorolac 
(the first parenteral NSAID available in the United States) revealed 
significant opioid-sparing effects (analgesia) together with a reduc-
tion in respiratory depression. Subsequently, substantial clinical 
research has clearly established the perioperative analgesic efficacy 
and opioid-sparing effects of NSAIDs (together with reduction of 
side effects).

The American Society of Anesthesiologists Task Force on Acute Pain 
Management in the Perioperative Setting reported that the literature 
supports the administration of two analgesic agents that act by dif-
ferent mechanisms via a single route for providing superior analgesic 
efficacy with equivalent or reduced adverse effects.1 Potential examples 
include epidural opioids administered in combination with epidural 
local anesthetics or clonidine and intravenous opioids in combination 
with ketorolac or ketamine. Dose-dependent adverse effects reported 
with administration of a medication occur whether it is given alone 
or in combination with other medications (opioids may cause nausea, 
vomiting, pruritus, or urinary retention, and local anesthetics may pro-
duce motor block). The literature is insufficient to evaluate the postop-
erative analgesic effects of oral opioids combined with NSAIDs, COX-2 
inhibitors, or acetaminophen compared with oral opioids alone. The 
Task Force believed that NSAIDs, COX-2 inhibitors, or acetaminophen 
administration has a dose-sparing effect for systemically administered 
opioids. The literature also suggests that two routes of administration, 
when compared with a single route, may be more effective in providing 

-
oids combined with intravenous, intramuscular, oral, transdermal, or 

subcutaneous analgesics versus intrathecal or epidural opioids alone. 
Another example is intravenous opioids combined with oral NSAIDs, 
COX-2 inhibitors, or acetaminophen versus intravenous opioids alone. 
The literature is insufficient to evaluate the efficacy of pharmacologic 
pain management combined with nonpharmacologic, alternative, or 
complementary pain management compared with pharmacologic pain 
management alone.

HOW IMPORTANT IS POSTOPERATIVE 
PAIN AFTER CARDIAC SURGERY?
Cardiac surgery is unique, and because of this, it involves unique risks not 
routinely associated with noncardiac surgery.245 Furthermore, as all are 
aware, for a wide variety of reasons, patients presenting for cardiac sur-
gery continue to get older and “sicker” (more comorbidities: neurologic 
dysfunction, myocardial dysfunction, renal dysfunction, etc.). Multiple 
factors interact in a complicated manner during the perioperative period 
that affect outcome and quality of life after cardiac surgery, including 
type and quality of surgical intervention, extent of postoperative neu-
rologic dysfunction, extent of postoperative myocardial dysfunction, 
extent of postoperative pulmonary dysfunction, extent of postoperative 
renal dysfunction, extent of postoperative coagulation abnormalities, 
extent of systemic inflammatory response, and quality of postoperative 
analgesia. Obviously, depending on specific clinical situations, certain 
factors will be more important than others. It is extremely difficult (if 
not impossible) to determine exactly how important attaining adequate 
or “high-quality” postoperative analgesia truly is in relation to all these 
important clinical factors surrounding a patient undergoing cardiac sur-
gery. For example, how important is it to obtain “high-quality” postop-
erative analgesia in an 80-year-old patient with preoperative myocardial 
dysfunction, renal dysfunction, and a heavily calcified aorta after double-
valve replacement? It could be argued that factors other than quality of 
postoperative analgesia will determine clinical outcome in this patient. 
On the other hand, how important is it to obtain “high-quality” postop-
erative analgesia in an otherwise healthy 50-year-old patient after routine 
CABG? It is likely that this patient's clinical outcome will be satisfactory 
even if postoperative analgesia is suboptimal. In essence, for cardiac and 
noncardiac surgery patients, there is insufficient evidence to confirm or 
deny the ability of postoperative analgesic techniques to affect postop-
erative morbidity or mortality.246,247

CONCLUSIONS
Multiple factors are important during the perioperative period that 
potentially affect outcome and quality of life after cardiac surgery, 
including type and quality of surgical intervention, extent of postop-
erative neurologic dysfunction, myocardial dysfunction, pulmonary 
dysfunction, renal dysfunction, coagulation abnormalities, quality 
of postoperative analgesia and/or extent of systemic inflammatory 
response, among others248 (Table 38-9). This list of factors is presented 
in no particular order; obviously, depending on specific clinical situ-
ations (surgical procedure, patient comorbidity, etc.), certain factors 
will be more important than others. It is extremely difficult (if not 
impossible) to determine exactly how important attaining adequate 
postoperative analgesia truly is in relation to all of these clinical factors 

Factors Affecting Outcome after Cardiac SurgeryTABLE  
38-9
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surrounding a patient undergoing cardiac surgery. A clear link between 
“adequate” or “high-quality” postoperative analgesia and outcome in 
patients after cardiac surgery has yet to be established.249–251

However, despite the absence of substantiating scientific evidence, 
most clinicians intuitively believe that attaining high-quality postop-
erative analgesia is important because it may prevent adverse hemo-
dynamic, metabolic, immunologic, and hemostatic alterations, all of 
which may potentially increase postoperative morbidity. Although 
many analgesic techniques are available, intravenous systemic opi-
oids form the cornerstone of postcardiac surgery analgesia. Opioids 
have been used for many years in the treatment of postoperative pain 
in patients after cardiac surgery, with good results. Although NSAIDs 
(specifically COX-2 inhibitors) have received much recent atten-
tion, important clinical issues regarding their safety (gastrointestinal 
effects, renal effects, hemostatic effects, immunologic effects) need to 
be resolved. Although PCA techniques are commonly used, their clear 
superiority over traditional nurse-controlled analgesic techniques 
remains unproved. As a general rule, it is likely best to avoid intense, 
single-modality therapy for the treatment of acute postoperative 

pain. Clinicians should strive for an approach that uses a number of  
different therapies (multimodal therapy), each counteracting pain 
via different mechanisms. Preemptive analgesia, although intriguing, 
needs further study to determine its role in affecting postoperative 
analgesia and outcome.252–255

Finally, the American Society of Anesthesiologists Task Force on 
Acute Pain Management in the Perioperative Setting offered sound 
advice.1 It recommends that anesthesiologists who manage periop-
erative pain use analgesic therapeutic options only after thoughtfully 
considering the risks and benefits for the individual patient. The ther-
apy (or therapies) selected should reflect the individual anesthesiolo-
gist's expertise, as well as the capacity for safe application of the chosen 
modality in each practice setting. This includes the ability to recog-
nize and treat adverse effects that emerge after initiation of therapy. 
Whenever possible, anesthesiologists should use multimodal pain 
management therapy. Dosing regimens should be administered to opti-
mize efficacy while minimizing the risk for adverse events. The choice 
of medication, dose, route, and duration of therapy always should be 
individualized.
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Although the safety of anesthesiology has improved over recent years, 
with an attributable mortality on the order of 1 in 53,500 anesthetics,* 
errors still occur. Like other medical practitioners, anesthesiologists 
are prone to human error. The complex arena of cardiac anesthesia 
provides an opportunity for making just about any of the errors that 
can possibly be made by an anesthesiologist. It is just because of the 
complexity and the high stakes encountered in the cardiac anesthesia 
environment that cardiac anesthesiologists should be most interested 
in methods for reducing errors. This is particularly relevant now as reg-
ulatory agencies and the public in general have become acutely aware 
of medical errors since the publication of the Institute of Medicine's 
landmark report on the subject.1 In response, initiatives have been 
developed by a wide range of organizations with the intention of 
reducing errors and improving safety for surgical patients. These have 
been aimed at the entire surgical patient population (e.g., the World 
Health Organization's safe surgery saves lives checklist)2,3 and, more 
specifically, at cardiac surgical patients. The Society of Cardiovascular 
Anesthesiologists (SCA) Foundation has undertaken an initiative 
called Flawless Operative Cardiovascular Unified Systems (FOCUS). 
They intend to take a multidisciplinary approach to identifying and 
mitigating hazards. One of the interventions they envision developing 
is peer-to-peer assessment. An overview of the project and an outline 
of their plan have been recently published.4

The purpose of this chapter is not to catalogue the errors that may 
be made in cardiac anesthesia, but rather to point to specific areas in 
which there are data in support of methods for significantly reducing 
errors. These specific areas are:
 1. Errors involving the placement of central catheters
 2. Errors in the assessment of anesthetic depth that may result in 

intraoperative awareness
 3. Errors involving the process of administering drugs, such as giv-

ing the wrong drug (The principles also apply to errors in admin-
istering blood products.)

 4. Errors related to diminished vigilance because of fatigue and the 
use of transesophageal echocardiography (TEE)

In each of these categories of errors, anesthesiologists will see that there 
are methods that should enable them to reduce error. The reader also may 
find previous descriptions of mechanisms of error in anesthesia useful.5–7
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*http://www.anzca.edu.au/resources/books-and-publications/reports/mortality/
Safety%20of%20Anaesthesia%20in%20Australia.pdf

KEY POINTS

1. Evidence-based recommendations for reducing 
complications from central catheters include use 
of maximum sterile barriers, real-time ultrasound 
guidance during central catheter insertion and 
selective use of antibiotic-impregnated central 
venous catheters.

2. Most cases of cardiac tamponade caused by 
central venous catheters should be preventable 
by taking a chest x-ray following placement 
to confirm that the position of the tip of the 
catheter is outside the pericardial sac and parallel 
to the walls of the vena cava.

3. Evidence suggests that the most reliable method 
for avoiding inadvertant cannulation of an artery 
during central venous catheter insertion is 
measurement of the intravascular pressure by use 
of a transducer or manometry.

4. The reported risk of intraoperative awareness 
during cardiac surgery is around 0.4 –1%, a 10- 
fold increase compared with the overall level of 
around 0.1– 0.2%.

5. Evidence suggests that the use of processed 
EEG to monitor the depth of anesthesia may 
significantly reduce the risk of intraoperative 
awarness.

6. Errors related to drug adminstration are common 
in anesthesia practice, with self-reporting studies 
finding a rate of error of approximately 0.75% of 
anesthetics.

7. Anecdotal evidence suggests that infusion 
pumps with advisory systems known as "error 
reduction systems" can significantly reduce drug 
administration errors resulting from incorrect 
manual entry of dosing information at the point 
of care; these pumps utilize predefined dosing 
limits and warn the practitioner if the dosing 
parameters that are entered at the point of care 
will result in an inappropriate dose.

8. Anecdotal evidence suggests that bar coding 
of patient identifiers, drugs, and infusion pumps 
at the point of care may significantly reduce the 
rate of errors related to drug administration.

9. Evidence suggests that fatigue may contribute 
significantly to errors, although specific studies 
in cardiac anesthesiology are lacking.

10. The American Society of Anesthesiologists 
Closed Claims database contains 327 claims 
related to cardiac anesthesia, with an increased 
proportion of claims for brain damage, 
stroke, and awareness during anesthesia and 
decreased proportion of claims for airway injury 
compared with 4986 other claims for other 
surgical procedures under general anesthesia.

http://www.anzca.edu.au/resources/books-and-publications/reports/mortality/Safety%20of%20Anaesthesia%20in%20Australia.pdf
http://www.anzca.edu.au/resources/books-and-publications/reports/mortality/Safety%20of%20Anaesthesia%20in%20Australia.pdf
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ERRORS INVOLVING THE PLACEMENT 
OF CENTRAL CATHETERS
Central catheters have long been regarded as dangerous by practitioners, 
manufacturers, and the U.S. Food and Drug Administration. (FDA). 
Complications from central catheters have been reviewed recently.8–11 
Hall and Russell12 have authored an editorial that provides, in three 
pages, a  concise but complete description of safe practices for placing 
central catheters; if the reader has time to read only a single article on 
this topic, it is highly recommended. This section concentrates on errors 
related to the internal jugular vein (IJV) route of central catheter inser-
tion because this is the most common insertion route used by cardiac 
anesthesiologists (Box 39-1).

Agency for Healthcare Research and 
Quality
The Agency for Healthcare Research and Quality (AHRQ) is a part 
of the Public Health Service of the federal Department of Health and 
Human Services. The mission of the AHRQ is “to support research 
designed to improve the quality, safety, efficiency, and effectiveness of 
healthcare for all Americans.” In 2001, AHRQ published a document 
entitled, “Making Health Care Safer: A Critical Analysis of Patient Safety 
Practices,” an evidence-based review of practices intended to improve 
patient safety.13 There were 11 practices that were most highly rated 
of 79 practices that were reviewed in detail, based on the strength of 
evidence supporting their widespread implementation. These included 
three practices related to the management of central venous catheters 
(CVCs):
 1. Use of maximum sterile barriers while placing central intrave-

nous catheters to prevent infections
 2. Use of real-time ultrasound guidance during central catheter 

insertion to prevent complications
 3. Use of antibiotic-impregnated CVCs to prevent catheter-related 

infections
These recommendations clearly have implications for the practice of 
cardiac anesthesiology. Before examining these recommendations in 
more detail, the authors will take a broader look at complications from 
central catheters.

Central Venous Catheter Complications and 
the American Society of Anesthesiologists 
Closed Claims Project Database
The American Society of Anesthesiologists (ASA) Closed Claims 
Project database is a standardized collection of case summaries of 
adverse anesthesia-related outcomes derived from closed liability 
claims collected from 35 insurance organizations. Although it is impos-
sible to know the true incidence of the adverse events that appear in 
the Closed Claims Project database (there is no “denominator” for the 
database), this relatively large set of cases may reveal patterns of events 
that contribute to patient injury and subsequent legal action, which 
would not be possible to discern by looking at individual cases.

The authors' review of the Closed Claims Project database confirmed 
the hazards previously associated with central catheters.14 Among the 
6449 claims reported through December 2002, there were 110 claims 
for injuries related to CVCs (1.7%). Claims related to CVCs had a high 
severity of patient injury with an increased proportion of death (47%) 
compared with other claims in the database (29%; P < 0.01).

The main results of the review are shown in Table 39-1. Inspection 
of this table reveals that the most important injuries, both in terms of 
numbers and death rate, are cardiac tamponade and injuries to major 
arteries and veins (combining “carotid artery puncture/cannulation,” 
“hemothorax,” and “miscellaneous other vessel injury”), representing 16 
of 110 and 39 of 110 cases, respectively, not including pulmonary artery 
(PA) injuries. This impression is reinforced when the injuries reported 
after 1990 are compared with those reported before 1990 (Figure 39-1). 
Since 1990, most injuries have been accounted for by vascular injuries.

Although a great deal of attention has been paid to PA injuries 
caused by pulmonary artery catheters (PACs), it is interesting that 
they make up only 7 of 110 central catheter-related cases in the Closed 
Claims Project database.14 In addition, the anecdotal literature suggests 
that injuries to pulmonary arteries by PACs are sporadic and proba-
bly not related to specific errors or problems with technique. Although 
highly lethal15 and certainly to be feared, probably the main thing the  

*P < 0.05 compared with other complications.
Data from Domino KB, Bowdle TA, Posner KL, et al: Injuries and liability related to 

central vascular catheters. Anesthesiology 100:1411–1418, 2004.

Type of Complication n Death, n (%)

Wire/catheter embolus 20  1 (5)*
Cardiac tamponade 15 12 (80)*
Carotid artery injury 14  5 (36)
Hemothorax 14 12 (92)*
Pneumothorax 12  2 (15)*
Miscellaneous vessel injury  7  2 (29)
Pulmonary artery rupture  6  6 (100)
Hydrothorax  5  2 (40)
Air embolism  4  3 (75)
Fluid extravasation in neck  4  2 (50)
Cardiac arrhythmia  1  0 (0)

Central Catheter-Related Injuries from the American 
Society of Anesthesiologists Closed Claims Project 
Database

TABLE  
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Figure 39-1 Central catheter-related claims or injuries from the 
American Society of Anesthesiologists (ASA) Closed Claims Project 
database. A greater proportion of claims from 1989 to 1999 involved 
complications related to access (i.e., mostly vascular injuries). *P < 0.05, 
1994–1999 compared with other periods.

BOX 39-1. REDUCING ERRORS FROM USE 
OF CENTRAL VENOUS CATHETERS
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practitioner can do to reduce the liklihood of PA injury is to avoid 
using a PAC in the first place. The appropriate use of PACs has been 
highly contentious,16–29 and because the literature is not clear regarding 
the safety of PACs, they will not be considered further in this chapter 
(see Chapter 14).

Preventing Cardiac Tamponade
Cardiac tamponade from a central catheter occurs when the tip of a 
CVC is allowed to remain in the right atrium, or up against the wall of 
the vena cava at an acute angle, resulting in perforation of the atrium 
or cava. Perforation can occur immediately after placement or, more 
commonly, after hours to days. This problem has been documented 
by numerous case reports30–36 and accounted for 16 of 110 cases of 
central catheter-related claims in the ASA Closed Claims Project data-
base; 13 of these 16 cases resulted in death.14 Perforation can occur 
immediately after placement, or more commonly after hours to days. 
Package inserts in CVC kits contain vigorous warnings against placing 
a CVC into the right atrium or with the CVC tip at an acute angle to 
the superior vena cava (SVC; Figure 39-2). Despite some controversy, 
most authors have concluded that the catheter tip should be outside 
of the pericardial sac and parallel to the walls of the vena cava.37 It is a 
widely accepted practice to obtain a chest radiograph after CVC place-
ment, usually in the recovery room or intensive care unit (ICU) after 
surgery. This allows the position of the catheter tip to be assessed and 
adjusted if necessary (Figures 39-3 and 39-4).38,39 The carina is a use-
ful structure for assessing the position of the catheter tip on the chest 
radiograph because the vena cava is outside the pericardium at the 
level of the carina.40,41 Locating the catheter tip at or above the level 
of the carina should ensure that the catheter tip lies outside of the 
pericardial sac. The carina may be a better landmark than the radio-
graphic cardiac  sillouette because several centimeters of the SVC may 
lie inside the pericardium but outside of the radiographic cardiac sil-
louette.40,41 Kwon et al42 made measurements of the SVC in vivo in 
61 cardiac surgery patients and found that approximately half of the 
length of the SVC is within the pericardium. Particular caution should 
be exercised when catheters are placed from the left side (left inter-
nal jugular or subclavian veins) that the catheter tip either remains 
within the innominate vein37 or makes the turn into the SVC, ending 
with the tip parallel to the cava and not abutting the wall of the cava 
at an acute or right angle. Many catheters can be inserted to a depth 

sufficient to reach the right atrium (Figure 39-5), and this should be 
avoided by placing the CVC only to a depth of 10 to 12 cm from the 
right IJV approach in the typical adult. Because of anatomic variation, 
the placement should be confirmed by chest radiograph. Alternative 
approaches to verifying the position of the catheter tip include  
intravascular electrocardiography43 and TEE.44 An interesting editorial 
regarding tip location of CVCs is available.37

Figure 39-4 The central venous catheter shown in Figure 39-3 was 
repositioned so that the catheter was parallel to the walls of the supe-
rior vena cava. This position is thought to be safer than the original posi-
tion shown in Figure 39-3 in which the catheter was pointed toward the 
wall of the vena cava at an acute angle.

Figure 39-3 Routine chest radiograph taken in the recovery room 
showed the central venous catheter pointing toward the wall of the 
superior vena cava at an acute angle. Such positioning may increase the 
risk for perforation of the vena cava by the tip of the catheter. This cath-
eter was repositioned as shown in Figure 39-4.

Figure 39-2 Package insert of a central venous catheter (CVC) kit.



 39 Reducing Errors in Cardiac Anesthesiology 1143

Preventing Vascular Injury
Vascular injury related to central catheters is conveniently divided 
into injuries to cervical arteries and injuries to intrathoracic veins or 
arteries. The mechanisms of injury and the methods of prevention 
are different in each category.

Preventing Injuries to Arteries
The most common injury to arteries is related to puncture or can-
nulation of the carotid artery. Puncturing the carotid artery with 
a small needle, although undesirable, does not generally produce 
any harm. However, if the arterial puncture is not recognized and 
a guidewire is placed into the artery and followed with a CVC or 
PAC introducer sheath, there is the possibility of a major problem. 
Pressure waveform measurement and ultrasound are two meth-
ods commonly used to reduce the chances of injury to the carotid 
artery.

Pressure Waveform Measurement
In 1983, Jobes et al45 reported on a retrospective study of 1021 attempts 
at IJV access in which there were 43 arterial punctures; 5 of 43 arterial 
punctures were unrecognized, resulting in the placement of 8-French 
introducer sheaths into an artery and resulting in one fatality from 
hemothorax. Subsequently, these investigators performed a prospec-
tive trial of 1284 attempts at IJV access in which they measured a 
pressure waveform from the vessel before inserting the guidewire. 
Before measuring the pressure waveform, a clinical assessment was 
made as to whether the needle was in an artery or vein, based on the 
usual criteria of color and pulsatility. There were 51 arterial punc-
tures, 10 of which were incorrectly identified as being venous based 
on color and pulsatility but were determined to be arterial from the 
pressure waveform. Thus, 10 inadvertant cannulations of the carotid 
artery were avoided by pressure waveform monitoring.

Ezaru et al46 recently published a retrospective analysis of 9348 CVC 
placements requiring mandatory use of manometry to verify venous 
access. In a single institution, over a 15-year period, there were no cases 
of arterial injury. During the final year of the study, 511 catheters were 
placed. Arterial puncture (defined as placement of an 18-gauge finder 
needle or catheter into an artery) occurred in 28 patients (5%). Arterial 
puncture was recognized from color and pulsatility in 24 cases, with-
out manometry; but in four cases, the arterial placement was only rec-
ognized with manometry. Despite these findings, and the anecdotal 
experiences of many anesthesiologists who have placed catheters and 
sheaths into carotid arteries, many anesthesiologists continue to rely 

on color and pulsatility of blood in the hub of a needle to differentiate 
arterial from venous puncture.

The pressure waveform can be most conveniently measured using 
the setup shown in Figure 39-6.47 This setup has the advantage of giv-
ing the pressure waveform without the need to disconnect the syringe 
and connect monitoring tubing to the needle, with the risk for dislodg-
ing the needle from the vein. An alternative method used by many anes-
thesiologists uses manometry. The syringe is disconnected from the 
needle and a length of tubing is connected, allowed to fill with blood, 
and then held vertically to identify the pressure from the height of the 
blood column. There are no data comparing these alternative methods 
of pressure measurement; however, the manometry technique requires 
an additional step to connect the manometry tubing. A novel approach 
to measuring a pressure waveform with a miniature, single-use in-line 
pressure transducer is illustrated in Figure 39-7.

Ultrasound Guidance
The availability of relatively inexpensive, portable ultrasound equip-
ment led to the application of two-dimensional ultrasound imaging to 
guide CVC placement. Ultrasound imaging allows the presence of the 

Figure 39-5 A central venous catheter is shown with markings to indi-
cate the distance to the tip of the catheter. The dark band is 10 cm from 
the tip of the catheter. Inserting this catheter as far as possible will result 
in the tip being 16 cm from the skin puncture site. If this catheter were 
inserted 16 cm into the right internal jugular vein from a skin puncture 
site low in the neck, the tip of the catheter could easily be in the right 
atrium. Allowing the catheter tip to reside in the right atrium may result 
in perforation of the atrial wall. Before obtaining a chest radiograph to 
confirm the location of the catheter tip, limiting the insertion to 10 to 
12 cm for the right internal jugular approach in a typical adult patient will 
usually avoid right atrial placement.

Figure 39-6 This setup is used by the authors for obtaining a pres-
sure waveform during central venous catheter (CVC) placement. The 
T-shaped adapter and a length of pressure tubing are added to a stan-
dard CVC kit, and the device is assembled as shown using the needle 
and syringe found in the kit. The pressure tubing is handed off to the 
assistant who connects it to a transducer and flushes the system. When 
blood is aspirated into the syringe indicating entry into the blood ves-
sel, inspection of the waveform on the monitor immediately allows 
 differentiation between artery and vein. Once the presence of a venous 
waveform is confirmed, the syringe or T-adapter is removed and the wire 
is inserted.

Figure 39-7 The Compass Vascular Access Device manufactured by 
Mirador Biomedical, Inc. This single-use device measures the intravas-
cular pressure, which is displayed digitally and also as an analog repre-
sentation of the pressure waveform. A wire may be passed either through 
the syringe connection port after removing the syringe or through a sep-
arate valved port. The pressure may be measured continuously during 
the placement of the wire.
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IJV to be confirmed, its patency can be demonstrated, and its anatomic 
relation to the carotid artery can be defined. Real-time use can guide 
needle placement into the vein and confirm the presence of a wire in 
the vein. Troianos et al48 first reported the use of ultrasound-guided 
central vascular access in the anesthesia literature in 1991. Their pro-
spective, randomized study of ultrasound guidance versus the tradi-
tional landmark method found a greater overall success rate, a greater 
success rate on the first attempt, and reduced rate of arterial puncture 
with ultrasound guidance. Numerous studies of ultrasound guidance 
and two major meta-analyses have appeared subsequently. As noted 
earlier, a review commissioned by the AHRQ strongly advocated the 
use of ultrasound guidance.10 In the United Kingdom, the National 
Institute of Clinical Excellence (NICE) recommends routine use of 
ultrasound for central venous catheterization.*

The two major meta-analyses of ultrasound guidance concluded that 
ultrasound guidance was superior to landmarks for overall success rate, 
a greater success rate on the first attempt, and reduced  complications 
from arterial puncture for the IJV approach.49,50 The advantage of ultra-
sound guidance for the subclavian approach was less clear.

The authors examined CVC complications from the ASA Closed 
Claims Project database in an attempt to determine whether the use 
of pressure waveform monitoring or ultrasound guidance would have 
prevented the complications. This is clearly inferential; nevetheless, it is 
interesting that nearly half (48/110) of the complications were judged 
to be possibly preventable by the use of either pressure waveform mon-
itoring or ultrasound guidance, only by ultrasound guidance, only by 
pressure waveform monitoring, or by chest radiograph (Table 39-2).14

Wigmore et al51 reported their experience in a single tertiary refer-
ral center in Britain after implementation of the National Institute of 
Clinical Excellence guideline. This is a particularly interesting study 
because it illustrates the effect in a single center of attempting to 
implement a national guideline. During the study, adoption of ultra-
sound guidance increased from less than 10% to more than 80%. There 
were 19 of 152 complications during a preguideline audit, 18 of which 

involved the landmark technique without ultrasound guidance. After 
introduction of the guideline, there were 13 of 286 complications, 10 
from cases in which only the landmark technique was used (8.7%) and 
3 from cases in which ultrasound guidance was used (1.7%), an abso-
lute risk reduction of 6.9% with ultrasound. Complications consisted 
of arterial punctures, neck hematomas, and a pneumothorax. There 
was also a significant reduction in failed insertions with ultrasound 
guidance (7/115 for the landmark group and 1/169 for the ultrasound 
group; P < 0.01).

Recently, Hosokawa et al53 have demonstrated the utility of ultra-
sound guidance in neonates and infants less than 7.5 kg. They com-
pared ultrasound guidance with the traditional anatomic landmark 
method, and later they compared ultrasound guidance for skin mark-
ing (without live ultrasound during needle puncture) with live ultra-
sound guidance. There was a 97% success rate for ultrasound guidance 
compared with a 62% success rate for the anatomic landmark method.52 
Live ultrasound compared with ultrasound for skin marking (without 
live ultrasound during needle puncture) resulted in significantly faster 
cannulation and fewer needle passes.53 Fewer than three attempts at 
puncture were made in 100% of patients in the live ultrasound group 
compared with 74% of patients in the ultrasound for skin marking 
group.

An important caveat for the use of ultrasound guidance is that the 
needle and/or wire may not always be visualized in the vein, depending 
on the type of ultrasound equipment used and the skill of the operator. 
Although it may be possible to visualize the tip of the needle with ultra-
sound,54 because of the tomographic nature of an ultrasound beam, 
it may be difficult to distinguish the shaft of the needle from the tip. 
Needles with a special echogenic surface that may enhance ultrasound 
visualization are available (see Chapter 14).

Anecdotal experience has shown that despite the use of ultrasound 
guidance and the appearance that the needle is pointed toward the 
vein, the needle may hit the artery, particularly when the artery is pos-
terior to the vein. A guidewire can often be visualized more reliably 
than a needle; however, it is preferable to correctly identify the vessel 
before placing the guidewire because blindly inserting a guidewire into 
the carotid or other major artery is undesirable. If the needle and/or 
wire is not definitely visualized in the vein, measurement of a pressure 
waveform in conjunction with ultrasound guidance is strongly recom-
mended. In the authors' practice, ultrasound guidance and pressure 
waveform monitoring are both available, and at least one technique is 
used routinely after vessel puncture to confirm that the vein has been 
entered. One important caveat is the possibility that the needle can be 
inadvertantly moved after confirmation of venous puncture by ultra-
sound or pressure waveform and subsequently enter an artery, which 
may result in cannulation of the artery. This can be avoided by punc-
turing the vessel with a small (i.e., 18-gauge) angiocatheter instead of a 
needle before measuring a pressure waveform because the angiocath-
eter once inserted is less likely to be dislodged. Alternatively, visualizing 
the wire in the vein with ultrasound can serve as a final check of correct 
venous placement.

Given the abundance of data in favor of the use of ultrasound guid-
ance, it is reasonable to consider the use of ultrasound guidance to be 
the “preferred method of insertion.”55 Interestingly, several surveys 
have found relatively low rates of using ultrasound guidance. A survey 
of pediatric anesthesiologists in the United Kingdom found that only 
39% used ultrasound routinely.56 A more recent survey of pediatric 
anesthesiologists in the United Kingdom found that only 26% always 
used ultrasound.57 Another recent survey in the United Kingdom of 
senior members of the Association of Anaesthetists of Great Britain 
and Ireland found that only 27% used ultrasound guidance as their 
first choice.58 A survey of members of the SCA found that only 15% 
always used ultrasound.59 A shortage of suitable ultrasound equipment 
is sometimes a reason for not using ultrasound guidance. A study in 
the United Kingdom found that 86% of anesthetic departments had 
 ultrasound equipment for CVC placement60; however, Bailey et al59 
found that 33% of anesthesiologists in their survey of members of the 
SCA never or almost never had ultrasound equipment available.*http://guidance.nice.org.uk/TA49

The cases related to central venous catheters from the ASA Closed Claims database were 
examined to determine whether the use of ultrasound guidance, pressure waveform 
monitoring, or chest radiograph (after placement) might have prevented the injuries. 
A total of 48 of 110 injuries were thought to be potentially preventable by these means.

Data from Domino KB, Bowdle TA, Posner KL et al: Injuries and liability related to central 
vascular catheters. Anesthesiology 100:1411–1418, 2004.

Possibly preventable by either ultrasound guidance or pressure 
waveform monitoring (n =19)
Carotid artery puncture/cannulation 16
Hemothorax  1
Wire/catheter embolus  1
Miscellaneous other vessel injury  1
Possible preventable by pressure waveform monitoring only (n = 6)
Miscellaneous other artery injury  5
Hemothorax  1
Possibly preventable by ultrasound guidance only (n = 9)
Hemothorax  4
Pneumothorax  4
Miscellaneous other vessel injury  1
Possibly preventable by chest radiograph (n = 14)
No chest radiograph taken (n = 7)
Carotid tamponade  2
Wire/catheter embolus  1
Pneumothorax  4
Misread, not read, or inappropriate action taken (n = 7)
Cardiac tamponade  4
Wire/catheter embolus  3

Potential Effect of Ultrasound Guidance or 
Pressure Waveform Monitoring on Central Venous 
Catheter–Related Injuries from the American Society 
of Anesthesiologists Closed Claims Project Database

TABLE  
39-2

http://guidance.nice.org.uk/TA49
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Preventing Injuries to Intrathoracic  
Arteries or Veins
Pressure waveform monitoring and ultrasound guidance are valu-
able primarily for avoiding injury to arteries, especially to the carotid 
artery during attempted IJV cannulation. There is another category of 
vascular injury that is not addressed by pressure waveform monitor-
ing or ultrasound guidance, which is injury to intrathoracic veins or 
arteries, made clear from anecdotal reports and from the ASA Closed 
Claims Project database, which contains 15 cases of hemothorax, 14 of 
which were fatal. A large puncture or tear in a large intrathoracic vein 
or artery can bleed profusely and may be difficult to repair surgically 
in time to prevent exsanguination. Although the mechanism of these 
injuries is not known in every case, certain mechanisms appear to be 
particularly likely.

Guidewires can take a circuitous route so that when devices are 
advanced over them, the device may trap the wire up against the wall 
of the vein, and if the device is stiff enough, perforation of the vein may 
occur (Figure 39-8).61 The inner dilators of PAC introducer sheaths 
are very stiff and may be particularly likely to cause this kind of per-
foration. The dilator is intended to create a passage through the skin 
and fascia but has no useful role once the device has entered the vein. 
Therefore, it is prudent to advance the dilator the minimum distance 
necessary to reach the vein and no farther. The introducer sheath may 
then be advanced over the dilator into the vein.

Kulvatunyou et al62 reviewed a collection of cases of injury to the 
right subclavian artery during attempted right IJV cannulation. The 
right subclavian artery is in close proximity when the right IJV is 
approached low in the neck. Because of interference from the clavicle, 
puncture of the subclavian artery may not be seen with ultrasound but 
will be detected by pressure waveform monitoring. The authors have 
seen several instances of presumed subclavian artery puncture during 
attempted IJV cannulation low in the neck, in which ultrasound guid-
ance was used, but the needle tip was not visualized in the vein and 
arterial puncture was detected with pressure waveform monitoring.

The left IJV approach may be particularly hazardous because the 
innominate (brachiocephalic) vein crosses the IJV at a right angle. 
A device inserted into the left IJV could perforate the innominate vein, 
and anecdotal reports verify that this is indeed the case. The right IJV 
should be preferred to the left IJV primarily for this reason. If the left 
IJV is used, special care should be exercised not to advance the dila-
tor of a PAC introducer beyond the IJV. The authors prefer to use a 
shorter-than-normal introducer sheath in this situation (Figure 39-9). 
Another potential problem with the left-sided approach is injury to 
the thoracic duct, which terminates variably in the left IJV, the left 
subclavian vein, or the left innominate vein. The duct may be perfo-
rated in the process of placing a CVC, or rarely, the duct may actu-
ally be cannulated. Chylothorax and chylopericardium may result, 
and infusion of fluids into the thoracic duct may produce cardiac 
 tamponade or constrictive pericarditis by retrograde flow into the 
pericardial lymphatics.63

The use of fluoroscopy is an important consideration in avoiding 
injuries to intrathoracic veins. Fluoroscopy allows visualization of the 
guidewire and the intravascular device as it passes over the guidewire 
in real time. Fluoroscopy is used routinely by interventional radiolo-
gists, cardiologists, and surgeons (the latter when placing surgically 
implanted central catheters). Fluoroscopy is not often used in anes-
thesia, emergency medicine, or critical care medicine, but perhaps it 
should be. In the authors' opinion, anesthesiologists wanting to place 
CVCs in the safest possible manner should strongly consider the use of 
fluoroscopy, especially when there is difficulty passing wires or catheters 
into the central circulation. However, availability of fluoroscopy equip-
ment and radiology technical support are significant obstacles to using 
fluoroscopy for most anesthesiologists. It should be noted that TEE is 
an alternative method for confirming the presence of a wire in the SVC 
or right atrium before inserting a catheter.

Treatment of Inadvertent Cannulation of Arteries
Although prevention of inadvertent arterial cannulation with large-
bore CVCs is paramount, an approach to treating inadvertent arterial 
cannulation may be needed in rare circumstances. There have been no 
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Figure 39-8 A hypothetical mechanism of perforation of a great vein 
inside the chest (in this case, the innominate vein-vena cava junction) 
by a dilator (the pulmonary artery catheter introducer sheath, normally 
loaded onto the dilator, is not shown for simplicity) is shown. The dilator 
traps the guidewire against the wall of the vein and then perforates the 
vein as it is advanced. Numerous anecdotal reports of injuries could be 
explained by this mechanism. Direct observation of the progress of the 
insertion of the wire and intravascular device under fluoroscopy may be 
useful for avoiding this potentially fatal complication. GW, guidewire; IV, 
innominate vein; LIJV, left internal jugular vein; LSV, left subclavian vein; 
RIJV, right internal jugular vein; RSV, right subclavian vein; SVC, superior 
vena cava. (From Oropello JM, Leibowitz AB, Manasia A, et al: Dilator-
associated complications of central vein catheter insertion: Possible 
mechanisms of injury and suggestions for prevention. J Cardiothorac 
Vasc Anesth 10:634–637, 1996.)

Figure 39-9 A “standard” pulmonary artery catheter introducer sheath 
(top) is compared with a shorter sheath (bottom). The authors prefer the 
shorter sheath for the left internal jugular vein (IJV) approach with the 
intention to avoid having to push the longer sheath past the right angle 
junction between the left IJV and the innominate (brachiocephalic) vein. 
Perforation of the innominate vein is a potentially fatal complication of 
left IJV cannulation.
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guidelines in the literature for the treatment of accidental cannula-
tion of arteries with large-bore catheters, but two recently published 
case series documented better outcomes with surgical or endovascular 
intervention when compared with removal and compression (“pull/
pressure”).64,65 Guilbert et al65 published a proposed algorithm for deal-
ing with inadvertent arterial cannulation based on cases from their 
institutions and review of the literature. They found that the “pull/
pressure” method was associated with a large incidence of serious com-
plications (47%), including death, whereas the surgical or endovascu-
lar approach was not (Figure 39-10). Based on this, they suggested the 

algorithm shown in Figure 39-11. Interestingly, a survey of vascular sur-
geons presented with a hypothetical case of an 8.5-French catheter in a 
carotid artery found that the respondents saw this complication one to 
five times per year, and two thirds would simply pull the catheter and 
apply pressure. However, when vascular surgeons were shown the data 
from the study by Guilbert et al65 at a meeting, most of them changed 
their management to the surgical or endovascular approach as judged 
by pretest and post-test questions. Several of the specific findings of 
Guilbert et al's65 study are worth noting:
 1. Arterial cannulation can occur despite the use of ultrasound 

guidance.
 2. The low IJV approach can injure the subclavian or innominate 

veins, or even the aorta. Arterial injury below the sternoclavicular 
joint cannot be repaired through a cervical approach. Clinical sus-
picion of an intrathoracic injury should prompt imaging to locate 
the site of injury and plan surgical or endovascular treatment.

 3. Prolonged arterial cannulation can result in thrombus formation 
and stroke.

 4. A normal carotid duplex examination after removal of a catheter 
from the carotid artery does not rule out the possibility of a stroke. 
Because of this, postponing elective surgery has been recom-
mended to avoid unrecognized stroke in an anesthetized patient.

 5. False aneurysms or arteriovenous fistulas can occur late after the 
pull/pressure technique, so close follow-up is needed.

Preventing Infections Related to Central 
Catheters
Catheter-related bloodstream infections occur 0.5 to 4.8 times per 
1000 catheter days, have an attributable mortality rate of 0% to 
11%, cause an excess hospital stay of 9 to 12 days per episode, and 
are expensive for the health care system.66–68 Infections from central 
catheters and PACs are related to the time that the catheter is in place 
and increase significantly after 3 days.69,70 Because many CVCs placed 
by anesthesiologists for intraoperative monitoring are removed soon 
after surgery, the risk for infection is reduced. Nevertheless, anes-
thesiologists should use the evidence-based methods for preventing 
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Figure 39-11 A proposed algo-
rithm for management of inadvertent 
cannulation of a cervical or thoracic 
artery with a large-bore catheter dur-
ing attempted central venous cath-
eter placement. (From Guilbert M-C, 
Elkouri S, Bracco D, et al: Arterial 
trauma during central venous cath-
eter insertion: Case series, review 
and proposed algorithm. J Vasc Surg 
48:918–985, 2008.)
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Figure 39-10 Complications from the “pull/pressure” technique of 
removing a large-bore cannula in an artery were significantly greater 
than surgical removal with direct repair of the artery or endovascular 
repair. (From Guilbert M-C, Elkouri S, Bracco D et al: Arterial trauma dur-
ing central venous catheter insertion: Case series, review and proposed 
algorithm. J Vasc Surg 48:918–985, 2008.)
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CVC infections.71 Implementation of a CVC insertion “care bundle” 
can significantly reduce infection rates. The bundle of interventions 
used in Pronovost et al's72 study included appropriate hand hygiene, 
use of chlorhexidine for skin antisepsis, use of maximal sterile bar-
rier precautions (mask, sterile gown, sterile gloves, and large sterile 
drapes) during catheter insertion, avoidance of the femoral vein, if 
possible, and prompt removal of unnecessary catheters. There is sub-
stantial evidence that chlorhexidine is a more effective skin cleaning 
solution than povidone-iodine. Antibiotic ointments applied to the 
skin puncture site do not affect the risk for bloodstream infection 
and may actually increase the rate of colonization by fungi and pro-
mote antibiotic-resistant bacteria. Recent data suggest that the use of 
a chlorhexidine-impregnated sponge dressing at the line insertion site 
may reduce the rate of catheter-related infections.73 The use of antimi-
crobial-impregnated catheters reduces the incidence of bloodstream 
infections related to CVCs, and their use should be considered.74–76 As 
noted earlier, antimicrobial-impregnated catheters are recommended 
in the AHRQ report on evidence-based safety measures. However, 
these catheters are more expensive and may not be cost-effective when 
the catheters are going to be removed soon after surgery. For cath-
eters that are intended to remain in place or for high-risk patients 
(e.g., immunosuppression), antibiotic-impregnated catheters may be 
worthwhile.76

PREVENTING INTRAOPERATIVE 
AWARENESS
Three large, prospective, multicenter studies of intraoperative aware-
ness have reported similar overall rates of intraoperative awareness 
of around 0.1% to 0.2% (Box 39-2).77–79 A recent report from China 
found a larger incidence rate of about 0.4% in that country.80 An analy-
sis of cases of awareness during anesthesia from the ASA Closed Claims 
Project was reported in 1999.81 Undergoing cardiac surgery increases 
the risk for intraoperative awareness from the overall level of around 
0.1% to 0.2%78,79 to around 0.4% to 1%,79,82–86 an increased risk of up to 
10-fold. Ghoneim et al87 recently conducted a review of awareness cases 
in the literature and confirmed that cardiac surgery is associated with 
an increased risk. Intraoperative awareness may be a minor or a major 
complication depending on the severity of the episode of awareness 
and the response of the individual patient. Intraoperative awareness 
may result in a significant psychiatric condition such as post-traumatic 
stress disorder.88 The explanation for increased risk for intraoperative 
awareness during cardiac surgery is unknown. Possible causes include 
deliberately light anesthesia during periods of hemodynamic instabil-
ity and gaps in anesthetic delivery during separation from cardiopul-
monary bypass (CPB) when the volatile anesthetic being administered 
into the CPB circuit is discontinued. Although vasoactive drugs used 
during cardiac surgery may mask hemodynamic responses to light 
anesthesia, it is clear that intraoperative awareness often occurs in the 

absence of hemodynamic clues, rendering that explanation less likely. 
Whatever the cause may be, cardiac anesthesiologists should be con-
cerned about the high incidence of intraoperative awareness during 
cardiac surgery.

Some anesthesiologists are skeptical about an incidence rate of intra-
operative awareness of 0.1% to 1%. This skepticism is usually based on 
personal experience such that individual anesthesiologists believe that 
the rate of intraoperative awareness in their personal practice is much 
less than this. However, caution should be used in applying personal 
experience because of observations in the literature showing that anes-
thesiologists frequently may miss cases of intraoperative awareness for 
a variety of reasons, not the least of which is that patients do not always 
have the opportunity to relate their experience to the anesthesiologist.89 
Several studies have shown that the patient may not report their aware-
ness experience immediately after surgery.78,79

Electroencephalography (EEG) has been used extensively by neuro-
pharmacologists since the 1960s to study the effects of anesthetic drugs. 
As the power of desktop computers increased, it became possible to 
process raw EEG using fast Fourier transforms and other mathematical 
methods to make the information contained in the raw EEG immedi-
ately accessible in the operating room to those without formal training 
in its interpretation. The original use of processed EEG in the operating 
room was for the detection of cerebral ischemia during carotid endart-
erectomy, and it has been only in recent years that attention has turned 
once again to the use of EEG to measure the effects of anesthetic drugs. 
The technologic obstacles to reliably measuring the effects of anes-
thetic drugs in the operating room with EEG and providing clinically 
useful information to the anesthesiologist were daunting. Many indi-
viduals who were familiar with EEG technology believed that it would 
never be possible to measure “anesthetic depth” in real time in the typi-
cal operating room setting. Nevertheless, the major obstacles have been 
overcome, and now several commercial products are available for this 
purpose. The processed EEG monitor known as BIS (bispectral index) 
is by far the most prevalent, and by far the best documented. Therefore, 
most of the information here will be concerned with BIS. However, it 
should be clearly understood that there are other commercial prod-
ucts that purport to provide similar data for clinical monitoring (see 
Chapter 16). BIS monitoring recently has been reviewed.90,91

The result of EEG processing by the BIS monitor is a number ranging 
from 0 to 100, where 0 is an isoelectric (flat) EEG and 100 is “awake.” 
Assuming that artifacts, interference, signal quality, and other idiosyn-
crasies of EEG processing have been appropriately evaluated by the 
user (see later), a BIS value less than 60 should be associated with an 
extremely low probability of awareness during anesthesia.92,93 It is pos-
sible that if BIS monitoring were used and BIS values kept to less than 
60, the incidence of intraoperative awareness could be reduced to a very 
low level. However, an alternative notion has been proposed94 that the 
use of BIS monitoring might actually increase the incidence of intra-
operative awareness because of the well-documented tendency of anes-
thesiologists to administer lower doses of anesthetic drugs when BIS 
monitoring is used as a guide to anesthetic drug administration.95,96

Three studies have been published that support the hypothesis that 
the use of BIS monitoring can result in a lower incidence of intra-
operative awareness. In a retrospective case-comparison study, 5057 
 consecutive BIS-monitored patients were compared with 7826 non-
BIS monitored cases from the same institutions.97 There were two 
cases of intraoperative awareness (during intubation; both had BIS 
values > 60) in the BIS-monitored series compared with 14 in the 
non-BIS–monitored series (P < 0.039). In a prospective, randomized 
multicenter trial, 2503 “high-risk” (e.g., cardiac anesthesia, trauma, 
obstetrics) patients were randomized to BIS or non-BIS monitoring.86 
There were 2 cases of intraoperative awareness in the BIS-monitored 
group (in 1 case, the BIS was <60), compared with 11 in the non-BIS 
monitoring group (odds ratio, 0.18; 95% adjusted confidence inter-
val, 0.02–0.84; P = 0.022). A single-center randomized trial compared 
BIS monitoring with “targeted end-tidal anesthetic gas analysis” (tar-
get range, 0.7–1.3 minimum alveolar concentration) in 2000 patients 
at “high risk” for intraoperative awareness; 25% of the patients 

BOX 39-2. AVOIDING INTRAOPERATIVE 
AWARENESS
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 underwent cardiac  surgery.98 The authors predicted an incidence rate 
of awareness of 1% but found that either BIS monitoring or “targeted 
end-tidal gas analysis” reduced the incidence rate to 0.2%. These stud-
ies suggest that BIS monitoring may be a useful tool for helping to 
reduce the incidence of intraoperative awareness.

Although BIS monitoring for the reduction of intraoperative 
awareness remains controversial, the currently available evidence sug-
gests that cardiac anesthesiologists should seriously consider the use 
of BIS or other similar processed EEG monitor, especially given the 
high rate of intraoperative awareness that has been consistently dem-
onstrated in patients undergoing cardiac surgery. BIS is an additional 
piece of information for use in conducting the anesthetic, but it does 
not replace the conventional judgments that anesthesiologists make in 
the absence of BIS.

Although it is not the purpose of this chapter to completely review 
processed EEG monitoring, there are several important caveats for BIS or 
other processed EEG monitoring that should be familiar to clinicians.

 certain fundamental similarities in the effects of anesthetic drugs 
on the EEG. Ketamine and nitrous oxide99 have distinct EEG effects 
that are not taken into account by the BIS algorithm.

 artifacts are a significant problem. Common sources of electrical 
artifact include cautery, electromyographic activity, 60-Hz noise 
from electrical appliances, and high-frequency artifact from tempo-
rary external pacing devices (but usually not permanently implanted 
internal pacermakers). The later is particularly relevant during car-
diac surgery. All of these sources of high-frequency electrical noise 
tend to increase the BIS because their frequency spectrum over-
laps the EEG spectrum (2 to 60 Hz), and high-frequency EEG is 
 associated with wakefulness or light anesthesia and greater BIS val-
ues. The BIS monitor identifies the presence of high-frequency arti-
facts and notifies the user by displaying the signal strength of the 
electromyographic activity. In the presence of high-frequency arti-
fact, the BIS number cannot be interpreted in the usual manner. 
Small doses of muscle relaxant will usually  obliterate high- frequency 
artifact caused by muscle activity.

30 seconds (user configurable). This means that the BIS number 
will lag slightly behind clinical events. This is particularly notice-
able during induction, when the patient obviously may be uncon-
scious before the BIS number begins to change.

how the brain arrived at that state. For example, BIS declines dur-
ing sleep,100 yet clearly natural sleep is not the same as anesthe-
sia. Moreover, a BIS number does not reveal what will happen in 
the future. For example, although BIS may be 45 at one moment, 
a change in surgical stimulus could result in a BIS of 75 moments 
later. The propensity of response to a surgical stimulus is more 
likely with an anesthetic consisting mostly of volatile anesthetic and 
less likely with an anesthetic that includes a substantial amount of 
 opioid101; however, the BIS number does not distinguish between 
the various possible combinations of opioid and hypnotic drugs.102

Kunisawa et al103 and Kakinohana et al104 have pointed out that 
during thoracic aortic surgery with partial left-heart bypass when 
the descending thoracic aorta is cross-clamped, BIS values can be 
altered substantially depending on whether the drugs are adminis-
tered in the circulation above or below the cross-clamp. If the drugs 
are administered into a vein in the lower body, cross-clamping the 
aorta may result in a reduction in drug concentrations in the circu-
lation and the brain above the cross-clamp,103 whereas if the drugs 
are administered into a vein in the upper body, the concentration in 
the circulation and the brain above the cross-clamp may increase,104 
presumably because of pharmacokinetic changes relating to the 
altered circulation with partial left-heart bypass. The change in drug 
 concentrations will be reflected in the BIS, which may increase if 
the drugs are administered below the cross-clamp, or decrease if the 
drugs are administered above the cross-clamp.

DRUG ERRORS
Adverse drug events are a major cause of morbidity and mortality in 
hospitalized patients, affecting more than 770,000 patients per year in 
the United States. Hospital costs for treating patients who suffer adverse 
drug events are enormous, estimated at between $1.6 and $5.6 billion 
annually. Most adverse drug events in hospitalized patients are caused 
by errors of various kinds,105 as brought to wide public attention in 
the Institute of Medicine's report, “To Err Is Human: Building a Safer 
Health System.”1 This is an international problem, as shown by a recent 
investigation that used “disguised observation” to discover that one or 
more errors occurred in the preparation and administration of 58 of 
122 intravenous drug doses on the nursing wards of a German hospi-
tal. Many of the errors were minor, but there were three cases of wrong 
dose, one omitted dose, and two “unauthorized” doses.106 A review of 
medication errors in the ICU setting is available.107

A great deal of attention has been directed at errors that occur in the pro-
cess of writing and transcribing physician's orders for drugs. There is evi-
dence that computerization of physician ordering (computerized physician 
order entry [CPOE]), together with computerized advice (clinical decision 
support), can significantly reduce these types of errors.108 The AHRQ review 
“Making Health Care Safer: A Critical Analysis of Patient Safety Practices” 
rated CPOE and clinical decision support as patient safety practices with 
medium strength of evidence.13 The Leapfrog Group (“a coalition of more 
than 150 public and private organizations…created to help save lives and 
reduce preventable medical mistakes by mobilizing employer purchasing 
power to initiate breakthrough improvements in the safety of health care 
and by  giving consumers information to make more informed hospital 
choices”), founded by the Business Roundtable, a national association of 
Fortune 500 CEOs, has made CPOE one of its “safety standards” (http:// 
www.leapfroggroup.org). On balance, CPOE appears to be useful and 
probably can reduce drug errors109,110; however, there is the possibility of 
harm from unintended consequences,111,112 as with any technology. In a 
particularly dramatic example of unintended consequences, introduction 
of CPOE at the University of Pittsburgh apparently resulted in an increase 
in mortality rate from 2.8% to 6.3% of children transported to the univer-
sity for special care, because of unintended delays in delivery of critically 
important medications.112 Clearly, the details of implementing technolo-
gies intended to reduce drug errors are extremely important, as illustrated 
for CPOE.113 This theme is repeated for bar coding and smart pumps later 
in this chapter.

Because most anesthesiologists seldom write orders for drugs (critical 
care settings such as the ICU being a notable exception), CPOE is of less 
interest than the administration of drugs by the  anesthesiologist at the 
“point of care.” There is substantial evidence that drug  administration 
errors are common in anesthetic practice (Box 39-3). In 1993, the 
Australian Incident Monitoring Study identified 144 instances of a wrong 
drug being given or nearly given to a patient among the first 2000 inci-
dents reported to the study.114 There was the potential for serious harm 
in 74% of reports, but no deaths occurred. In 1995, Merry and Peck115 

BOX 39-3. REDUCING ERRORS RELATED TO 
DRUG ADMINISTRATION

http://www.leapfroggroup.org
http://www.leapfroggroup.org
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reported on a survey of 75 anesthesiologists in New Zealand, 89% of 
whom indicated they had made at least one error of drug administration, 
with 12.5% indicating that they had harmed a patient by a drug-related 
error. Subsequently, Merry's group performed a survey of 10,806 anes-
thetics in two hospitals in New Zealand. Anesthesiologists volunteered 
information about drug errors using a standardized reporting form.116 
The overall rate of drug error was 0.75%, or 1 in 133 anesthetics. Drug 
errors resulted in 1 case of intraoperative awareness, 2 cases of prolonged 
 neuromuscular blockade, and 47 cases of transient physiologic effects, 
5 of which required intervention. A  similar survey of 687 anesthesiolo-
gists in Canada found that 85% of the respondents had made at least 
one drug error or “near miss.”117 Four deaths resulted from a total of 
1038 reported errors. A report based on annual surveys conducted by the 
Japanese Society of Anesthesiologists between 1999 and 2002, reflecting 
4,201,925 anesthetics,118 found an incidence of “critical events” caused 
by drug administration error rate of 0.02%. The incidence rate of death 
resulting from drug error was 0.00044%. Additional recent reports from 
Australia,119 Japan,120,121 and South Africa122 suggest that anesthetic drug 
error continues to be a significant problem around the world.

The incidence of drug administration errors in an academic practice 
in the United States appears to be similar to that reported from else-
where in the world. In a study modeled after the New Zealand study 
cited earlier, anesthesiologists and nurse anesthetists at the University 
of Washington completed survey forms; 6066 forms were returned for 
6709 anesthetics, a response rate of 90%123 (Table 39-3). There were 41 
reports of errors (0.68%) and 23 reports of pre-errors (near misses; 
0.38%). Drug administration errors resulted in transient unintended 
drug effects (<5 minutes) in 17 cases and prolonged unintended drug 
effects (>5 minutes) in 12 cases. Of these 29 cases of unintended drug 
effect, 14 were associated with drug infusions administered by a pump. 
One patient had possible intraoperative awareness associated with an 
empty vaporizer, and one patient had a longer than expected hospi-
tal stay because of inadvertent administration of neuraxial morphine. 
There were no cases of drug-related permanent physical injury.

Analysis of the ASA Closed Claims Project database also reveals inter-
esting information about anesthetic drug administration errors in the 
United States.124 As of 2003 (a more current update is pending), there 
were 205 drug errors, 4% of the database of 5803 cases. Drug errors were 
categorized into the following categories (after Webster et al116):

Omission—drug not given
Repetition—extra dose of an intended drug
Substitution—incorrect drug instead of the desired drug; a swap
Insertion—a drug that was not intended to be given at a particular 

time or at any time

Incorrect dose—wrong dose of an intended drug
Incorrect route—wrong route of an intended drug*
Other—usually a more complex event not fitting the previous categories
The numbers of cases in each category and the types of drugs 

involved are shown in Figures 39-12 and 39-13. The most common 
distinct mechanisms of drug administration error were substitution, 
insertion, and incorrect dose. Drug errors were also a significant fac-
tor in claims that involved multiple problems in patient management 
(“other”). Two drugs in particular were most involved.

Succinylcholine was involved in 35 cases (17%), and epineph-
rine was involved in 17 cases (8%). Twelve of the 35 cases involving  
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Figure 39-12 A review of claims related to drug errors in the American 
Society of Anesthesiologists (ASA) Closed Claims database found the 
mechanisms of error shown in the figure. (Data from Bowdle TA: Drug 
administration error from the ASA closed claims project. American 
Society of Anesthesiologists Newsletter 67:11–13, 2003.)

*Inadvertent injection of intravenous medications into epidural catheters has prompted 
efforts to design unique neuraxial injection ports that would prevent such errors.125

A study of self-reported drug-related errors by anesthesiology attendings, residents, and 
certified registered nurse anesthetists (CRNAs) in a university medical center found 
the errors shown in the table. The overall rate of drug-related error was 0.68% of 
anesthetics. There were no permanent injuries; however, in 31of 41 cases unintended 
drug effects occurred. One patient had possible intraoperative awareness associated 
with an empty vaporizer, and one patient had a longer than expected hospital stay 
because of inadvertent administration of neuraxial morphine.

Data from Bowdle A, Kruger C, Grieve R, et al: Anesthesia drug administration errors in a 
university hospital. Anesthesiology 99:A1358, 2003.

Drug Errors in a University Anesthesia Practice

Anesthetics 6705
Forms completed 6066
Total errors 41 (0.68%)
  Incorrect dose 18
  Substitution 7
  Insertion 6
  Repetition 2
  Incorrect route 2
  Omission 3
  Incorrect label 1
Unintended effects 31
  < 5 minutes 18
  > 5 minutes 13

TABLE  
39-3

Hypnotics (6.3%)

Cardiovascular agents
(4.9%)

Antibiotics (3.9%)

Non-depolarizing
NMB’s (3.4%)

Misc.
(22.0%)

Inhalational
agents
(13.2%)

Opioids
(11.7%)

Local
anesth.
(9.3%)

Epi
(8.3%)

Succinyl-
choline
(17.1%)

Figure 39-13 A review of claims related to drug errors in the American 
Society of Anesthesiologists (ASA) Closed Claims database found the 
drugs shown in the figure. The two individual drugs implicated most fre-
quently were epinephrine and succinylcholine. (Data from Bowdle TA: 
Drug administration error from the ASA closed claims project. American 
Society of Anesthesiologists Newsletter 67:11–13, 2003.)
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succinylcholine resulted in patients being awake while paralyzed 
because of succinylcholine boluses given before induction agents or 
succinylcholine infusions that were started inadvertently in awake 
patients. Succinylcholine was administered to five patients with a pre-
vious  history of definite or probable pseudocholinesterase deficiency, 
resulting in prolonged neuromuscular blockade. Hyperkalemic cardiac 
arrest occurred in two paraplegic patients and a patient with Guillain-
Barré syndrome who received succinylcholine. Succinylcholine infu-
sions were involved in 14 of the 35 succinylcholine-related cases. Drug 
administration errors involving epinephrine were particularly danger-
ous, with death or major morbidity resulting in 11 of the 17 epineph-
rine-related cases. Six of the 17 cases involving epinephrine were caused 
by ampoule swaps. Drugs interchanged with epinephrine were ephed-
rine (two cases), oxytocin (three cases), and hydralazine (one case). An 
informative case report describing the nearly fatal results of inadver-
tent epinephrine administration because of an ampoule swap has been 
published.126

There were 19 cases of intraoperative awareness (9%), 14 of which 
involved inadvertent administration of muscle relaxant to awake 
patients; a patient who received vecuronium instead of cefazolin 
 experienced development of post-traumatic stress disorder as a result 
of being paralyzed awake. The remaining five cases of awareness were 
either unexplained (one case), related to omission of an induction 
agent (one case), or were apparently related to inadequate doses of 
 general anesthetic agents (three cases).

ASA Closed Claims Project reviewers judged the care to be “less than 
appropriate” in 84% of the drug error claims, compared with 35% in 
nondrug error claims. Payments were made to plaintiffs in 72% of the 
drug error claims compared with 52% of the nondrug error claims.

An analysis of litigation against the National Health Service in 
England related to anesthetic drug errors found a spectrum of errors 
that were similar to those found by the ASA Closed Claims Project.127

Drug Errors by Perfusionists
Cardiac surgery requiring CPB presents the relatively unusual situa-
tion in which the anesthesiologist may not be the only person in the 
operating room administering drugs intravenously to the patient. 
Perfusionists frequently administer anesthetic drugs during CPB and 
may administer a variety of other drugs as well. Rarely, the  perfusionist 
also may be an anesthesiologist (particularly in Australia). Whether the 
anesthesiologist supervises the perfusionist in the administration of 
drugs varies depending on the particular practice setting. In some prac-
tice settings, the anesthesiologist may leave the operating room during 
some portion of the time on CPB. Although the suggestion has been 
made that the anesthesiologist should not leave the operating room 
during CPB (http://www.asawebapps.org/Newsletters/2004/04_04/
gravlee04_04.html), the practice of doing so probably is widespread, 
particularly outside of academic institutions. Apparently, there are no 
studies documenting drug errors made by perfusionists, despite sev-
eral general reports on error and incidents during CPB.128–131 Any com-
prehensive effort to reduce drug errors during cardiac surgery should 
include the perfusionist. Common sense suggests that the perfusion-
ist and anesthesiologist should work together as much as possible to 
ensure that the patient receives drugs appropriately during CPB.

Prevention of Drug Administration 
Errors—Bar Coding
Although drug administration errors are clearly important, relatively 
little is known about preventing these errors. A recent review evaluated 
the evidence for various measures for reducing drug  administration 
errors in anesthetic practice and made recommendations; however, most 
of the evidence available for review was anecdotal.132 Recommendations 
included carefully reading the label on any ampoule or syringe, opti-
mizing legibility and contents of labels, labeling syringes, formal orga-
nization of drugs drawers and workspaces, and double-checking drugs 
with another person or a device.

A bar-code reader represents just such a device, and bar- coding drugs at 
the point of care to verify the correctness of the drug and the dose is 
widely regarded as a technologic solution that might improve the accuracy 
of drug administration. The Healthcare Information and Management 
Systems Society has a position statement in support of bar coding in the 
healthcare environment for a variety of purposes (http://www.himss.org/
content/files/BarCoding StatementFINAL20020603_19028.pdf). ECRI,  
the nonprofit health services research agency, also has published a review 
concerning the bar coding of medications.133,134 The proceedings of the 
Healthcare Information and Management Systems Society from 2000 
(“Veterans Affairs: Eliminating Medication Errors Through Point-of-
Care Devices”; available online at: http://www.himss.org/content/files/
proceedings/2000/sessions/ses073.pdf) contains interesting anecdotal 
information about the experience of the Department of Veterans Affairs 
with bar coding. According to this report, wireless, point-of-care bar 
coding of patient wristbands and medications was used at the Comery-
O'Neil Veterans Affairs Medical Center to deliver 5.7 million doses and in 
the process prevented 378,000 errors. The report claims that “no medica-
tion errors occurred when the technology was used as designed,” although 
errors continued to occur when the technology was not properly used. 
Application of bar-coding technology reduced wrong medication errors 
by 74%, wrong dose errors by 57%, wrong patient errors by 91%, wrong 
time errors by 92%, and omission errors by 70%. Clearly, these are prom-
ising results that should cause clinicians to look carefully at the prospects 
for bar coding in the anesthesia environment. Interestingly, the Veterans 
Affairs medical centers experienced some significant difficulties with 
point-of-care bar coding, which is described in an article by Mills et al.135 
Some of the most common problems were simple but critically impor-
tant, such as nonreadable bar codes on patients wrist bands and drug 
containers. According to Mills et al,135 “Several anecdotal reports have 
indicated that bar-coding systems successfully lower medication adminis-
trations errors…Nevertheless, within the VA, there have been significant 
negative effects since introducing the bar-coded medication administra-
tion (BCMA) system. More generally, the VA discovered that introducing 
new technology to complex medical systems, while beneficial, also pres-
ents new challenges.”

A study of point-of-care bar-code medication administration in a 
network of six community hospitals examined error logs and deter-
mined the likely severity of outcomes associated with errors that were 
prevented by the bar-code system.136 Only 1% of prevented errors were 
judged to be likely to produce severe adverse effects, and 8% moderate 
adverse effects. However, given that 18 million doses were administered 
in the hospital network since the bar-code system was implemented, 
17,000 errors expected to produce severe or moderate adverse effects 
may have been prevented.

The FDA issued a rule in February 2004 that requires bar codes on 
most prescription drugs, certain over-the-counter drugs, and blood  
products (http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFR 
Search.cfm?fr=201.25). The FDA believes that bar codes would be used 
in the following manner:

A patient is admitted to the hospital. The hospital gives the patient 
a bar-coded identification bracelet to link the patient to his or her 
computerized medical record.
As required by the rule, most prescription drugs and certain over-
the-counter drugs would have a bar code on their labels. The bar 
code would reflect the drug's NDC (National Drug Code) number.
The hospital would have bar code scanners or readers that are linked 
to the hospital's computer system of electronic medical records.
Before a healthcare worker administers a drug to the patient, the 
healthcare worker scans the patient's bar code. This allows the com-
puter to pull up the patient's computerized medical record.
The healthcare worker then scans the drug(s) that the hospital phar-
macy has provided to be administered to the patient. This scan 
informs the computer which drug is being administered.
The computer then compares the patient's medical record with the 
drug(s) being administered to ensure that they match. If there is a 
problem, the computer sends an error message and the healthcare 
worker investigates the problem.

http://www.asahq.org/Newsletters/2004/04_04/gravlee04_04.html
http://www.asahq.org/Newsletters/2004/04_04/gravlee04_04.html
http://www.himss.org/content/files/BarCodingStatementFINAL20020603_19028.pdf
http://www.himss.org/content/files/BarCodingStatementFINAL20020603_19028.pdf
http://www.himss.org/content/files/proceedings/2000/sessions/ses073.pdf
http://www.himss.org/content/files/proceedings/2000/sessions/ses073.pdf
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=201.25
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=201.25
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The problem could be one of many things:

-
tion has changed

The FDA has estimated that this scheme would result in a 50% reduc-
tion in medication errors, preventing 500,000 adverse events and trans-
fusion errors, while saving $93 billion over 20 years.

To the best of the authors' knowledge, there are two commercially 
available systems designed specifically for bar-coding drugs in the anes-
thesia clinical environment. One was designed by an anesthesiologist 
and marketed by DocuSys (Hartland, WI); another was designed by 
an anesthesiologist and marketed by Safer Sleep (Cambridge, United 
Kingdom).137 Unfortunately, there are no prospective, randomized data 
showing that the use of these devices affects outcome, although a recent 
study of user ratings of the Safer Sleep system gave results in favor of 
the bar-coding system in comparison with the traditional system of 
drug administration.138 The Safer Sleep system was reported to result in 
a 19% increase in revenue from drug charges in a cardiac anesthesiol-
ogy practice by improving documentation for billing.139 Hypothetically, 
automated anesthesia record-keeping systems provided by other ven-
dors could be adapted to bar coding of drugs because bar-code readers 
can be operated by most desktop computer systems.

Prevention of Drug Errors—Infusion 
Pumps
As noted earlier, the study of drug errors at the University of Washington 
found that among 29 cases of unintended drug effect, 14 were associ-
ated with drug infusions administered by a pump.123 Although there 
is no comprehensive assessment of the incidence and nature of errors 
related to infusion pumps, it is clear from anecdotal reports that pro-
gramming errors are a significant source of error. Obviously, infusion 
pumps play a major role in drug administration in cardiac surgery 
patients, so errors related to infusion pumps are of significant concern 
to cardiac anesthesiologists.

ECRI, the nonprofit health services research agency, recently made 
recommendations concerning improvements in the safety of infu-
sion pumps. Based on reports of pump-related problems and accident 
investigations, ECRI has found that pump incidents typically involve 
either unintentional free-flow of a drug or the delivery of an incorrect 
dose because of a practitioner error in programming the pump.140

Pump sets that prevent free-flow when the set is removed from the 
pump have been available for many years, but not all pumps in current 
use require the use of sets that prevent free-flow, and unprotected sets 
continue to be available. ECRI recommends the use of pumps with tub-
ing sets that prevent free-flow when the set is removed from the pump, 
and that only pumps that require the use of sets with free-flow preven-
tion be purchased. They rate pumps that do not require  set-based free-
flow protection as “unacceptable.”140

Some infusion pumps have advisory systems known as “error reduc-
tion systems” that use predefined dosing limits and warn the practi-
tioner if the dosing parameters that are entered at the point of care 
will result in a dose that is out of the predefined dosing limits. Such 
systems also can keep a computerized log that yields data regarding 
the incidence of “reprogramming” in response to an alert message; 
this is essentially the incidence of potential errors because of pro-
gramming errors. Anecdotal information suggests that error reduc-
tion systems may be valuable for helping practitioners to recognize and 
avoid administering incorrect doses because of programming errors. 
A recent report of experience with 135 pumps with an error reduction 
system installed in a community hospital found that 40,644 infusion 
starts generated 693 alert messages (1.7%), resulting in 158 program-
ming changes.141 The 1400-bed hospital projected that if all of their 
pumps had error reduction systems, that in a year more than 1 mil-
lion infusion starts would result in 18,500 alert messages and 4000 

programming changes. All pumps rated “preferred” or “acceptable” 
by ECRI include dose error reduction systems, whereas pumps with-
out such systems are rated “not recommended” for new purchase.142 
A prospective, randomized trial of “smart” infusion pumps conducted 
in 2002 in a cardiac surgery ICU found numerous serious medication 
errors related to pumps (approximately 2 serious errors per 100 patient 
pump-days).143 There was no significant improvement with the use of 
smart pumps, although the investigators observed that the pumps were 
frequently not used as intended. For example, the drug library that is 
intended to prevent manual programming errors was bypassed 25% of 
the time. This study demonstrates that technology alone may not solve 
a problem, and that close attention to the details of implementing the 
technology and making it work properly are essential (as noted for bar 
coding at the point-of-care; see earlier). Nuckols et al144 also found that 
the smart pumps they tested were capable of preventing only 4% of the 
adverse drug events in the ICU, with many of the events having to do 
with bolus dosing and failure to adequately monitor for and respond 
to drug-related problems. However, they did not conclude that smart 
pumps should be abandoned; to the contrary, they advocated smarter 
and more capable pumps.

An error programming the concentration of morphine in a patient-
controlled analgesia pump caused the death of a patient who received 
a fivefold overdose of morphine because of the programming error. 
The authors of the case report made an estimate of the likely death rate 
from similar programming errors of the particular patient-controlled 
analgesia pump involved in this incident, based on an FDA database 
and other reports, using a denominator supplied by the pump manu-
facturer. The estimate was adjusted to take the likely under- reporting 
of incidents into account. Their estimate was a range of 1 death in 
33,000 pump uses to 1 in 338,800, amounting to 65 to 667 deaths for 
22,000,000 pump uses in the period 1988 to 2000.145

Although error reduction systems help to recognize programming 
errors that may result in an incorrect dose, they do not recognize that 
a wrong drug has been placed in the pump or that the drug is being 
administered to the wrong patient. Bar coding may be a solution to 
this problem. A bar code on a medication bag can be scanned, together 
with the patient's bar-coded identification, to electronically prompt 
the pump with the appropriate drug and drug concentration, prevent-
ing misidentification of the drug or the patient, as well as  preventing 
pump programming errors that can occur during manual entry. 
Furthermore, if the pump is connected to the electronic medical record 
(or automated anesthesia record in the operating room), all of the dos-
ing information from the pump can be automatically documented in 
the record. Application of bar coding to infusion pumps is a relatively 
new and evolving technology.

Transfusion Safety
Although bar coding of drugs has received greater publicity, bar cod-
ing of blood units and the use of bar coding to ensure accurate match-
ing of blood component to recipient is another promising avenue 
for application of bar coding technology to prevent error. ABO mis-
matched transfusion because of administering the wrong blood is a 
classic example of a preventable medical error and is a significant cause 
for concern in the practice of cardiac anesthesia. A study of transfu-
sion errors in New York State estimated the incidence of ABO mis-
matched transfusion at 1:12,000 to 1:33,000.146 A recent report from 
a hospital in Japan specializing in cardiovascular disease described a 
computer-assisted transfusion management system with bar coding at 
the bedside; 60,000 blood components were transfused without error, 
and one human error was prevented. The system also improved the 
efficiency of blood component management, reducing the outdate 
rate on red blood cells from 3.9% to 0.32%.147 Bar coding blood com-
ponents in the operating room could contribute to both efficiency and 
accuracy, especially if the data from the bar coding operation were 
automatically entered in a computerized anesthesia record. As noted 
earlier, the FDA has mandated bar codes on blood products, as well 
as drugs.
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FATIGUE AND ERROR IN CARDIAC 
ANESTHESIA
The Institute of Medicine Committee on Optimizing Graduate 
Medical Trainee Hours and Work Schedules to Improve Patient Safety 
conducted a comprehensive review of the medical and scientific litera-
ture and concluded that working for more than 16 consecutive hours is 
unsafe for both trainees, because of a marked increase risk for a motor 
vehicle accident while driving home, and for their patients, because of 
an increase in attentional failure, serious errors, and diagnostic mis-
takes.3 After being awake for 24 hours, impairment of reaction time is 
comparable with that produced by a blood alcohol concentration of 
0.10 g/dL (the equivalent of 4 drinks for a 70-kg individual, and over the 
legal limit for driving while intoxicated in most countries).148,149 A sur-
vey of resident physicians suggested that fatigue-related errors result-
ing in death or injury of a patient are not uncommon (Box 39-4).150

Interestingly, there is significant variability between individuals in 
susceptibility to the effects of sleep deprivation. The effect of a sin-
gle night of acute sleep deprivation on neurobehavioral functions is 
greater in younger people than in people older than 55 years.151 This 
may explain the fact that 55% of sleep-related motor vehicle accidents 
occur in drivers 25 or younger.152 However, older people are more vul-
nerable to the effects of a sequence of night shifts because of greater 
difficulty obtaining recovery sleep in an adverse portion of the circa-
dian cycle.153 There also are inter-individual differences in the effects of 
sleep deprivation on otherwise healthy young people, and these differ-
ences may be specific for particular tasks. These differences have been 
linked to particular genetic polymorphisms.154,155 Czeisler156 has specu-
lated that, in the future, it may be possible to identify from a cheek 
swab the genetic subset of individuals who tolerate sleep deprivation 
relatively well from those who are very sensitive.

Sleep-deprived individuals develop the subjective experience of sleepi-
ness early, and if sleep deprivation persists, they have a poor capacity to 
recognize their fatigue, rendering them with a reduced capacity to work 
safely.157 Recognition that sleep deprivation adversely affects performance 
has led to policies that limit work hours. Limitations on work hours for 
pilots date from the 1950s. In the United States, the Accreditation Council 
for Graduate Medical Education limits the hours of trainees in approved 
programs. In other countries, a variety of regulations may apply. For exam-
ple, in New Zealand, a labor agreement limits consecutive work hours for 
trainees to 16. There are no work-hour limitations in the United States for 
nontrainee physicians. In the European Union, all occupations are limited 
to 13 consecutive work hours and 48-hour work weeks. Whether limiting 
trainee work hours lessens the effectiveness of training programs has been 
the subject of much debate, which recently was reviewed.158 There has 
been widespread noncompliance with work hour limits in Accreditation 
Council for Graduate Medical  Education–accredited  training programs.159 
However, given the available evidence connecting sleep deprivation with 
impairment in performance, it seems likely that work hour limitations 
will become more stringent rather than less. Moreover, it seems likely that 
consideration will be given to extending the limitations applied currently 
to trainees to physicians in practice.

Effects of Fatigue on Error  
in Anesthesia
Fatigue has been implicated as a contributor to impaired performance, 
critical incidents, and errors in anesthesia.160,161 The work hours and 
schedules of anesthesiologists expose them to circadian disruption, 
and both acute and chronic sleep deprivation cause fatigue. The per-
formance of anesthesiologists may be more susceptible to the effects 
of even mild sleep deprivation compared with other medical special-
ties because of the vigilance required to provide safe anesthesia care. 
However, study of the effects of fatigue on the clinical performance of 
anesthesiologists is difficult, and to date, no clinical studies have shown 
a definite link between fatigued anesthesiologists and errors.

In a well-designed, realistic, simulation-based trial, Howard et al162 
studied 12 residents who anesthetized a simulated patient for 4 hours 
in both a sleep-deprived state and a rested state. In the sleep-deprived 
group, there was a trend to poorer vigilance with slower response to vig-
ilance probes during the simulation. In clinical tasks, the sleep-deprived 
group took longer to detect and correct abnormal clinical events, but 
this was not statistically significant. During the simulated anesthetic, 
nearly one third of the sleep-deprived group fell asleep at some stage.

In an analysis of the first 5700 critical incidents reported to the 
Australian Incident Monitoring Study database, 2.7% of incidents listed 
fatigue as a factor contributing to the incident.161 Drug errors (syringe 
swaps/wrong drug, underdose and overdose) were more frequent, and 
anesthesiologists reported that haste, distraction, inattention, failure to 
check equipment, fault of technique, and pressure to proceed with sur-
gery were all more common in fatigue-related than non–fatigue-related 
incidents. Experience and training did not render an anesthesiologist any 
less likely to make a fatigue-related error. A healthy patient and relief anes-
thesiologist/staff change were factors identified that tended to minimize 
the critical incident. In a survey of 301 anesthesiologists and trainees in 
New Zealand, 86% responded that they had at some time made an error 
in patient care related to fatigue.163 Fifty percent of trainees and 27% of 
anesthesiologists believed that their average working week exceeded what 
they believed they could do on an ongoing basis while maintaining patient 
safety. In addition, the anesthesiologists who exceeded their self-defined 
safety limits for continuous anesthesia administration (with breaks) or 
their weekly safe working hours were more likely to report a fatigue-related 
error in the 6 months before the survey when compared with those who 
had not exceeded their limits. The conclusions from these two studies are 
limited because they are based on retrospective, self-reported data, but the 
majority of respondents consistently indicate that quality of care is com-
promised and attribute some errors to working while fatigued.

A Scottish study raised different issues. Flin et al164 surveyed 222 anes-
thesiologists. When questioned about stress and fatigue, 83% agreed 
they were less effective when stressed or tired, but 37% thought they 
performed effectively during the critical phases of surgery even when 
tired. Eighty-four percent had made errors during patient care, but they 
did not attribute any causation to fatigue and did not list being rested or 
changing work schedules/reducing work hours as methods for reduc-
ing errors. The authors conclude, “With regard to attitudes suggesting 
invulnerability to the effects of stress and fatigue, a  significant number 
of anesthetists were found to show these beliefs” and this “suggests that 
anesthetists (like pilots) may benefit from additional training in human 
performance limitations, both in postgraduate education or for consul-
tants through continuing professional development programs.”

Gander et al165 studied work patterns, sleep, and performance on a psy-
chomotor vigilance task of 28 anesthesia trainees and 20 specialists (prac-
ticing physicians) during a 2-week work cycle in 2 urban public hospitals 
in New Zealand. This study is significant because it included specialists 
and trainees. Reaction times of trainees were slower after night shifts than 
after day shifts, and after night shifts, poorer performance was associated 
with longer shift length, longer time since waking, greater acute sleep loss, 
and more total work over 24 hours. Reaction times of specialists slowed 
in a progressive, linear fashion over 12 consecutive days of duty (without 
any days off), and poorer performance was associated with greater acute 
sleep loss and longer time since waking. Work hours of trainees, but not 
specialists, are limited in New Zealand by a labor agreement.

BOX 39-4. REDUCING ERRORS RELATED 
TO FATIGUE AND DISTRACTION
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Sleep quality and quantity become impaired in those around age 
50 and older.166,167 There have been no formal studies assessing how 
these changes might affect the performance of older anesthesiologists. 
However, there is reduced tolerance of late-night and shift work with 
aging.167 Thus, many of the fatigue-related performance impairments 
identified in residents are potentially worse in older anesthesiologists.

Although working at night may contribute to error, the nature of 
anesthetic work makes it difficult to avoid at least some work during 
night-time hours. Therefore, work patterns need to be designed to 
minimize the possibility of fatigue-related error. These designs should 
not only involve consideration of total individual work hours, but the 
importance of the effects of shift work on sleep and circadian rhythm. 
Useful overviews for individual practitioners on the impact of fatigue 
on learning and good sleep hygiene to mitigate the impact of fatigue 
and for departments on the impacts of different rostering systems are 
available.168–172 Some areas to address to limit fatigue and fatigue-related 
error in anesthesia providers are listed in Table 39-4.

EFFECTS OF THE USE 
OF TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY ON VIGILANCE
The introduction and subsequent widespread use of TEE has been a major 
advance in cardiac surgery and anesthesia for both diagnosis and monitor-
ing intraoperatively. Anecdotally, the authors have noticed times when all 
attention in the operating room is focused on the TEE machine rather than 
the patient. This seems to be more noticeable during the phase of learn-
ing TEE than with those who are more experienced. The surgical team 
also may comment that the anesthesia providers are all looking at the TEE 
rather than the patient! The authors are aware of only one study that has 
addressed this issue. During a study on task distribution, workload, and 
vigilance during cardiac anesthesia, Weinger et al173 found that there was a 
significant increase in response time to vigilance probes (a light was illu-
minated on the monitor screen) when the TEE was being manipulated and 
analyzed compared with times when it was not. The authors concluded, 
“The use of the TEE may decrease vigilance to changes in other clinical 
data.” Several factors limit the applicability of this study—it involved anes-
thesia residents with limited cardiac anesthesia experience and limited TEE 
experience. The operating room setup had the TEE machine placed oppo-
site to the anesthesia machine and monitor display (where the  vigilance 

light was located) and the study involved only 20 cases. The findings of the 
study were questioned in a subsequent letter to the editor.174

This area needs further investigation before definite conclusions can 
be reached. However, an important factor may be the operating room 
setup. In particular, where the TEE machine is placed in relation to the 
patient and the other monitors may be important. To date, no studies 
have addressed operating room ergonomics with regard to optimizing 
TEE machine and anesthesia machine setup for ease of reviewing both 
patient monitors and the TEE machine. The anesthesiologist working 
alone may be more vulnerable to this problem given that there is only 
one place attention can be focused at a time.

AMERICAN SOCIETY OF 
ANESTHESIOLOGISTS CLOSED CLAIMS 
PROJECT RESULTS FOR CARDIAC 
ANESTHESIA
The ASA Closed Claims database contains 327 claims related to car-
diac anesthesia. When compared with 4986 other claims for other 
surgical procedures under general anesthesia, cardiac surgery claims 
had an increased proportion of claims for brain damage, stroke, and 
awareness during anesthesia and a decreased proportion of claims for 
 airway injury (Table 39-5). The primary damaging event, for  example, 
the specific incident that led to the injury, was more often related to 
equipment problems, particularly with central or peripheral catheters 
(Table 39-6). In addition, a greater proportion of cardiac claims were 
related to surgical technique or patient condition than other surgi-
cal claims in the database (see Table 39-6). Approaches for avoiding 
problems with intraoperative awareness and central venous access have 
been reviewed in this chapter. Brain damage and stroke during cardiac 
anesthesia is a vast topic unto itself that is addressed in Chapter 36.

These topics are intended as a starting point for consideration of possible ways in which 
errors related to fatigue might be reduced.

Some Areas to Address to Limit Fatigue and Fatigue-
Related Error in Anesthesia Providers

Individual
Length of time without break
Length of time for shifts
Length of break between shifts
Handover170,175

Sleep hygiene education
Education on effects of fatigue on performance and increased likelihood of 

errors
Naps
Pharmacologic aids (e.g., modafinil176–179)
Tighten monitor alarm limits after hours
Departmental
Roster design to limit circadian rhythm disruption
Staffing levels
Stop after hours or night work for older anesthesiologists
Sleep hygiene education
Use of written protocols/checklists, especially for complex cases after hours
Hospital
Lighting levels after hours
Nap rooms
Food and drink provision
Limit after-hours work to emergency cases

TABLE  
39-4

Cases related to cardiac surgery from the American Society of Anesthesiologists Closed 
Clams Project database (N = 8954) were compared with noncardiac surgery cases 
(only cases of general anesthesia were considered).

*P < 0.01 cardiac surgery vs. other surgery by Fisher's exact test.
†P < 0.05 cardiac surgery vs. other surgery by Fisher's exact test.

Influence of Type of Surgery on Severity of Injury

Injury Cardiac Surgery, n (%) Other Surgery, n (%)

Major Category
Death 103 (31%) 1746 (35%)
Brain damage 60 (18%)* 548 (11%)*
Nerve damage 54 (17%) 770 (15%)
Specific Complications
Stroke 30 (9%)* 156 (3%)*
Airway injury 21 (6%)† 501 (10%)†

Awareness 20 (6%)* 99 (2%)*
Myocardial infarction 5(2%) 157 (3%)

TABLE  
39-5

Cases related to cardiac surgery from the American Society of Anesthesiologists Closed 
Clams Project database (N = 8954) were compared with noncardiac surgery cases 
(only cases of general anesthesia were considered).

*P < 0.01 cardiac surgery vs. other surgery by Z-test.
†P < 0.05 cardiac surgery vs. other surgery by Z-test.

Influence of Type of Surgery on Primary Damaging 
Event

Damaging Event Cardiac Surgery, n (%) Other Surgery, n (%)

Respiratory 33 (10%)* 1507 (30%)*
Cardiovascular 53 (16%) 788 (16%)
  Wrong blood administered 4 (1%) 19 (< 1%)
Equipment 104 (32%)* 579 (12%)*
  Peripheral catheter 38 (12%)* 99 (2%)*
  Central catheter 28 (9%)* 112 (2%)*
Adverse drug reaction/drug 

error
30 (9%) 336 (7%)

Surgical/patient condition 35 (11%)† 315 (6%)†

TABLE  
39-6
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KEY POINTS

 1. Education is change in behavior based 
on experience. The fact that 81.1 million 
Americans present with one or more types 
of cardiovascular disease (CVD), and that an 
estimated 7,235,000 inpatient cardiovascular 
operations and procedures were performed in 
the United States in 2006, speaks directly to the 
point that anesthesiologists treating patients 
with CVD have vast experience that requires 
and results in considerable education.

 2. The complexity of many cardiothoracic diseases 
requires that there be a cadre of specialty 
educated cardiothoracic anesthesiologists. 
Specialty educated cardiothoracic 
anesthesiologists care for more complex 
patients, and they are the individuals who 
educate residents and fellows about these 
special, high-acuity patients.

 3. Essential ingredients of clinical cardiothoracic 
anesthesiology education are completion 
of a 3-year core residency in anesthesiology 
followed by an additional 1-year adult 
cardiothoracic anesthesiology fellowship during 
which an exhaustive list of didactic topics for 
study is coupled with mastery of an inclusive 
set of psychomotor skills, including basic and 
advanced perioperative echocardiography.

 4. Through concentrated full immersion in a 
minimum 1-year fellowship devoted exclusively 
to adult cardiothoracic anesthesiology, an 
anesthesiologist will be able to gain sufficient 
and sophisticated knowledge and skill to be a 
subspecialist able to care for patients with  
very-high-acuity CVD. In similar fashion, it 
will only be through accredited fellowship 
education that subspecialists in cardiac 
anesthesiology will be on par with the large 
number of fellowship-educated cardiologists, 
cardiothoracic surgeons, and all other medical, 
pediatric, surgical, and diagnostic subspecialists 
who care for patients with CVD.

 5. Being a “qualified” cardiothoracic 
anesthesiologist implies having met standard 
criteria and complied with specified 
requirements defined by the Accreditation 

Council for Graduate Medical Education. These 
requirements include: (1) having successfully 
completed postgraduate medical education 
in an accredited training program, (2) having 
successfully completed a certification process 
(examination) when available, and (3) being 
credentialed and granted clinical privileges to 
practice within the scope of the subspecialty 
within a health care facility.

 6. The American Board of Anesthesiology (ABA) 
oral examination process is designed “to assess 
the candidate's ability to demonstrate the 
attributes of an ABA Diplomate [understand 
and apply complex cognitive functions] 
when managing patients presented in clinical 
scenarios. The attributes are appropriate 
application of scientific principles to clinical 
problems, sound judgment in decision-making 
and management of surgical and anesthetic 
complications, adaptability to unexpected 
changes in the clinical situations, and logical 
organization and effective presentation of 
information. The oral examination emphasizes 
the scientific rationale underlying clinical 
management decisions.”21

 7. Simulation is imitation of real-life clinical 
situations using stand-in devices that assume 
the patient role, providing learner experience 
while permitting teaching and learning in 
repetitive fashion with zero risk to both the 
provider and recipient of the simulated care.

 8. Simulation adds sophisticated aspects to 
education that are not possible from traditional 
textbook learning, classroom lectures, or 
single-learner computer-based programs. 
These missing ingredients are teamwork and 
improved processes of care, including, among 
others, interpersonal communication, situational 
awareness, appropriate management of available 
patient care resources, fatigue management, 
adverse event recognition, team decision 
making, and performance feedback.

 9. Improved patient outcome from simulation 
education is intuitively obvious, yet scant 
evidence-based medicine exists to prove this.

 10. Student evaluation will be meaningless without 
the ability to: (1) provide the resident/fellow 

Training, Qualifications, Teaching, and Learning
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Is cardiovascular disease (CVD) an issue that the anesthesiologist 
must be aware of, educated about, and qualified to deal with clini-
cally? An obvious and resounding “yes” is the answer to this question. 
Anesthesiologists are confronted with the patient care dilemmas posed 
by the presence of CVD as a primary or comorbid diagnosis in an 
enormous number of patients spanning all age groups. Consider the 
following CVD statistics for the United States, as compiled and pub-
lished in the American Heart Association's Heart Disease and Stroke 
Statistics—2010 Update.1

 I. PREVALENCE
  Some 81.1 million Americans have one or more types of CVD; 38.1 

million are estimated to be age 60 and older; one in three has CVD.1

 A. High blood pressure—74.5 million (defined as systolic pressure 
140 mm Hg or greater and/or diastolic pressure 90 mm Hg or 
greater or taking antihypertensive medication)

 B. Coronary heart disease—17.6 million
  Myocardial infarction—8.5million
  Angina pectoris—10.2 million
 C. Congestive heart failure—5.8 million
 D. Stroke—6.4 million
 E. Congenital cardiovascular defects—1.3 million
 II. INCIDENCE
 A. The average annual rates of first major cardiovascular events 

increase from 3 per 1000 men at ages 35 to 44 to 74 per 1000 at 
ages 85 to 94.

 B. The aging of the population will undoubtedly result in an 
increased incidence of chronic diseases, including coronary 
artery disease, heart failure, and stroke; the U.S. Census esti-
mates that there will be 55 million Americans aged 65 and older 
in 2020.

 C. There has been an explosive increase in the prevalence of obe-
sity and type 2 diabetes. Their related complications, hyperten-
sion, hyperlipidemia, and atherosclerotic vascular disease also 
have increased.

 III. MORTALITY
 A. CVD accounted for 34.3% of all deaths, or 1 of every 2.9 deaths 

in the United States in 2006. CVD mortality rate was about 56% 
of “total mortality.” This means that of more than 2,426,000 
deaths from all causes, CVD was listed as a primary or contrib-
uting cause on about 1,347,000 death certificates.

 B. Since 1900, CVD has been the number one killer in the United 
States every year except 1918. Nearly 2300 Americans die of 
CVD each day, an average of 1 death every 38 seconds. CVD 
claims more lives each year than cancer, chronic lower respira-
tory diseases, and accidents combined.

 IV. HOSPITAL/PHYSICIAN/NURSING HOME VISITS
 A. From 1996 to 2006, the number of Americans discharged from 

short-stay hospitals with CVD as the first listed diagnosis var-
ied from 6,107,000 to 6,161,000. In 2006, CVD ranked highest 
among all disease categories in hospital discharges.

 B. In 2007, there were 4,048,000 visits to emergency departments 
with a primary diagnosis of CVD.

 V. COST
 A. In 2010, the estimated direct and indirect cost of CVD is $503.2 

billion.1

 VI. OPERATIONS AND PROCEDURES
 A. In 2006, an estimated 7,235,000 inpatient cardiovascular opera-

tions and procedures were performed in the United States; 4.1 
million were performed on male patients and 3.1 million were 
performed on female patients.1

 B. If the focus is on coronary artery disease alone, the statistics 
highlight the same striking message. In 2006, an estimated 
1,313,000 percutaneous coronary intervention procedures, 
448,000 inpatient bypass procedures, 1,115,000 inpatient diag-
nostic cardiac catheterizations, 114,000 inpatient implantable 
defibrillators, and 418,000 pacemaker procedures were per-
formed in the United States.1

 C. CVD is not only a geriatric phenomenon. Congenital heart dis-
ease (CHD) is a major issue for the pediatric anesthesiologist. 
In addition, an ever-increasing number of patients with CHD 
are living longer after surgical palliation or repair, forming an 
adult CHD population that presents for anesthetic care for sur-
gical and nonsurgical therapeutic and diagnostic procedures.

 D. Incidence of CHD is 9.0 defects per 1000 live births, or 36,000 
babies per year in the United States.

 E. In 2004, hospitalization costs for CHD were $2.6 billion.1

With statistics such as those listed, there is quite a compelling argu-
ment that being aware of, educated about, and qualified to deal with 
patients with CVD is essential for all anesthesiologists. The complex-
ity of cardiothoracic diseases requires that there be a cadre of specialty-
educated cardiothoracic anesthesiologists who care for these high-acuity 
patients and educate residents and fellows about these special patients. 
The Anesthesiology Residency Review Committee (RRC) is quite 
clear about this in its statements defining faculty in the program 
requirements for graduate medical education (GME) in the core 
residency in anesthesiology and fellowship in adult cardiothoracic 
anesthesiology2,3:

The physician faculty must possess the requisite specialty expertise and 
competence in clinical care and teaching abilities, as well as documented 
educational and administrative abilities and experience in their field. 
There must be evidence of active participation by qualified physicians with 
training and/or expertise in adult cardiothoracic anesthesiology beyond 
the requirement for completion of a core anesthesiology residency. The fac-
ulty must possess training and experience in the care of adult cardiotho-
racic patients that would generally meet or exceed that associated with 
the completion of a one-year adult cardiothoracic anesthesiology program, 
and must have a continuous and meaningful role in the program…

The faculty may include members from the core anesthesiology 
 program who have subspecialty expertise, including critical care and 
pediatric anesthesiology…

constructive feedback, on as frequent a basis 
as daily (formative evaluation); and (2) have 
the faculty attest to the resident's/fellow's 
competence at the completion of the educational 
process (summative evaluation).

 11. Collection of data about an individual faculty 
member's “teaching abilities, commitment to 
the educational program, clinical knowledge, 
and scholarly activities” arms the chair with 
ammunition for constructive suggestions for 
change of teaching techniques by the faculty 
member and provides institutional appointment 
and promotion committees information on 
which to base faculty academic recognition.

12. Resident performance on certification 
examinations and review of patient care data 
are prime educational assessment techniques 
for educational program evaluation. A 
department and its institutional continuous 
quality improvement programs serve as 
effective analysis methods for documenting the 
success of the educational program and clinical 
care provided to patients by ongoing review 
of data showing that unacceptable morbidity 
and mortality are not present and that the 
educational program does not result in and 
may, in fact, improve these parameters.
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The responsibility for establishing and maintaining an environment of 
inquiry and scholarship rests with the faculty, and an active research 
component must be included in each program…

Complementary to the above scholarship is the regular participation 
of the teaching staff in clinical discussions, rounds, journal clubs, and 
research conferences in a manner that promotes a spirit of inquiry and 
scholarship (e.g., the offering of guidance [mentoring] and technical 
support for fellows involved in research such as research design and 
statistical analysis); and the provision of support [mentoring] for fel-
lows' participation, as appropriate, in scholarly activities that pertain 
specifically to the care of cardiothoracic patients.2

It is these same specialists who conduct the basic science and clini-
cal research that advances new knowledge and understanding of CVD 
and its anesthetic implications. What is the education available and 
required for cardiothoracic anesthesiologists?

FORMALIZED EDUCATION OF 
CARDIOTHORACIC ANESTHESIOLOGISTS
The continuum of education in anesthesiology is defined by the 
Accreditation Council for Graduate Medical Education (ACGME)2,3 
and the American Board of Anesthesiology (ABA).4 The continuum 
begins with an initial 4 years of postgraduate (post–medical school) 
education and constitutes the “core” anesthesiology residency.

Clinical Base Year
The first year is a clinical nonanesthesiology (clinical base) year.

According to the ACGME:

The clinical base year should provide the resident with 12 months 
of broad education in medical disciplines relevant to the practice of 
anesthesiology.2

According to the ABA:

The clinical base year must include at least six months of clinical 
rotations during which the resident has responsibility for the diagno-
sis and treatment of patients with a variety of medical and surgical 
problems, of which at most one month may involve the administra-
tion of anesthesia and one month of pain medicine. Acceptable clini-
cal base experiences include training in internal medicine, pediatrics, 
surgery or any of their subspecialties, obstetrics and gynecology, neu-
rology, family medicine or any combination of these as approved for 
residents by the directors of their training programs in anesthesiology. 
The clinical base year should also include rotations in critical care and 
emergency medicine, with at least one month, but no more than two 
months, devoted to each. Other rotations completing the 12 months of 
broad education should be relevant to the practice of anesthesiology.4

Clinical Anesthesia Years
The next 3 years are clinical anesthesiology years:

The three-year clinical anesthesia curriculum (CA 1-3) consists of 
experience in basic anesthesia training, subspecialty anesthesia train-
ing and advanced anesthesia training. It is a graded curriculum of 
increasing difficulty and learning that is progressively more challeng-
ing of the resident's intellect and technical skills.

(1) Experience in basic anesthesia training is intended to emphasize 
basic and fundamental aspects of the management of anesthesia. It is 
recommended that at least 12 months of the CA-1 and CA-2 years be 
spent in basic anesthesia training with a majority of this time occur-
ring during the CA-1 year.

(2) Subspecialty anesthesia training is required to emphasize the 
theoretical background, subject material and practice of subdisciplines 
of anesthesiology. These subdisciplines include obstetric anesthesia, 
pediatric anesthesia, cardiothoracic anesthesia, neuroanesthesia, anes-
thesia for outpatient surgery, recovery room care, perioperative evalu-
ation, regional anesthesia and pain medicine. It is recommended that 
these experiences be subspecialty rotations and occur in the CA-1 and 
CA-2 years. The sequencing of these rotations in the CA-1 and CA-2 
years is left to the discretion of the program director.4

The ability to provide extensive specialized education in cardiac anes-
thesiology during the core residency is restricted primarily because of 
the time-limited nature of clinical anesthesia training, that is, a total of 
36 months. The fundamental cardiac anesthesiology education com-
monly occurs during the CA-1 or CA-2 year.

The goals, timing, and minimum required perioperative  clinical 
experiences in cardiothoracic anesthesiology include and are not 
 limited to:

20 patients undergoing cardiac surgery. The majority of these cardiac 
procedures must involve the use of cardiopulmonary bypass;

20 patients undergoing open or endovascular procedures on major 
 vessels, including carotid surgery, intrathoracic vascular surgery, 
intraabdominal vascular surgery, or peripheral vascular surgery. 
Excluded from this category is surgery for vascular access or repair of 
vascular access;

20 patients undergoing non-cardiac intrathoracic surgery, including 
pulmonary surgery and surgery of the great vessels, esophagus, and the 
mediastinum and its structures;

Patients who require specialized techniques for their perioperative care. 
There must be significant experience with a broad spectrum of airway 
management techniques (e.g., performance of fiberoptic intubation 
and lung isolation techniques such as double lumen endotracheal tube 
placement and endobronchial blockers). Residents also should have 
significant experience with central vein and pulmonary artery cath-
eter placement and the use of transesophageal echocardiography.2

There is an opportunity for more extensive education about cardiac 
anesthesiology in the CA-3 year of the core residency:

Experience in advanced anesthesia training constitutes the CA-3 year. 
The program director, in collaboration with the resident, will design 
the resident's CA-3 year of training. The CA-3 year is a distinctly dif-
ferent experience from the CA 1-2 years, requiring progressively more 
complex training experiences and increased independence and respon-
sibility for the resident. Resident assignments in the CA-3 year should 
include the more difficult or complex anesthetic procedures and care of 
the most seriously ill patients.2

More extensive education about cardiac anesthesiology in the CA-3 
year would be most appropriate for those practitioners electing to sub-
specialize; however, the CA-3, 6-month subspecialty education option 
is out of vogue. In 1988–1989, the ABA extended the core anesthesiol-
ogy residency to a required CA-3 year. In 1989–1990, 56% (606/1084) 
of CA-3 residents elected more than 6 months of subspecialty train-
ing (all anesthesiology subspecialties are represented in this compos-
ite number).5,6 By 1993–1994, only 29%, by 1995–1996, only 21%, and 
by 2000–2001, a mere 6% (66/1043) elected more than 6 months of 
 subspecialty training in the CA-3 year.5,6

At the same time that CA-3 subspecialty education was becoming 
rare, the absolute number and percentage of total CA-4 residents who 
electively enrolled in a 12-month postresidency fellowship program 
increased (1989–1990: 63/105 [60%]; 1998–1999: 523/605 [86%]; and 
2000–2001: 383/525 [73%] CA-4 residents enrolled in a 12-month 
 subspecialty fellowship).5,6
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It is quite apparent from the residency curriculum outlined earlier 
that a graduating core resident will most likely be, at best, modestly 
educated as a specialist cardiac anesthesiologist. More complete sub-
specialty education is provided through a fellowship (minimum 1-year 
clinical GME program) that follows the core residency. Over the years, 
a significant number of individuals have elected CA-4 cardiac anes-
thesiology subspecialty fellowship education (in 2000–2001, 69 of 383 
[18%] CA-4 residents selected cardiac anesthesiology as their fellow-
ship track).5 This blends well with the fact that many other medical, 
surgical, and diagnostic disciplines offer accredited fellowship educa-
tion to develop so-called subspecialists in their respective specialties. 
Accredited subspecialty graduate education programs of a year or more 
in duration exist in anesthesiology and medical, pediatric, surgical, and 
diagnostic disciplines related to cardiac anesthesiology7 (Table 40-1).

At the same time that the number of CA-3 residents electing car-
diac anesthesiology subspecialty education was dwindling and becom-
ing almost nonexistent, and the number of CA-4 residents electing a 
full 1-year cardiac anesthesiology fellowship was increasing dramati-
cally, standardized cardiothoracic anesthesiology fellowship education 
did not exist. Standardized and accredited anesthesiology fellowship 
subspecialty education in critical care, pain management, and pediatric 
anesthesiology exists. An Anesthesiology RRC–developed standardized 
curriculum in cardiac anesthesiology had been resisted for many years. 
Reluctance to accredit specialty education in cardiac anesthesiology 
related to a desire to avoid creating divisions in clinical practice among 
anesthesiologists. It had been reasoned that all anesthesiologists care 
for patients with CVD; therefore, all anesthesiologists need and gain, 
through core residency education, the requisite knowledge and skills. 
The data cited earlier negate this supposition.

The Society of Cardiovascular Anesthesiologists (SCA) champi-
oned a different viewpoint.8 The SCA reasoned that, although it is 
true that all anesthesiologists care for patients with cardiac disease, 
there has developed, since the 1980s, a highly sophisticated knowledge 
base (e.g., physiology of deep hypothermic circulatory arrest, clinical 

 management of anticoagulation, anesthetic management of patients 
undergoing electrophysiologic diagnostic and therapeutic procedures, 
and physiologic management of mechanical assist devices bridging 
to heart and lung transplantation) and a technically demanding set  
of psychomotor skills (e.g., pulmonary artery catheterization, intra-
aortic balloon counterpulsation, and transesophageal echocardiog-
raphy [TEE]) that enable the safe and effective care of patients with 
very-high-acuity CVD.

Cardiothoracic anesthesiology has blossomed into a subdiscipline 
that exists adjunctively to the core discipline of anesthesiology. More 
than 6000 anesthesiologists (approximately 14% of the total American 
Society of Anesthesiologists [ASA] membership) are SCA members 
identifying themselves as individuals who recognize that cardiac anes-
thesiology constitutes more than the basic discipline of anesthesiology. 
Scientific and educational meetings to disseminate this subspecialty 
knowledge and develop practice protocols, research programs, and 
projects devoted specifically to cardiac anesthesiology exist to serve the 
needs of these subspecialists.8

The SCA believes that only through concentrated full immersion in 
a minimum 1-year clinical fellowship devoted exclusively to cardiotho-
racic anesthesiology will an anesthesiologist be able to gain sufficient 
and sophisticated enough knowledge and skill to be a subspecialist able 
to care for patients with very-high-acuity CVD. In similar fashion, it 
will only be through accredited fellowship education that subspecial-
ists in cardiac anesthesiology will be on par with the large number of 
 fellowship-educated cardiologists, cardiothoracic surgeons, and all 
other medical, pediatric, surgical, and diagnostic subspecialists who 
care for patients with CVD (see Table 40-1).

In 2006, the ACGME, through the sponsorship of the Anesthesiology 
RRC, established program requirements for standardized adult car-
diothoracic anesthesiology fellowship education as had been recom-
mended by the SCA3 (see Appendix 40-1). The recommended essential 
ingredients of clinical cardiothoracic anesthesiology fellowship education 
are a minimum one-year time frame during which an exhaustive list of 
didactic topics for study is coupled with mastery of a much more inclu-
sive set of psychomotor skills (including Basic and Advanced Perioperative 
Echocardiograph (see Chapter 41) than that which is required for core 
resident education.3

QUALIFICATIONS OF CARDIOTHORACIC 
ANESTHESIOLOGISTS
Being a “qualified” cardiothoracic anesthesiologist implies having met 
standard criteria and complied with specified requirements. The stan-
dard criteria and specified requirements are “defined and regulated” by 
agencies vested with the authority to delineate and maintain the “quali-
fied” status. Qualified, therefore, implies a minimum achievement that 
is accomplished and available for public review. Having met the quali-
fications ensures the public trust because it defines for the public a 
“common yardstick” by which educational programs, physicians, and 
medical practices can be measured. For cardiothoracic anesthesiology, 
qualifications refer to (1) GME programs (accreditation), (2) physi-
cians who have completed and subsequently demonstrated mastery of 
the proscribed GME (certification), and (3) physician practice  settings 
where anesthesia patient care takes place (credentialing and clinical 
privileging).

Accreditation
The “ACGME is responsible for the accreditation of post-MD medical 
training programs within the United States. Accreditation is accom-
plished through a peer review process and is based upon established 
standards and guidelines.”9

The mission of the ACGME is to improve the quality of health in 
the United States by ensuring and improving the quality of gradu-
ate medical education experience for the physicians in training. The 

Specialty/Subspecialty No. of Programs No. of Fellows

Internal Medicine
Cardiovascular disease  180 2434
Clinical cardiac electrophysiology   96 155
Critical care medicine   32 136
Pulmonary disease   22 81
Pulmonary disease and critical care 

medicine
 133 1266

Pediatrics
Pediatric cardiology   48 336
Pediatric critical care medicine   61 357
Pediatric pulmonary   47 125
Radiology-diagnostic
Cardiothoracic radiology    2 2
Vascular and interventional radiology   93 148
Surgery
Surgical critical care   94 153
Thoracic surgery   76 230
Congenital cardiac surgery    6 2
Subtotal  890 5425
Anesthesiology
Adult cardiothoracic anesthesiology   44 86
Critical care medicine   47 81
Pediatric anesthesiology   45 129
Total 8694 11,146

Number of Resident Physicians (Fellows) on Duty 
December 1, 2008 in Selected Accreditation 
Council for Graduate Medical Education–Accredited 
Subspecialty and Combined Specialty Graduate 
Medical Education Programs Related to Cardiothoracic 
Anesthesiology (Anesthesiology Subspecialty 
Programs for Comparison)7

TABLE  
40-1
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ACGME establishes national standards for graduate medical educa-
tion by which it approves and continually assesses educational pro-
grams under its aegis. It uses the most effective methods available to 
evaluate the quality of graduate medical education programs. It strives 
to develop evaluation methods and processes that are valid, fair, open 
and ethical.10

GME programs voluntarily apply for accredited status and agree to 
meet the defined program requirements and undergo periodic scru-
tiny to document compliance. Accredited status brings with it public 
recognition and the benefits of being subject to specialty-specific and 
general institutional ACGME standards. As an example of such a ben-
efit, common program requirements that provide a “level playing field” 
for all GME programs have been published by the ACGME.11

In 2006, the ACGME, through the sponsorship of the Anesthesiology 
RRC, established program requirements for standardized adult cardio-
thoracic anesthesiology fellowship education as had been  recommended 
by the SCA (see Appendix 40-1).3

Certification
A physician who successfully completes an accredited fellowship pro-
gram may voluntarily apply to become identified as a board-certified 
specialist. Board certification is under the auspices of the American 
Board of Medical Specialties:

The American Board of Medical Specialties (ABMS) is an organiza-
tion of 24 approved medical specialty boards. The intent of the certi-
fication of physicians is to provide assurance to the public that those 
certified by an ABMS Member Board have successfully completed an 
approved training program and an evaluation process assessing their 
ability to provide quality patient care in the specialty.12

An increasing amount of scientific evidence exists that attests to 
the fact that board certification status relates directly to better patient 
outcome. Silber et al's13–15 studies, in particular, suggest that quality 
of patient care improves when anesthesiologists are board certified. 
Brennan et al16 provide considerable evidence making the case for 
viewing certification status as an evidence-based quality measure.

The ABMS serves to coordinate the activities of its Member Boards 
and to provide information to others concerning issues involving 
 specialization and certification of medical specialists.12 The ABA is one 
of the ABMS Member Boards.

A Board certified anesthesiologist is a physician who provides medi-
cal management and consultation during the perioperative period, in 
pain medicine and in critical care medicine. At the time of application 
and at the time of initial certification, a Diplomate of the Board must 
possess knowledge, judgment, adaptability, clinical skills, technical 
facility and personal characteristics sufficient to carry out the entire 
scope of anesthesiology practice without accommodation or with rea-
sonable accommodation. An ABA Diplomate must logically organize 
and effectively present rational diagnoses and appropriate treat-
ment protocols to peers, patients, their families and others involved 
in the medical community. A Diplomate of the Board can serve as an 
expert in matters related to anesthesiology, deliberate with others, and 
 provide advice and defend opinions in all aspects of the specialty of 
anesthesiology. A Board certified anesthesiologist is able to function as 
the leader of the anesthesiology care team.

Because of the nature of anesthesiology, the ABA Diplomate must be 
able to manage emergent life threatening situations in an indepen-
dent and timely fashion. The ability to independently acquire and 
 process information in a timely manner is central to assure individual 
responsibility for all aspects of anesthesiology care. Adequate physi-
cal and sensory faculties, such as eyesight, hearing, speech and coor-
dinated function of the extremities, are essential to the independent 
performance of the Board certified Anesthesiologist. Freedom from the 

 influence of or dependency on chemical substances that impair cogni-
tive, physical, sensory or motor function also is an essential character-
istic of the Board certified anesthesiologist.4

Board certification in cardiac anesthesiology does not currently exist 
in the United States.

Credentialing and Clinical Privileges
Anesthesiologists may practice as cardiac subspecialists even though 
board certification does not exist in the United States. Hospital medi-
cal staffs have the privilege and obligation to define what physicians 
can and cannot do with respect to patient care in their institution. This 
process is medical credentialing.

To be awarded medical staff privileges in anesthesiology, a physi-
cian must fully meet certain required criteria. It is possible to make 
all the following criteria mandatory or to have a mixture of required 
and optional criteria. Organizations [Hospital Medical Staffs] should 
determine which criteria to include and whether to include additional 
criteria based on the institution's individual requirements and prefer-
ences. For example, some facilities may decide that certification by the 
[ABA] is a requirement for clinical privileges in anesthesiology, while 
others may deem board certification to be desirable but not essential. 
Similarly, some institutions may decide that subspecialty fellowship 
training is needed for certain clinical privileges, while others may not. 
Some organizations may wish to recognize residency training obtained 
or certification awarded outside the United States. Institutions grant-
ing subspecialty clinical privileges may wish to recognize experience 
as an alternative to formal training in a subspecialty of anesthesiol-
ogy. Some institutions may wish to modify certain requirements for 
physicians who have recently completed their residency or fellowship 
training.17

The ASA has published guidelines for delineating clinical privileges 
in anesthesiology taking into consideration educational, licensure, 
performance improvement, personal qualifications, and practice pat-
tern criteria.17 Many physicians are recognized as credentialed cardiac 
anesthesiologists and are granted specific clinical privileges defined by 
their practice group and hospital medical staff while at the same time 
they are not certified by the ABA. These cardiac anesthesiologists are 
“experts” in their subspecialty and clearly qualified to care for patients 
with CVD.

TEACHING AND LEARNING CARDIAC 
ANESTHESIOLOGY

Teachers and the Teaching/Learning 
Environment
Teaching and learning cardiac anesthesiology best takes place in an 
environment conducive to the educational process with a set of goals 
and objectives to guide the endeavor. This has been defined by the 
Anesthesiology RRC in their program requirements for GME in adult 
cardiothoracic anesthesiology (see Appendix 40-1).3

The fellowship program must require its fellows to obtain competence 
in the six areas listed below to the level expected of a new practitio-
ner. Programs must define the specific knowledge, skills, behaviors, and 
attitudes required, and provide educational experiences as needed in 
order for their fellows to demonstrate the following:

Patient care that is compassionate, appropriate, and effective for the 
treatment of health problems and the promotion of health;

Medical Knowledge about established and evolving biomedical, clini-
cal, and cognate sciences, as well as the application of this knowledge 
to patient care;
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Practice-based learning and improvement that involves the investiga-
tion and evaluation of care for their patients, the appraisal and assim-
ilation of scientific evidence, and improvements in patient care;

Interpersonal and communication skills that result in the effective 
exchange of information and collaboration with patients, their fami-
lies, and other health professionals;

Professionalism, as manifested through a commitment to carrying out 
professional responsibilities, adherence to ethical principles, and sensi-
tivity to patients of diverse backgrounds;

Systems-based practice, as manifested by actions that demonstrate an 
awareness of and responsiveness to the larger context and system of 
health care, as well as the ability to call effectively on other resources in 
the system to provide optimal health care.3

A key factor for successful education is the commitment of effec-
tive teachers. A description of the effective clinical teacher has been 
put forth that, although written about the internal medicine teach-
ing setting, is applicable to all disciplines and certainly cardiothoracic 
anesthesiology.18 Effective teachers demonstrate, among other traits, 
the characteristics outlined in Box 40-1.18 Effective teachers are also 
 role-models and teach professionalism.19

Curriculum
There are three fundamental categories of curricular material for all 
educational topics that certainly apply to the curriculum for cardiotho-
racic anesthesiology: cognitive, psychomotor, and affective.

The cognitive or knowledge base of cardiothoracic anesthesiology 
is readily recognized as the basic medical sciences applied clinically. 
Cardiac embryology, histology, and gross anatomy; cardiorespira-
tory physiology; and adrenergic, anticoagulation, and antiarrhyth-
mic pharmacology and pathophysiology of cardiac valve disorders 
are examples of some of the required cognitive base of cardiotho-
racic anesthesiology. An expansive topical content of cardiothoracic 
anesthesiology is listed in the ACGME Program Requirements for 
Graduate Medical Education in Adult Cardiothoracic Anesthesiology 
(see Appendix 40-1).3

The didactic curriculum provided through lectures, conferences, and 
workshops should supplement clinical experience as necessary for the 
fellow to acquire the knowledge to care for adult cardiothoracic patients 
and meet the conditions outlined in the guidelines for the minimum 
clinical experience for each fellow.3

Complete cognitive learning is a process whereby the facts are con-
sidered in a variety of ways that take them beyond simple uninterpreted 
and unapplied statements. Teaching in the content area requires atten-
tion to increasingly complex cognitive functions described by Bloom20 
(Box 40-2).

Bloom's taxonomy fits well with the ABA oral examination process 
that is designed “to assess the candidate's ability to demonstrate the 
attributes of an ABA Diplomate [understand and apply complex cogni-
tive functions] when managing patients presented in clinical scenarios. 
The attributes are (a) appropriate application of scientific principles to 
clinical problems, (b) sound judgment in decision-making and man-
agement of surgical and anesthetic complications, (c) adaptability to 
unexpected changes in the clinical situations, and (d) logical organiza-
tion and effective presentation of information. The oral examination 
emphasizes the scientific rationale underlying clinical management 
decisions”21 (Box 40-3).

When confronted with a patient with an ascending aortic arch 
 dissection, for example, the clear expectation for teaching and learning 
is more than to just know the anatomy; it is to understand the inter-
relations of the aortic and coronary anatomy, the effect of the aortic 
dissection on coronary artery blood flow, ventricular function, and 
total body perfusion, and to be able to develop an anesthetic manage-
ment plan that considers all of these codependent factors, and selects 
anesthetic and cardiovascular medications and physiologic monitoring 
appropriate to the care of the specific patient in question.

Although much of medical knowledge is broadly applicable to a 
wide variety of specialties, psychomotor learning is often quite spe-
cific to the specialty in question. Psychomotor skills that must be 
learned by the cardiac anesthesiologist, for example, do not apply at 
all to the dermatologist. Bedside cardiac catheterization with the bal-
loon  flotation pulmonary artery catheter, administration of carefully 
titrated vasoactive infusions, manipulation of cardiac output using 
the intra-aortic balloon pump, and TEE are examples of the required 
psychomotor skills of cardiothoracic anesthesiology. TEE is a prime 
example of a psychomotor skill set that, once learned, distinguishes 
the cardiac anesthesiologist from all other anesthesiologists unskilled 
in this technique. (See Chapter 41 for educational principles related to 
mastery of perioperative TEE.)

BOX 40-1. CHARACTERISTICS OF AN EFFECTIVE 
CLINICAL TEACHER18

BOX 40-2. BLOOM'S TAXONOMY OF COGNITIVE 
LEARNING OUTLINING A HIERARCHY 
FROM SIMPLE (KNOWLEDGE) TO COMPLEX 
(EVALUATION) PROCESSES20

BOX 40-3. ATTRIBUTES OF AN AMERICAN 
BOARD OF ANESTHESIOLOGY DIPLOMATE TO BE 
EVALUATED DURING THE ORAL EXAMINATION 
AND NOT BY THE WRITTEN EXAMINATION21
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The psychomotor skill lesson is vital to effective learning in 
 cardiothoracic anesthesiology. Cardiac anesthesiology psychomotor 
techniques such as internal jugular catheterization and fiberoptic bron-
choscopy are most effectively and efficiently taught with less potential 
harm to patients when using a systematically applied skill lesson plan.

Developing a psychomotor skill lesson is an example of how under-
standing instructional methodology can lead to effective teaching and 
learning. The old adage about teaching psychomotor skills in medicine 
is “see one, do one, teach one.” The absurd nature of this approach has 
been highlighted in the following way: “This is akin to a piano instruc-
tor playing 'The Minute Waltz' for a beginner and then saying, 'Now, 
try it yourself.'”22,23

Rather than the repetitive trial-and-error approach to teaching/
learning psychomotor skills, a systemic methodology can be used23 
(Box 40-4).

Affective teaching and learning is perhaps the least understood 
and most underappreciated of the categories of curricular material. 
Affective teaching/learning deals with feelings or emotions. The tax-
onomy of affective learning addresses the following22,24: Receiving, 
Responding, Valuing, Organizing, Value Complexing. Although anes-
thesiologists actively and consciously teach in the cognitive and psycho-
motor areas, they are much less aware of their affective teaching. Even 
though clinicians may not be aware of it, they are constantly teaching 
in the affective arena by the role modeling performed…an example of 
how affective teaching and learning takes place [is] described.22

Picture the educational setting in which an anesthesiology resident 
[cardiothoracic anesthesiology fellow] is learning how to use epi-
nephrine when weaning a patient from cardiopulmonary bypass. The 
knowledge and skills that must be learned include application of the 
pharmacologic principles of catecholamines to the pathophysiology of 
cardiovascular disease by turning on a mechanical infusion pump to 
deliver the indicated dose of a medication while technically monitor-
ing for dose response and toxicity. Learning these facts and the skills 
sufficient to employ them is much different when done from a text-
book or a preoperative conference with a staff preceptor than when 
done during the operating room interaction between the surgeon and 
anesthesiologist, where varied opinions may consider dopamine a 
more sound physiologic choice or intermittent boluses a better admin-
istration technique. The interposition of the concerned surgeon and 
real-time patient setting between the student and the knowledge and 
skills to be learned changes the learning environment and, hence, the 
educational experience for the resident [fellow]. More is learned than 
the facts and psychomotor skills. As the attitudes of both the anesthe-
siologist and the surgeon are displayed during the resolution of the 
 questions about the “best” drug to use and the “right” way to give it, 
the resident [subspecialty fellow] learns how these two types of prac-
titioners are supposed to relate to one another.

In the real-life setting, the aggressive, passive-aggressive, or passive 
posture of the anesthesiology teacher interacting with the surgeon 

 provides a lasting lesson in the affective domain for the resident [fellow] 
anesthesiology learner.22 Simulation may be the educational solution 
to issues described in the psychomotor and affective learning scenarios 
(see later).

TEACHING PROCESS AND CONTENT 
RESOURCES
The actual teaching process may take the form of one of many time-tested 
methods available, including formal classroom didactic lectures, interac-
tive teaching conferences, problem-based learning discussions, journal 
club review of the pertinent and current literature, bedside (e.g., operat-
ing room, intensive care unit, and preanesthesia evaluation clinic) patient 
interactive care/teaching, “surfing the Web,” and simulation exercises.

Print materials (textbooks and journals) offering information about 
cardiothoracic anesthesiology and its related subjects are so numer-
ous and constantly being updated and added to that it is impossible 
to have a current, complete, and comprehensive library. The Internet 
solves the problem of constantly being out-of-date with one's print 
library. The Internet has opened up the teaching environment to 
an enormous wealth of didactic and interactive teaching materials. 
Search engines, databases, and Internet links make an encyclopedic 
amount of up-to-date information available to the learner in cardio-
thoracic anesthesiology. Utilization of these web resources gives the 
cardiothoracic anesthesiology fellow access to learning materials and 
teaching methods that she or he might never have known existed. In 
addition, using Web-based resources reduces the need for the cardio-
thoracic anesthesiology fellow to “reinvent the wheel,” as she or he 
can take advantage of what others have already discovered and “pub-
lished” on the Internet. Appendix 40-2 offers a catalogue of cardio-
thoracic anesthesiology Web-based resources. Although it would be 
nice to state that this catalogue is all-inclusive, by its very nature, the 
Internet is never exhausted and more cardiothoracic anesthesiology 
Web-based resources exist and will be listed in the future. The car-
diothoracic anesthesiology student and practitioner are encouraged 
to use the Web-based resource listing as a springboard to continually 
explore this vast educational reservoir as a lifelong learning exercise.

Simulation
Atul Gawande has made a critically important medical educa-
tion dichotomy and dilemma transparent to the public in his book 
Complications: A Surgeon's Notes on an Imperfect Science in the chap-
ter entitled “Education of a Knife.” Gawande25 writes that there is an 
“imperative to give patients the best possible care and [at the same 
time] to provide novices with experience [education is change in 
behavior based on experience(s)].” To accomplish these two conflict-
ing imperatives in the past, learning clinical care (e.g., cardiac anes-
thesia) was most often a process of application of knowledge and trial 
of techniques, both new to the student, on high-acuity/low-physio-
logic reserve patients in real-time patient care settings. This scenario 
was characterized by high anxiety for the student and significant risk 
for complications to the patient cared for by the novice. For the pres-
ent and future, Gawande25 makes it clear that the traditional medical 
education paradigm is no longer acceptable: “By traditional ethics and 
public insistence (not to mention court rulings), a patient's right to the 
best care possible must trump the objective of training novices.”

The aviation industry long ago recognized this dilemma when teach-
ing pilots. Acknowledging the high-stakes nature of flying, simulation 
technology was instituted to teach and evaluate a pilot's competence 
rather than allow her or him to fly a jumbo jet and risk loss of hundreds 
of lives. Learning to apply the knowledge and perform the techniques 
before entering the “cockpit” reduces the risk for a “crash disaster.” 
Medical care in general and anesthesia patient care in particular, espe-
cially of very-high-risk patients with CVD, is analogous to the jumbo 
jet situation and logically calls for a similar approach to education, that 
is, use of simulation.26 The public is no longer willing to accept  teaching 

BOX 40-4. SYSTEMATIC METHODOLOGY FOR 
PSYCHOMOTOR SKILL LESSONS22,23
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on patients. In the cardiothoracic patient care arena, for example, edu-
cation has moved to virtual reality training for cardiac operating room 
and catheterization procedures.27

Imitation of a real-life clinical situation, using stand-in devices that 
assume the patient role, provides learner experience while permitting 
teaching and learning in repetitive fashion with zero risk to both the 
 provider and recipient of the simulated care.28 An exponential growth 
of simulation devices has occurred in medicine over the past several 
decades, many of which are directly applicable to education of cardio-
thoracic anesthesiologists. Flat-screen computer and mannequin-based 
simulators have been developed to mimic many patient care settings. 
Examples of relatively high-fidelity high-technology simulators especially 
pertinent to learning cardiothoracic anesthesiology include “Harvey,” the 
cardiology patient simulator,29–31 multimedia computer-assisted cardiol-
ogy simulation,32 anesthesia simulators,33–35 and bronchoscopy simula-
tors.36 Evidence has been accumulated that simulation results in a better 
educational outcome for the learner. Schwid and colleagues37 random-
ized anesthesiology residents and faculty into two learning groups (text-
book reading vs. computerized ACLS [Advanced Cardiac Life Support] 
simulation education) preparing for performance evaluation at an 
ACLS mock resuscitation. Computer simulation–prepared learners were 
judged to perform better than textbook-prepared learners during stan-
dardized mega codes that required treatment protocols for clinical simu-
lation of cardiovascular life-threatening scenarios with supraventricular 
tachycardia, ventricular fibrillation, and second-degree type II atrioven-
tricular block.37 Pulmonary artery catheterization and cardiovascular 
physiologic management can be effectively presented through a com-
puter-based critical care training simulation.38

Simulation adds other, more sophisticated aspects to education that 
are not possible from traditional textbook learning, classroom lectures, 
or single-learner computer-based programs. These missing ingredients 
are teamwork and improved processes of care. Multidiscipline teams 
working effectively together must develop if the best medical care is to be 
provided to patients. Aviation's crew resource management (CRM) con-
cepts can be effectively taught through group simulation exercises.39 The 
potential for CRM teaching to positively impact care of patients with 
CVD is enormous when the team of cardiac anesthesiologists is educated 
with others who care for the same patients, including cardiac surgeons, 
cardiologists, cardiac operating room nurses, perfusionists, and respira-
tory therapists. Holzman and colleagues40 and Grogan and colleagues39 
have demonstrated that CRM (also called anesthesia crisis resource man-
agement [ACRM]) enhances (1) interpersonal communication, situa-
tional awareness, and appropriate management of available patient care 
resources40; and (2) fatigue management, adverse event recognition, 
team decision making, and performance feedback.39 CRM is so timely a 
topic that an entire supplement issue of Quality & Safety in Health Care 
entitled “Simulation and Team Training” described the state of the art.41

Although improved patient outcome from simulation education 
is intuitively obvious, scant evidence-based medicine exists to prove 
this. Sedlack and colleagues,42 for example, have demonstrated that 
patients reported more comfort, a direct benefit to the patient, during 
gastrointestinal endoscopy provided by computer-based, simulation-
trained endoscopists than when the same procedure was performed by 
patient-based trained endoscopists. Combing the literature for similar 
studies that document “direct patient benefit” and “improved patient 
outcome” related to simulation education of anesthesiologists results 
in virtually nothing of scientific significance. However, studies do doc-
ument the educational benefit of simulation technology.43 The clear 
challenge is to devise methods to scientifically prove that simulation 
education does benefit patients.

EVALUATION
Completion of the educational loop requires more than what has 
been described so far. In addition to providing a rationale for learn-
ing  cardiothoracic anesthesiology, considering who the students and 

teachers are, describing the teaching/learning environment, defin-
ing the concepts of curricular development, and cataloging teaching 
methodology, evaluation processes must be instituted to complete 
the educational circle of planning and implementing the teaching 
process. Evaluation of all aspects of the educational endeavor, includ-
ing students, teachers, program, and patient outcome, is essential.

Resident/Fellow Evaluation
The Anesthesiology RRC and the ABA outline the process for evalua-
tion of the resident and fellow.2–4

The ACGME states2,3:

Formative Evaluation [see Appendix 40-1 for complete requirements 
of formative evaluation]

The faculty must evaluate in a timely manner the fellows whom they 
supervise. In addition, the fellowship program must demonstrate that it 
has an effective mechanism for assessing fellow performance throughout 
the program, and for utilizing the results to improve fellow performance. 
Faculty responsible for teaching must provide critical evaluations of each 
fellow's progress and competence to the cardiothoracic anesthesiology 
Program Director at the end of 6 and 12 months of training.

Final Evaluation

The Program Director must provide a final evaluation for each fellow 
who completes the program. This evaluation must include a review 
of the fellow's performance during the final period of education and 
should verify that the fellow has demonstrated sufficient professional 
ability to practice competently and independently. The final evalua-
tion must be part of the fellow's permanent record maintained by the 
institution. Fellows in adult cardiothoracic anesthesiology must obtain 
overall satisfactory evaluations at the completion of 12 months train-
ing to receive credit for training.

The ABA states4:

Certification Requirements

At the time of certification by the ABA, the candidate must:

A. Hold an unexpired license to practice medicine or osteopathy in 
at least one state or jurisdiction of the United States or province of 
Canada that is permanent, unconditional and unrestricted. Further, 
every United States and Canadian medical license the applicant 
holds must be free of restrictions. Candidates for initial certifica-
tion and ABA diplomates have the affirmative obligation to advise 
the ABA of any and all restrictions placed on any of their medical 
licenses and to provide the ABA with complete information concern-
ing such restrictions within 60 days after their imposition or notice, 
whichever first occurs. Such information shall include, but not be 
limited to, the identity of the State Medical Board imposing the 
restriction as well as the restriction's duration, basis, and specific 
terms and conditions. Candidates and diplomates discovered not to 
have made disclosure may be subject to sanctions on their candidate 
or Diplomate status.

B. Have fulfilled all the requirements of the continuum of education 
in anesthesiology.

C. Have on file with the ABA a Certificate of Clinical Competence 
with an overall satisfactory rating covering the final six-month 
period of clinical anesthesia training in each anesthesiology residency 
program.

D. Have satisfied all examination requirements of the Board.
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E. Have a professional standing…satisfactory to the ABA.

F. Be capable of performing independently the entire scope of anes-
thesiology practice… without accommodation or with reasonable 
accommodation.

Key components of student evaluation cited earlier include “…regu-
lar and timely performance feedback” and “…satisfactory Certificate 
of Clinical Competence…” Without the ability to (1) provide the 
resident/fellow constructive feedback, on as frequent a basis as daily, 
and (2) have the faculty attest to the resident's/fellow's competence at 
the completion of the educational process, student evaluation will be 
meaningless.

Faculty Evaluation
The ACGME guides department chairs about evaluation of the 
faculty2,3:

The performance of the faculty must be evaluated by the program 
no less frequently than at the midpoint of the accreditation cycle, 
and again prior to the next site visit. The evaluations should include 
a review of their teaching abilities, commitment to the educational 
program, clinical knowledge, and scholarly activities. This evalu-
ation must include annual written confidential evaluations by 
fellows.

Collection of these data about an individual faculty member's edu-
cational skill, teaching commitment, clinical knowledge, and scholar-
ship arms the chair with ammunition for constructive suggestions for 
change of teaching techniques by the faculty member and provides 
institutional appointment and promotion committees information on 
which to base faculty academic recognition.

Program Evaluation
The educational effectiveness of a program must be evaluated at least 
semiannually in a systematic manner2,3:

Representative program personnel (i.e., at least the Program Director, 
representative faculty, and one fellow) must be organized to review 
program goals and objectives, and the effectiveness with which they 
are achieved. This group must conduct a formal documented meet-
ing at least annually for this purpose. In the evaluation process, the 
group must take into consideration written comments from the fac-
ulty, the most recent report of the GMEC of the sponsoring institu-
tion, and the fellows' confidential written evaluations. If deficiencies 
are found, the group should prepare an explicit plan of action, which 
should be approved by the faculty and documented in the minutes of 
the meeting.

The program should use fellow performance and outcome assess-
ment in its evaluation of the educational effectiveness of the fellow-
ship program. Performance of program graduates on the certification 
examination should be used as one measure of evaluating program 
effectiveness. The program should maintain a process for using assess-
ment results together with other program evaluation results to improve 
the fellowship program.

Review of patient care data is another prime educational assess-
ment technique for program evaluation. A department and its insti-
tutional CQI (continuous quality improvement) programs serve as 
an effective analysis method for documenting the success of the edu-
cational program and clinical care provided to patients by ongoing 
review of data showing that unacceptable morbidity and mortality 
are not present, and that the educational program does not result 
in and, in fact, may improve these parameters. The CQI program 

serves as a basis for continuing medication education (CME) of the 
residents, fellows, and faculty.

LIFELONG LEARNING, CONTINUING 
MEDICAL EDUCATION, AND 
MAINTENANCE OF CERTIFICATION
The American Medical Association definition of CME is as follows:

CME consists of educational activities which serve to maintain, 
develop, or increase the knowledge, skills, and professional perfor-
mance and relationships that a physician uses to provide services for 
patients, the public or the profession. The content of CME is the body 
of knowledge and skills generally recognized and accepted by the pro-
fession as within the basic medical sciences, the discipline of clinical 
medicine, and the provision of health care to the public [AMA House 
of Delegates policy #300.988].44

Continued physician licensure, hospital/medical staff appointment, 
and maintenance of board certification status require documentation 
of lifelong learning and participation in accredited CME activities. 
Since January 1, 2000, the ABA issues 10-year time-limited certificates. 
Anesthesiologists wishing to renew their board certification status will 
have to complete the 10-year Maintenance of Certification Process 
in Anesthesiology (MOCA).45 The MOCA process serves as the for-
mal mechanism for recertification of board certification status and 
its principles serve as a lifelong learning process for cardiothoracic 
anesthesiologists.

SUMMARY
The following practical advice on learning cardiothoracic anesthesia 
includes pearls to consider.46

Education is a change in behavior based upon experiences. The 
first and foremost perspective that the student of cardiothoracic 
anesthesiology must have is to engage in experiences related to 
this subspecialty.

Pearl 1: To gain experiences, immerse yourself in every conceiv-
able clinical and didactic activity related to cardiothoracic 
anesthesiology.

Enhance every experience by raising its cognitive level. Full under-
standing of cardiothoracic anesthesiology can only come from 
questioning each scenario.46

Pearl 2: Seek the answer to the most important question related to 
learning—why?

In order to ensure that the resident [fellow] has had sufficient expe-
riences from which to learn and has asked “why” to fully under-
stand, insist that the resident [fellow] become a teacher.46

Pearl 3: Learn how to teach cardiothoracic anesthesiology to others, 
and you will ensure that you have learned it!46

Pearl 4: Continue to learn the ever-changing landscape of cardiotho-
racic anesthesiology. Enroll in and maintain an interest and activ-
ity in lifelong learning CME.

Be a lifelong participant in cardiothoracic anesthesiology CME 
and a MOCA-like program even in the absence of accred-
ited cardiothoracic residency/fellowship educational programs 
and board certification of the subspecialty of cardiothoracic 
anesthesiology.

CME consists of educational activities that serve to maintain, 
develop, or increase the knowledge, skills, and professional per-
formance and relationships a physician uses to provide services 
for patients, the public, or the profession. CME represents that 
body of knowledge and skills generally recognized and accepted 
by the profession as within the basic medical sciences, the disci-
pline of clinical medicine, and the provision of health care to the 
public.44
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APPENDIX 40-1
Accreditation Council for Graduate Medical 
Education Program Requirements for Graduate 
Medical Education in Adult Cardiothoracic 
Anesthesiology3

Effective: February 14, 2006

In addition to complying with the Program Requirements for Fellow-
ship Education in the Subspecialties of Anesthesiology, programs must 
comply with the following requirements, which in some cases exceed 
the Common Requirements.
I. Introduction
I.A. Definition and Scope of the Fellowship

Adult cardiothoracic anesthesiology is the anesthesiology fellow-
ship devoted to the preoperative, intraoperative, and postopera-
tive care of adult patients undergoing cardiothoracic surgery and 
related invasive procedures.

I.B. Duration and Scope of Education
Fellowship education in adult cardiothoracic anesthesiology 

shall comprise a minimum of 12 months duration, beginning after 
satisfactory completion of a residency program in anesthesiol-
ogy. Because cardiothoracic anesthesiology education requires an 
intensive continuum of training, it should not be interrupted by 
frequent and/or prolonged periods of absence. The majority of the 
training must be spent in caring for patients in the operating room, 
other anesthetizing locations, and intensive care units. The training 
shall include experience in providing anesthesia for cardiac, non-
cardiac thoracic, and intrathoracic vascular surgical procedures. It 
may also include anesthesia for nonoperative diagnostic and inter-
ventional cardiac and thoracic procedures outside of the operat-
ing room. Preanesthesia preparation and postanesthesia care, pain 
management, and Advanced Cardiac Life Support [ACLS] shall 
also be included. Fellows must be educated in advanced cardiac life 
 support and must be an ACLS provider.

I.C. Goals and Objectives
The program must be structured to ensure optimal patient care 

while providing fellows the opportunity to develop skills in clini-
cal care and judgment, teaching, and research. The adult cardio-
thoracic anesthesiology fellow should be proficient in providing 
anesthesia care for patients undergoing cardiac surgery with and 
without extracorporeal circulation, and thoracic surgery includ-
ing operations on the lung, esophagus, and thoracic aorta. The cur-
riculum should also include experience with patients undergoing 
nonoperative diagnostic and interventional cardiac, thoracic, and 
electrophysiological procedures. In addition, the cardiothoracic 
anesthesiology fellow should develop skills in the conduct of pre-
operative patient evaluation and interpretation of cardiovascular 
and pulmonary diagnostic test data, hemodynamic and respira-
tory monitoring, advanced-level perioperative TEE, management 
of cardiopulmonary bypass (CPB), pharmacological and mechani-
cal hemodynamic support, perioperative critical care, including 
ventilatory support and perioperative pain management. To meet 
these goals, the program should expose fellows to the wide variety 
of clinical problems in cardiothoracic patients as outlined below in 
Section V.B., which are necessary for the development of these clini-
cal skills. The fellow should also be able to function as a consultant 
in the anesthetic care of cardiothoracic patients.

II. Institutions
II.A. Sponsoring Institution

One sponsoring institution must assume ultimate responsibil-
ity for the program, as described in the Institutional Requirements, 
and this responsibility extends to fellow assignments at all partici-
pating institutions.

II.B. Participating Institutions
II.B.1. Assignment to an institution must be based on a clear educa-

tional rationale, integral to the program curriculum, with clearly 
stated activities and objectives. When multiple participating 

 institutions are used, there should be assurance of the continuity of 
the educational experience.

II.B.2. Assignment to a participating institution requires a letter of 
agreement with the sponsoring institution. Such a letter of agree-
ment should:

II.B.2.a) identify the faculty who will assume both educational and 
supervisory responsibilities for fellows;

II.B.2.b) specify their responsibilities for teaching, supervision, and 
formal evaluation of fellows, as specified later in this document;

II.B.2.c) specify the duration and content of the educational experi-
ence; and

II.B.2.d) state the policies and procedures that will govern fellow 
 education during the assignment.

II.C. Relationship to the Core Residency Program
Accreditation of the fellowship program will be granted only 

when the program is associated with an ACGME-accredited core 
residency program by formal agreement. There must be close coop-
eration between the core program and the fellowship training pro-
gram. The division of responsibilities between the fellows in the 
core program and the adult cardiothoracic fellows must be clearly 
delineated. The presence of an adult cardiothoracic anesthesiology 
fellowship must not be permitted to compromise the clinical expe-
rience and the number of cases available to the residents in a core 
program in anesthesiology.

II.D. Institutional Policy
There should be an institutional policy governing the educa-

tional resources committed to the adult cardiothoracic anesthesi-
ology program.

III. Program Personnel and Resources
III.A. Program Director
III.A.1. There must be a single Program Director responsible for the 

program. The person designated with this authority is account-
able for the operation of the program. In the event of a change of 
either Program Director or department chair, the Program Director 
should promptly notify the executive director of the Residency 
Review Committee (RRC) through the Web Accreditation Data 
System of the ACGME.

III.A.2. The Program Director, together with the faculty, is responsible 
for the general administration of the program, and for the estab-
lishment and maintenance of a stable educational environment. 
Adequate lengths of appointment for both the Program Director 
and faculty are essential to maintaining such an appropriate conti-
nuity of leadership.

III.A.3. Qualifications of the Program Director are as follows:
III.A.3.a) The Program Director must possess the requisite specialty 

expertise, as well as documented educational and administrative 
abilities. She or he must have training and/or experience in pro-
viding anesthesia care for adult cardiothoracic surgical patients 
beyond the requirements for completion of a core anesthesiology 
residency. The Program Director should have training and experi-
ence that meet or exceed that associated with the completion of a 
one-year adult cardiothoracic anesthesiology fellowship.

III.A.3.b) The Program Director must be an anesthesiologist who is 
certified in the specialty by the American Board of Anesthesiology, 
or possess qualifications judged to be acceptable by the RRC.

III.A.3.c) The Program Director must be appointed in good standing 
and based at the primary teaching site. The program director must 
have an appointment to the medical staff of an institution partici-
pating in the program. The Clinical Director of the cardiothoracic 
anesthesiology service may be someone other than the Program 
Director.

III.A.3.d) The Program Director also must be licensed to practice med-
icine in the state where the institution that sponsors the program is 
located. (In certain federal programs unrestricted medical licensure 
in any state may be accepted.)

III.A.4. Responsibilities of the Program Director are as follows:
III.A.4.a) The Program Director must oversee and organize the activi-

ties of the educational program in all institutions that participate 
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in the program. This includes selecting and supervising the fac-
ulty and other program personnel at each participating institution, 
appointing a local site director, and monitoring appropriate fellow 
supervision at all participating institutions.

III.A.4.b) The Program Director is responsible for preparing an accu-
rate statistical and narrative description of the program as requested 
by the RRC, as well as updating annually both program and fellow 
records through the ACGME's Accreditation Data System.

III.A.4.c) The Program Director must ensure the implementation 
of fair policies, grievance procedures, and due process, as estab-
lished by the sponsoring institution and in compliance with the 
Institutional Requirements.

III.A.4.d) The Program Director must seek the prior approval of the 
RRC for any changes in the program that may significantly alter the 
educational experience of the fellows. Such changes, for example, 
include:

III.A.4.d).(1) the addition or deletion of a participating institution;
III.A.4.d).(2) a change in the format of the educational program;
III.A.4.d).(3) a change in the approved fellow complement for those 

specialties that approve fellow complement. On review of a pro-
posal for any such major change in a program, the RRC may deter-
mine that a site visit is necessary.

III.A.4.e) The Program Director must prepare a written outline of the 
educational goals of the program with respect to the knowledge, 
skills, and other attributes of fellows for each rotation or other 
aspect of the program assignment. This statement must be distrib-
uted to fellows and members of the teaching staff, and should be 
readily available for review.

III.A.4.f) She or he must devote sufficient time to provide substantial 
leadership to the program and supervision for the fellows.

III.A.4.g) The Program Director is responsible for the selection of fel-
lows in accordance with institutional and departmental policies 
and procedures.

III.A.4.h) The Program Director must provide adequate supervision 
of the fellows through explicit written descriptions of supervisory 
lines of responsibility for the care of patients. Such guidelines must 
be communicated to all members of the program staff. Fellows 
must be provided with prompt, reliable systems for communica-
tion and interaction with supervisory physicians.

III.A.4.i) The Program Director must ensure that all fellows maintain 
accurate logs, and that this information should be submitted as 
requested by the RRC.

III.B. Faculty
III.B.1. At each participating institution, there must be a sufficient 

number of faculty with documented qualifications to instruct 
and supervise adequately all fellows in the program. Although the 
number of faculty members involved in teaching will vary, at least 
3 faculty members must be involved, and these should be equal 
to or greater than 2 full-time equivalents, including the Program 
Director. A ratio of no less than one full-time equivalent faculty 
member to one fellow shall be maintained. The RRC understands 
that full-time means that the faculty member devotes essentially all 
professional time to the program.

III.B.2. The faculty, furthermore, must devote sufficient time to the edu-
cational program to fulfill their supervisory and teaching responsi-
bilities. They must demonstrate a strong interest in the education 
of fellows, and must support the goals and objectives of the educa-
tional program of which they are a member.

III.B.3. Qualifications of the physician faculty are as follows:
III.B.3.a) The physician faculty must possess the requisite specialty 

expertise and competence in clinical care and teaching abilities, as 
well as documented educational and administrative abilities and 
experience in their field. There must be evidence of active partic-
ipation by qualified physicians with training and/or expertise in 
adult cardiothoracic anesthesiology beyond the requirement for 
completion of a core anesthesiology residency. The faculty must 
possess training and experience in the care of adult cardiothoracic 
patients that would generally meet or exceed that associated with 

the  completion of a one-year adult cardiothoracic anesthesiology 
program, and must have a continuous and meaningful role in the 
program.

III.B.3.b) The physician faculty must be certified in the specialty by the 
American Board of Anesthesiology, or possess qualifications judged 
to be acceptable by the RRC.

III.B.3.c) The physician faculty must be appointed in good standing to 
the staff of an institution participating in the program.

III.B.3.d) The faculty must include at least one individual who has 
successfully completed advanced perioperative echocardiogra-
phy education according to echocardiography training objectives 
of the American Society of Echocardiography and the Society 
of Cardiovascular Anesthesiologists' “Guidelines for Training 
in Perioperative Echocardiography”; this individual must also 
have successfully completed the certification examination of 
Special Competence in Advanced Perioperative Transesophageal 
Echocardiography.

III.B.3.e) Faculty in cardiology, cardiothoracic surgery, pediatrics, 
intensive care, and pulmonary medicine should provide teaching in 
multidisciplinary conferences.

III.B.3.f) The faculty may include members from the core anesthesi-
ology program who have subspecialty expertise, including critical 
care and pediatric anesthesiology.

III.B.4. The responsibility for establishing and maintaining an environ-
ment of inquiry and scholarship rests with the faculty, and an active 
research component must be included in each program. Scholarship 
is defined as the following:

III.B.4.a) the scholarship of discovery, as evidenced by peer-reviewed 
funding or by publication of original research in a peer-reviewed 
journal;

III.B.4.b) the scholarship of dissemination, as evidenced by review arti-
cles or chapters in textbooks;

III.B.4.c) the scholarship of application, as evidenced by the publica-
tion or presentation of, for example, case reports or clinical series 
at local, regional, or national professional and scientific society 
meetings.

Complementary to the above scholarship is the regular partic-
ipation of the teaching staff in clinical discussions, rounds, jour-
nal clubs, and research conferences in a manner that promotes a 
spirit of inquiry and scholarship (e.g., the offering of guidance and 
technical support for fellows involved in research such as research 
design and statistical analysis); and the provision of support for fel-
lows' participation, as appropriate, in scholarly activities that per-
tain specifically to the care of cardiothoracic patients. The Program 
Director and faculty responsible for teaching fellows must main-
tain an active role in scholarly pursuits pertaining to cardiothoracic 
anesthesiology, as evidenced by participation in continuing medical 
education, as well as by involvement in research that pertains to the 
care of adult cardiothoracic patients.

III.B.5. Qualifications of the nonphysician faculty are as follows:
III.B.5.a) Nonphysician faculty must be appropriately qualified in their 

field.
III.B.5.b) Nonphysician faculty must possess appropriate institutional 

appointments.
III.C. Other Program Personnel

Additional necessary professional, technical, and clerical person-
nel must be provided to support the program.

III.D. Resources
The program must ensure that adequate resources (e.g., sufficient 

laboratory space and equipment, computer and statistical consulta-
tion services) are available. The following resources and facilities 
are necessary to the program:

III.D.1. Intensive care units for both surgical and nonsurgical cardio-
thoracic patients. These units may provide care to patients other 
than adult cardiothoracic patients, but there must be adequate sup-
port and expertise to care for cardiothoracic patients.

III.D.2. An emergency department in which cardiothoracic patients are 
effectively managed 24 hours a day.
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III.D.3. Operating rooms adequately designed and equipped for the 
management of cardiothoracic patients. A postanesthesia care 
area adequately designed and equipped for the management of 
cardiothoracic patients must be located near the operating room 
suite.

III.D.4. Cardiothoracic patients in sufficient volume and variety to 
provide a broad educational experience for the program. Physicians 
with special training and/or experience in cardiovascular disease, 
clinical cardiac electrophysiology, cardiac and noncardiac thoracic 
surgery, general vascular surgery, pediatrics, and pulmonary dis-
eases must be available.

III.D.5. Monitoring and advanced life support equipment representa-
tive of current levels of technology.

III.D.6. Allied health staff and other support personnel who have expe-
rience and expertise in the care of cardiothoracic patients.

III.D.7. Facilities that are readily available at all times to provide prompt 
laboratory measurement pertinent to the care of cardiothoracic 
patients. These include, but are not limited to, the measurement of 
blood chemistries, blood gas and acid base analysis oxygen satura-
tion, hematocrit/hemoglobin and coagulation function.

III.D.8. Facilities that are readily available at all times to provide prompt 
noninvasive and invasive diagnostic and therapeutic cardiothoracic 
procedures. These include, but are not limited to, echocardiography, 
cardiac stress testing, cardiac catheterization, electrophysiological 
testing and therapeutic intervention, cardiopulmonary scanning 
procedures and pulmonary function testing.

III.D.9. Conveniently located library facilities and space for research 
and teaching conferences in cardiothoracic anesthesiology.

IV. Fellow Appointments
IV.A. Eligibility Criteria

The Program Director must comply with the criteria for  fellow 
eligibility as specified in the Institutional Requirements and in 
departmental policies and procedures.

IV.B. Number of Fellows
The RRC may approve the number of fellows based upon estab-

lished written criteria that include the adequacy of resources for 
fellow education (e.g., the quality and volume of patients and 
related clinical material available for education), faculty-fellow 
ratio, institutional funding, and the quality of faculty teaching. 
Clinical resources must be adequate to support the education of 
fellows and of fellows in the affiliated core residency program in 
anesthesiology.

IV.C. Fellow Transfers
To determine the appropriate level of education for fellows who 

are transferring from another fellowship program, the Program 
Director must receive written verification of previous educational 
experiences and a statement regarding the performance evalu-
ation of the transferring fellow prior to their acceptance into the 
 program. A Program Director is required to provide verification of 
fellowship education for fellows who may leave the program prior 
to completion of their education.

IV.D. Appointment of Fellows and Other Students
The appointment of fellows and other specialty fellows or stu-

dents must not dilute or detract from the educational opportunities 
available to regularly appointed fellows.

V. Program Curriculum
V.A. Program Design
V.A.1. Format

The program design and sequencing of educational experiences 
will be approved by the RRC as part of the review process. All edu-
cational components should be related to the program goals.

V.A.2. Goals and Objectives
The program must possess a written statement that outlines its 

educational goals with respect to the knowledge, skills, and other 
attributes of fellows for each major assignment and for each level of 
the program. This statement must be distributed to fellows and fac-
ulty, and must be reviewed with fellows prior to their assignments.

V.B. Specialty Curriculum

The program must possess a well-organized and effective 
 curriculum, both didactic and clinical. The curriculum must also 
provide fellows with direct experience in progressive responsibility 
for patient management.

V.B.1. Clinical Components
The fellow in cardiothoracic anesthesiology should gain both 

significant clinical experience that provides direct clinical care of 
patients and supervisory experience. At a minimum, one-half of the 
total minimum required case numbers should be obtained with the 
fellow as the primary anesthesia provider under the supervision of 
a faculty anesthesiologist. Supervision of fellows and other anesthe-
sia providers by the fellow should be under the direct supervision 
of a faculty anesthesiologist. The goal of having fellows teach and 
supervise core fellows and other anesthesia providers is to prepare 
fellows to become faculty supervisors and teachers. The following 
represents the guidelines for the minimum clinical experience for 
each fellow:

V.B.1.a) Six months of clinical anesthesia activity experience with a 
minimum of 70 surgical procedures involving adult patients and 
requiring CPB, to include a minimum of 40 anesthetics involv-
ing valve repair or replacement, and a minimum of 50 myocar-
dial revascularization procedures with or without CPB. The fellow 
should provide anesthetic management for patients undergoing 
minimally invasive cardiac surgery, and for congenital cardiac pro-
cedures performed on adult patients. The fellow must gain suffi-
cient experience to independently manage intra-aortic balloon 
counterpulsation, and should be actively involved in the manage-
ment of patients with left ventricular assist devices.

V.B.1.b) Additional required clinical experience within the full one-year 
fellowship should include at least one month or its equivalent of 
anesthetic management of patients undergoing noncardiac thoracic 
surgery, and the anesthetic management of 10 adult patients under-
going surgery on the ascending or descending thoracic aorta requir-
ing full CPB, left heart bypass and/or deep hypothermic circulatory 
arrest. Thoracic aortic stent placements performed under anesthesia 
may be counted among these cases. The scope of thoracic experience 
provided, however, should not be limited to stent placement.

V.B.1.c) The fellow is required to have experience in the anesthetic 
management of adult patients for cardiac pacemaker and auto-
matic implantable cardiac defibrillator placement, surgical treat-
ment of cardiac arrhythmias, cardiac catheterization, and cardiac 
electrophysiologic diagnostic/therapeutic procedures. The majority 
of this experience should be obtained in nonoperating room envi-
ronments to encourage multidisciplinary interaction.

V.B.1.d) Additional clinical experience within the full one-year fellow-
ship must include successful completion of advanced perioperative 
echocardiography education according to the training objectives 
from the American Society of Echocardiography and the Society 
of Cardiovascular Anesthesiologists' “Guidelines for Training in 
Perioperative Echocardiography.” This will include the study of 300 
complete perioperative echocardiographic examinations, of which 
at least 150 are comprehensive intraoperative TEE examinations 
performed, interpreted, and reported by the fellow.

V.B.1.e) The fellow is required to have a one-month experience man-
aging adult cardiothoracic surgical patients in a critical care (ICU) 
setting. This experience may include the management of nonsurgi-
cal cardiothoracic patients.

V.B.1.f) Two months of elective rotations (none fewer than 2 weeks 
in duration) from the following categories: inpatient or outpatient 
cardiology or pulmonary medicine, invasive cardiology, medical 
or surgical critical care and extracorporeal perfusion technology. 
Experience with pediatric cardiothoracic anesthesia is encour-
aged. One to 2 months devoted to a research project in cardiotho-
racic anesthesiology may be substituted for the 2 months of clinical 
 elective rotations.

V.B.2. Didactic Curriculum
The didactic curriculum provided through lectures, confer-

ences, and workshops should supplement clinical experience as 
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necessary for the fellow to acquire the knowledge to care for adult 
cardiothoracic patients and meet the conditions outlined in the 
guidelines for the minimum clinical experience for each fellow. 
Didactic components should include the following areas, with 
emphasis on how cardiothoracic diseases affect the administra-
tion of anesthesia and life support to adult cardiothoracic patients. 
These represent guidelines for the minimum didactic experience 
for each fellow:

V.B.2.a) embryological development of the cardiothoracic structures;
V.B.2.b) pathophysiology, pharmacology, and clinical management 

of patients with cardiac disease, including cardiomyopathy, heart 
failure, cardiac tamponade, ischemic heart disease, acquired and 
congenital valvular heart disease, congenital heart disease, elec-
trophysiologic disturbances and neoplastic and infectious cardiac 
diseases;

V.B.2.c) pathophysiology, pharmacology, and clinical management of 
patients with respiratory disease, including pleural, bronchopul-
monary, neoplastic, infectious and inflammatory diseases;

V.B.2.d) pathophysiology, pharmacology, and clinical management 
of patients with thoracic vascular, tracheal, esophageal, and medi-
astinal diseases, including infectious, neoplastic and inflammatory 
processes;

V.B.2.e) noninvasive cardiovascular evaluation: electrocardiography, 
transthoracic echocardiography, TEE, stress testing, cardiovascular 
imaging. (TEE education must be based upon the training objec-
tives for advanced perioperative echocardiography of the American 
Society of Echocardiography and the Society of Cardiovascular 
Anesthesiologists outlined in “Guidelines for Training in 
Perioperative Echocardiography.”)

V.B.2.f) cardiac catheterization procedures and diagnostic interpreta-
tion: invasive cardiac catheterization procedures, including angio-
plasty, stenting, and transcatheter laser and mechanical ablations;

V.B.2.g) noninvasive pulmonary evaluation: pulmonary function tests, 
blood gas and acid-base analysis, oximetry, capnography, pulmo-
nary imaging;

V.B.2.h) preanesthetic evaluation and preparation of adult cardiotho-
racic patients;

V.B.2.i) pharmacokinetics and pharmacodynamics of medications pre-
scribed for medical management of adult cardiothoracic patients;

V.B.2.j) perianesthetic monitoring: noninvasive and invasive (intra-
arterial, central venous, pulmonary artery, mixed venous satura-
tion, cardiac output);

V.B.2.k) pharmacokinetics and pharmacodynamics of anesthetic med-
ications prescribed for cardiothoracic patients;

V.B.2.l) extracorporeal circulation, including myocardial preserva-
tion, effects of CPB on pharmacokinetics and pharmacodynam-
ics, cardiothoracic, respiratory, neurological, metabolic, endocrine, 
hematological, renal, and thermoregulatory effects of CPB and 
coagulation/anticoagulation before, during, and after CPB;

V.B.2.m) pharmacokinetics and pharmacodynamics of medications 
prescribed for management of hemodynamic instability: inotropes, 
chronotropes, vasoconstrictors, vasodilators;

V.B.2.n) circulatory assist devices: intra-aortic balloon counterpulsa-
tion, left and right ventricular assist devices, and biventricular assist 
devices;

V.B.2.o) pacemaker insertion and modes of action;
V.B.2.p) cardiac surgical procedures: minimally invasive myocardial 

revascularization, valve repair and replacement, pericardial, neo-
plastic procedures, and heart and lung transplantation;

V.B.2.q) thoracic aortic surgery: ascending, transverse, and descending 
aortic surgery with circulatory arrest, CPB employing low flow and 
or retrograde perfusion;

V.B.2.r) esophageal surgery: varices, neoplastic, colon interposition, 
foreign body, stricture, tracheoesophageal fistula;

V.B.2.s) pulmonary surgery: thoracoscopic or open, lung reduction, 
bronchopulmonary lavage, one-lung ventilation, lobectomy, pneu-
monectomy and bronchoscopy: endoscopic, fiberoptic, rigid, laser 
resection;

V.B.2.t) postanesthetic critical care of adult cardiothoracic surgical 
patients;

V.B.2.u) perioperative ventilator management: intraoperative anes-
thetic, and critical care unit ventilators and techniques;

V.B.2.v) pain management of adult cardiothoracic surgical patients;
V.B.2.w) research methodology/statistical analysis;
V.B.2.x) quality assurance/improvement;
V.B.2.y) ethical and legal issues; and
V.B.2.z) practice management.

Conferences, including lectures, interactive conferences, hands-
on workshops, morbidity and mortality conferences, cardiac cath-
eterization and echocardiography conferences, cardiothoracic 
surgery case review conferences, journal reviews, and research 
seminars should be regularly attended. Active participation of the 
fellow in the planning and production of these conferences is essen-
tial. The faculty should be the leaders in the majority of the sessions. 
Attendance at multidisciplinary conferences, especially in cardio-
vascular medicine, pulmonary medicine, cardiothoracic surgery, 
vascular surgery, and pediatrics relevant to cardiothoracic anesthe-
siology, is encouraged.

V.C. Fellows Scholarly Activities
Each program must provide an opportunity for fellows to par-

ticipate in research or other scholarly activities, and fellows must 
participate actively in such scholarly activities related to cardio-
thoracic anesthesiology. The fellow must complete a minimum of 
one academic assignment. Academic projects may include grand 
rounds presentations, preparation and publication of review arti-
cles, book chapters, and manuals for teaching or clinical practice, 
clinical, translational, or basic research investigation, or similar 
scholarly activities. A faculty supervisor must be in charge of each 
project.

V.D. ACGME Competencies
The fellowship program must require its fellows to obtain com-

petence in the six areas listed below to the level expected of a new 
practitioner. Programs must define the specific knowledge, skills, 
behaviors, and attitudes required, and provide educational expe-
riences as needed in order for their fellows to demonstrate the 
following:

V.D.1. Patient care that is compassionate, appropriate, and effective for 
the treatment of health problems and the promotion of health;

V.D.2. Medical knowledge about established and evolving biomedi-
cal, clinical, and cognate sciences, as well as the application of this 
knowledge to patient care;

V.D.3. Practice-based learning and improvement that involves the 
investigation and evaluation of care for their patients, the appraisal 
and assimilation of scientific evidence, and improvements in patient 
care;

V.D.4. Interpersonal and communication skills that result in the effec-
tive exchange of information and collaboration with patients, their 
families, and other health professionals;

V.D.5. Professionalism, as manifested through a commitment to carry-
ing out professional responsibilities, adherence to ethical principles, 
and sensitivity to patients of diverse backgrounds;

V.D.6. Systems-based practice, as manifested by actions that demon-
strate an awareness of and responsiveness to the larger context and 
system of health care, as well as the ability to call effectively on other 
resources in the system to provide optimal health care.

VI. Fellow Duty Hours and the Working Environment
Providing fellows with a sound didactic and clinical education 

must be carefully planned and balanced with concerns for patient 
safety and fellow well-being. Each program must ensure that the 
learning objectives of the program are not compromised by exces-
sive reliance on fellows to fulfill service obligations. Didactic and 
clinical education must have priority in the allotment of fellows' 
time and energy. Duty hour assignments must recognize that fac-
ulty and fellows collectively have responsibility for the safety and 
welfare of patients.

VI.A. Supervision of Fellows
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VI.A.1. All patient care must be supervised by qualified faculty. The 
Program Director must ensure, direct, and document adequate 
supervision of fellows at all times. Fellows must be provided with 
rapid, reliable systems for communicating with supervising faculty.

VI.A.2. Faculty schedules must be structured to provide fellows with 
continuous supervision and consultation.

VI.A.3. Faculty and fellows must be educated to recognize the signs of 
fatigue, and adopt and apply policies to prevent and counteract its 
potential negative effects.

VI.B. Duty Hours
VI.B.1. Duty hours are defined as all clinical and academic activities 

related to the fellowship program; i.e., patient care (both inpatient 
and outpatient), administrative duties relative to patient care, the 
provision for transfer of patient care, time spent in-house during 
call activities, and scheduled activities such as conferences. Duty 
hours do not include reading and preparation time spent away 
from the duty site.

VI.B.2. Duty hours must be limited to 80 hours per week, averaged over 
a four-week period, inclusive of all in-house call activities.

VI.B.3. Fellows must be provided with 1 day in 7 free from all educa-
tional and clinical responsibilities, averaged over a 4-week period, 
inclusive of call. One day is defined as 1 continuous 24-hour period 
free from all clinical, educational, and administrative duties.

VI.B.4. Adequate time for rest and personal activities must be provided. 
This should consist of a 10-hour time period provided between all 
daily duty periods and after in-house call.

VI.C. On-call Activities
The objective of on-call activities is to provide fellows with con-

tinuity of patient care experiences throughout a 24-hour period. 
In-house call is defined as those duty hours beyond the normal 
work day, when fellows are required to be immediately available in 
the assigned institution.

VI.C.1. In-house call must occur no more frequently than every third 
night, averaged over a 4-week period.

VI.C.2. Continuous on-site duty, including in-house call, must not 
exceed 24 consecutive hours. Fellows may remain on duty for up to 
6 additional hours to participate in didactic activities, transfer care 
of patients, conduct outpatient clinics, and maintain continuity of 
medical and surgical care.

VI.C.3. No new patients may be accepted after 24 hours of continu-
ous duty.

VI.C.4. At-home call (or pager call) is defined as a call taken from out-
side the assigned institution.

VI.C.4.a) The frequency of at-home call is not subject to the every third 
night limitation. At-home call, however, must not be so frequent 
as to preclude rest and reasonable personal time for each fellow. 
Fellows taking at-home call must be provided with 1 day in 7 com-
pletely free from all educational and clinical responsibilities, aver-
aged over a 4-week period.

VI.C.4.b) When fellows are called into the hospital from home, the 
hours fellows spend in-house are counted toward the 80-hour 
limit.

VI.C.4.c) The Program Director and the faculty must monitor the 
demands of at-home call in their programs, and make schedul-
ing adjustments as necessary to mitigate excessive service demands 
and/or fatigue.

VI.D. Moonlighting
VI.D.1. Because fellowship education is a full-time endeavor, the 

Program Director must ensure that moonlighting does not inter-
fere with the ability of the fellow to achieve the goals and objectives 
of the educational program.

VI.D.2. The Program Director must comply with the sponsoring insti-
tution's written policies and procedures regarding moonlighting, in 
compliance with the ACGME Institutional Requirements.

VI.D.3. Any hours a fellow works for compensation at the sponsor-
ing institution or any of the sponsor's primary clinical sites must 
be considered part of the 80-hour weekly limit on duty hours. This 
refers to the practice of internal moonlighting.

VI.E. Oversight
VI.E.1. Each program must have written policies and procedures con-

sistent with the Institutional and Program Requirements for fellow 
duty hours and the working environment. These policies must be 
distributed to the fellows and the faculty. Duty hours must be mon-
itored with a frequency sufficient to ensure an appropriate balance 
between education and service.

VI.E.2. Back-up support systems must be provided when patient care 
responsibilities are unusually difficult or prolonged, or if unex-
pected circumstances create fellow fatigue sufficient to jeopardize 
patient care.

VI.F. Duty Hours Exceptions
An RRC may grant exceptions for up to 10% of the 80-hour limit 

to individual programs based on a sound educational rationale. 
Prior permission of the institution's GMEC, however, is required.

VII. Evaluation
VII.A. Fellow
VII.A.1. Formative Evaluation

The faculty must evaluate in a timely manner the fellows whom 
they supervise. In addition, the fellowship program must dem-
onstrate that it has an effective mechanism for assessing fellow 
 performance throughout the program, and for utilizing the results 
to improve fellow performance. Faculty responsible for teaching 
must provide critical evaluations of each fellow's progress and com-
petence to the cardiothoracic anesthesiology Program Director at 
the end of 6 and 12 months of training.

VII.A.1.a) Assessment should include the use of methods that pro-
duce an accurate assessment of fellows' competence in patient care, 
medical knowledge, practice-based learning and improvement, 
interpersonal and communication skills, professionalism, and 
 systems-based practice.

VII.A.1.b) Assessment should include the regular and timely perfor-
mance feedback to fellows that includes at least semiannual writ-
ten evaluations. Such evaluations are to be communicated to each 
 fellow in a timely manner, and maintained in a record that is acces-
sible to each fellow. The Program Director or designee must inform 
each fellow of the results of the evaluations at least every 6 months 
during training, and advise the fellow of areas needing improve-
ment and document the communication.

VII.A.1.c) Assessment should include the use of assessment results, 
including evaluation by faculty, patients, peers, self, and other 
 professional staff, to achieve progressive improvements in fellows' 
competence and performance.

VII.A.1.d) Assessment should include essential character attributes, 
acquired character attributes, fund of knowledge, clinical judg-
ment, and clinical psychomotor skills, as well as specific tasks 
and skills for patient management and critical analysis of clinical 
situations.

VII.A.1.e) Periodic evaluation of patient care (quality assurance) 
is mandatory. Fellows in adult cardiothoracic anesthesiology 
should be involved in continuing quality improvement and risk 
management.

VII.A.2. Final Evaluation
The Program Director must provide a final evaluation for each 

fellow who completes the program. This evaluation must include 
a review of the fellow's performance during the final period of 
education, and should verify that the fellow has demonstrated 
sufficient professional ability to practice competently and inde-
pendently. The final evaluation must be part of the fellow's per-
manent record maintained by the institution. Fellows in adult 
cardiothoracic anesthesiology must obtain overall satisfactory 
evaluations at the completion of 12 months training to receive 
credit for training.

VII.B. Faculty
The performance of the faculty must be evaluated by the pro-

gram no less frequently than at the midpoint of the accreditation 
cycle, and again prior to the next site visit. The evaluations should 
include a review of their teaching abilities, commitment to the 
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educational program, clinical knowledge, and scholarly activities. 
This evaluation must include annual written confidential evalua-
tions by fellows.

VII.C. Program
The educational effectiveness of a program must be evaluated at 

least annually in a systematic manner.
VII.C.1. Representative program personnel (i.e., at least the Program 

Director, representative faculty, and one fellow) must be organized 
to review program goals and objectives, and the effectiveness with 
which they are achieved. This group must conduct a formal docu-
mented meeting at least annually for this purpose. In the evaluation 
process, the group must take into consideration written comments 
from the faculty, the most recent report of the GMEC of the spon-
soring institution, and the fellows' confidential written evaluations. 
If deficiencies are found, the group should prepare an explicit plan 
of action, which should be approved by the faculty and documented 
in the minutes of the meeting.

VII.C.2. The program should use fellow performance and outcome 
assessment in its evaluation of the educational effectiveness of the 
fellowship program. Performance of program graduates on the cer-
tification examination should be used as one measure of evaluating 
program effectiveness. The program should maintain a process for 
using assessment results together with other program evaluation 
results to improve the fellowship program.

VIII. Experimentation and Innovation
Since responsible innovation and experimentation are essential 

to improving professional education, experimental projects along 
sound educational principles are encouraged. Requests for experi-
mentation or innovative projects that may deviate from the pro-
gram requirements must be approved in advance by the RRC, and 
must include the educational rationale and method of evaluation. 
The sponsoring institution and program are jointly responsible for 
the quality of education offered to fellows for the duration of such 
a project.

IX. Certification
Fellows who plan to seek certification by the American Board of 

Anesthesiology should communicate with the office of the board 
regarding the full requirements for certification.

ACGME Approved: February 14, 2006
Effective: February 14, 2006
Editorial Revision: July 1, 2009

Appendix 40-2
Department of Anesthesiology and Critical Care 
Medicine, Children's Hospital of Philadelphia,  
Cardiac Anesthesiology Web-Based Resources
Organizations
Accreditation Council for Graduate Medical Education: www.acgme.org
Agency for Healthcare Research and Quality: www.ahrq.gov
American Academy of Pediatrics: www.aap.org
American Association of Blood Banks: www.aabb.org
American Association of Health Plans: www.aahp.org
American Board of Anesthesiology: www.theaba.org
American Board of Internal Medicine: www.abim.org
American Board of Medical Specialties: www.abms.org
American Board of Pediatrics: www.abp.org
American Board of Surgery: www.absurgery.org
American Heart Association: www.americanheart.org
American Medical Association: www.ama-assn.org
Anesthesia Patient Safety Foundation: www.apsf.org
American Red Cross: www.redcross.org
Association of University Anesthesiologists: www.auahq.org
British Medical Association: www.bma.org.uk/ap.nsf/content/splashpage
Centers for Disease Control and Prevention: www.cdc.gov
Food and Drug Administration: www.fda.gov
Foundation for Anesthesia Education & Research: www.faer.org

Joint Commission: www.jointcommission.org
National Board of Echocardiography: www.echoboards.org
National Institutes of Health: www.nih.gov
Resuscitation Council (UK): www.resus.org.uk/siteindx.htm

Specialty Societies
American College of Cardiology: www.acc.org
American Society of Anesthesiologists: www.asahq.org
American Society of Critical Care Anesthesiologists: www.ascca.org
American Society of Echocardiography: http://asecho.org/
American Society of Extra-Corporeal Technology: www.amsect.org
American Society of PeriAnesthesia Nurses: www.aspan.org
American Society of Regional Anesthesia and Pain Medicine: www.

asra.com
Association of Cardiothoracic Anaesthetists: www.acta.org.uk
Association of Anaesthetists of Great Britain and Ireland: www.aagbi.org
Association of Paediatric Anaesthetists of Great Britain and Ireland: 

www.apagbi.org.uk
Australian Society of Anaesthetists: www.asa.org.au
British Society of Echocardiography: www.bsecho.org
Canadian Anesthesiologists' Society: www.cas.ca
European Association of Cardiothoracic Anaesthesiologists: www 

.eacta.org
European Society of Anaesthesiologists: www.euroanesthesia.org
European Society of Intensive Care Medicine: www.esicm.org
International Anesthesia Research Society: www.iars.org
International Society for Minimally Invasive Cardiothoracic Surgery: 

www.ismics.org
Royal College of Anaesthetists: www.rcoa.ac.uk
Society for Ambulatory Anesthesia: www.sambahq.org
Society of Cardiovascular Anesthesiologists: www.scahq.org
Society of Critical Care Medicine: www.sccm.org
Society for Education in Anesthesia: www.seahq.org
Society of Neurosurgical Anesthesia and Critical Care: www.snacc 

.org
Society for Obstetric Anesthesia and Perinatology: www.soap.org
Society for Pediatric Anesthesia: www.pedsanesthesia.org
Congenital Cardiac Anesthesia Society: www.pedsanesthesia.org/

ccas/
Society for Technology in Anesthesia: www.anestech.org
Society of Thoracic Surgeons: www.sts.org
The Heart Surgery Forum (Official Publication of the International Society 

for Minimally Invasive Cardiothoracic Surgery): www.hsforum.com
World Federation of Societies of Anaesthesiologists: www.nda.ox.ac 

.uk/wfsa
World Federation of Societies of Intensive and Critical Care Medicine: 

www.world-critical-care.org

Journals
Anesthesia and Analgesia: www.anesthesia-analgesia.org
Anesthesiology: www.anesthesiology.org
Annals of Thoracic Surgery: http://ats.ctsnetjournals.org/
American Society of Anesthesiologists Refresher Courses in Anesthesiology: 

www.asa-refresher.com
British Journal of Anaesthesia: www.bja.oupjournals.org
British Medical Journal: http://bmj.bmjjournals.com/
Canadian Journal of Anesthesia: www.cja-jca.org
Circulation: http://circ.ahajournals.org/
Circulation Research: http://circres.ahajournals.org/
Journal of the American College of Cardiology: www.cardiosource.com/

jacc.html
Journal of the American Medical Association: http://jama.ama-assn 

.org/
Journal of Cardiothoracic and Vascular Anesthesia: www.jcardioanesthesia 

.com
Journal of Clinical Anesthesia: www.journals.elsevierhealth.com/

periodicals/JCA
Journal of Extracorporeal Technology: www.ject.org

http://www.acgme.org
http://www.ahrq.gov
http://www.aap.org
http://www.aabb.org
http://www.aahp.org
http://www.abanes.org
http://www.abim.org
http://www.abms.org
http://www.abp.org
http://www.absurgery.org
http://www.americanheart.org
http://www.ama-assn.org
http://www.apsf.org
http://www.redcross.org
http://www.auahq.org
http://www.bma.org.uk/ap.nsf/content/splashpage
http://www.cdc.gov
http://www.fda.gov
http://www.faer.org
http://www.jcaho.org
http://www.echoboards.org
http://www.nih.gov
http://www.resus.org.uk/siteindx.htm
http://www.acc.org
http://www.asahq.org
http://gasnet.med.yale.edu/ascca/
http://asecho.org/
http://www.amsect.org
http://www.aspan.org
http://www.asra.com
http://www.asra.com
http://www.acta.org.uk
http://www.aagbi.org
http://www.apagbi.org.uk
http://www.asa.org.au
http://www.bsecho.org
http://www.cas.ca
http://www.eacta.org
http://www.eacta.org
http://www.euroanesthesia.org
http://www.esicm.org
http://www.iars.org
http://www.ismics.org
http://www.rcoa.ac.uk
http://www.sambahq.org
http://www.scahq.org
http://www.sccm.org
http://www.seahq.org
http://www.snacc.org
http://www.snacc.org
http://www.soap.org
http://www.pedsanesthesia.org
http://www.pedsanesthesia.org/ccas/
http://www.pedsanesthesia.org/ccas/
http://www.anestech.org
http://www.sts.org
http://www.hsforum.com
http://www.nda.ox.ac.uk/wfsa
http://www.nda.ox.ac.uk/wfsa
http://www.world-critical-care.org
http://www.anesthesia-analgesia.org
http://www.anesthesiology.org
http://ats.ctsnetjournals.org/
http://www.asa-refresher.com
http://www.bja.oupjournals.org
http://bmj.bmjjournals.com/
http://www.cja-jca.org
http://circ.ahajournals.org/
http://circres.ahajournals.org/
http://www.cardiosource.com/jacc.html
http://www.cardiosource.com/jacc.html
http://jama.ama-assn.org/
http://jama.ama-assn.org/
http://www.jcardioanesthesia.com
http://www.jcardioanesthesia.com
http://www.journals.elsevierhealth.com/periodicals/JCA
http://www.journals.elsevierhealth.com/periodicals/JCA
http://www.ject.org
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Journal of Thoracic and Cardiovascular Surgery: http://jtcs.ctsnetjournals 
.org/

New England Journal of Medicine: www.nejm.org
Paediatric Anaesthesia: www.blackwellpublishing.com/journal.asp?ref 

=1155-5645
Pediatrics: www.pediatrics.org
Quality & Safety in Health Care: http://qhc.bmjjournals.com/

Literature Search Sites
The Review Group
Cochrane Anaesthesia Review Group: http://carg.cochrane.org
National Center for Biotechnology Information: www.ncbi.nlm.nih.gov
National Library of Medicine: www.nlm.nih.gov
National Library of Medicine: www.pubmed.gov
Medline Plus: http://medlineplus.gov/

Educational Resource Sites
American Society of Anesthesiologists Closed Claims Project: http://

depts.washington.edu/asaccp/
American Society of Anesthesiologists (ASA) Closed Claims Project 

Home page: http://depts.washington.edu/asaccp/ASA/index.shtml
Pediatric Perioperative Cardiac Arrest (POCA) Registry: http://depts 

.washington.edu/asaccp/POCA/index.shtml
The Postoperative Visual Loss Registry: http://depts.washington.edu/

asaccp/eye/index.shtml
The ASA Committee on Professional Liability: http://depts.washington 

.edu/asaccp/prof/index.shtml
Anesthesia, Critical Care Medicine and Emergency Medicine: www 

.invivo.net/bg/index2.html
GASNet: http://anestit.unipa.it/HomePage.html
Cardiac Web Links—Martin J. London, MD, University of California 

San Francisco: http://mjlworld.tripod.com/page19.htm
Cardiothoracic Surgery Network on the Internet: www.ctsnet.org
Family of educational Web sites for the medical professional: www 

.theanswerpage.com
Anesthesiology, pain management, hospital and CCM, newborn 

medicine and ob-gyn; specialty sites feature Question of the Day 
with a peer-reviewed, referenced answer

Health Information Site: www.healthfinder.gov
Medical information from WebMD: www.medscape.com
National Guideline Clearinghouse (NGC): www.guideline.gov

A public resource for evidence-based clinical practice guide-
lines; NGC is sponsored by the Agency for Healthcare Research 
and Quality (formerly the Agency for Health Care Policy and 
Research) in partnership with the American Medical Association 
and the American Association of Health Plans

Online Mendelian Inheritance in Man (database catalog of human 
genes and genetic disorders) (syndrome clinical synopsis): www 
.ncbi.nlm.nih.gov/omim/

Paediatric Anaesthesia Conference—Discussion Group: Hospital for 
Sick Children, Toronto, Canada: www.sickkids.ca/Anaesthesia/pac_
list.asp

Pediatric Critical Care Education Site: http://pedsccm.org/clinical_
resources.php

The Perfusion Home Page: www.perfusion.com

Pulmonary Artery Catheter Education Project: www.pacep.org
Society for Simulation in Healthcare: www.ssih.org

Practice Guidelines and Advisories
ASA Practice Parameters: https://ecommerce.asahq.org/c-4-practice-

parameters.aspx
Practice Guidelines for Pulmonary Artery Catheterization: https://

ecommerce.asahq.org/p-179-practice-guidelines-for-pulmonary-
artery-catheterization.aspx

Practice Guidelines for Perioperative Transesophageal Echocardio-
graphy: https://ecommerce.asahq.org/p-351-practice-guidelines-for-
perioperative-transesophageal-echocardiography.aspx

Practice Guidelines for Perioperative Blood Transfusion and Adjuvant 
Therapies: https://ecommerce.asahq.org/p-116-practice-guidelines-
for-perioperative-blood-transfusion-and-adjuvant-therapies.aspx

Perioperative Management of Patients with Cardiac Rhythm Manage ment 
Devices: Pacemakers and Implantable Cardioverter-Defibrillators: 
https://ecommerce.asahq.org/p-114-perioperative-mgmt-of-
patients-with-cardiac-rhythm-mgmt-devices-pacemakers-and-
implantable-cardioverter-defibrillators.aspx

Practice Alert for the Perioperative Management of Patients with 
Coronary Artery Stents: https://ecommerce.asahq.org/p-323-
practice-alert-for-the-perioperative-management-of-patients-with-
coronary-artery-stents.aspx

Practice Guidelines for Management of the Difficult Airway: https://
ecommerce.asahq.org/p-177-practice-guidelines-for-management-
of-the-difficult-airway.aspx

Research Resource Sites
National Institutes of Health tutorial on the Do's and Don'ts for grant 

writing: www.niaid.nih.gov/ncn/grants
Useful information on other sections of an application including 

human subjects, training grants, and budgets: www.niaid.nih.gov/
ncn

Pharmacology Resource Sites
Medication information: www.epocrates.com
Physicians Desk Reference: www.pdr.net

General Search Engines
www.altavista.com
www.google.com
www.lycos.com
www.msn.com
www.yahoo.com
www.searchengineguide.com/searchengines.html

Computer-Palm Resource Sites
AetherPalm: www.aether.com
Handheld Med: www.handheldmed.com
Palm: www.palm.com/us
Palm computer resource: http://avantgo.com/frontdoor/index/html
Yahoo Anesthesiology: http://dir.yahoo.com/Health/medicine/

anesthesiology/
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The introduction of transesophageal echocardiography (TEE) into 
the perioperative arena in the mid-1980s heralded a new era in the care 
of surgical patients and offered a new dimension to the role of anesthe-
siologists.1 Soon after its introduction, it became clear that periopera-
tive TEE had the potential for significant impact on the care for both 
cardiac and noncardiac surgical patients.2–4 Because of its minimally 
invasive nature and a high diagnostic potential, TEE has been used 
by practitioners from multiple specialties, for example, cardiologists, 
anesthesiologists, and critical care physicians. The therapeutic impact 
of TEE on preoperative surgical decision making soon was established, 
and it was recognized that it has the potential to offer improvements 
in patient care and, perhaps, eventual improvements in outcomes. 
However, there is the possibility for patient harm from misdiagnosis or 
from a poor understanding of the limitations of the technology and its 
application. The introduction of any new technology or technique into 
clinical practice, which can have such a dramatic impact on patient 
management, requires proper training and experience. The effective-
ness of this expertise should be demonstrable by, among other things, 
significant training and experience, objective and validated measure-
ment tools such as examinations, and demonstration of continued 
clinical activity. It was from these basic principles that the development 
of a certification process for perioperative TEE was born.

The debate surrounding the credentialing and certification for TEE is 
not unique to this technology. Often, the introduction and acceptance of 
technology into clinical practice outpace the efforts to legislate the cre-
dentialing requirements. Several other clinical techniques (e.g., laparo-
scopic surgical techniques and percutaneous angioplasty) were widely 
adopted clinically before credentialing and certification could be estab-
lished.5 Perioperative TEE also has been rapidly accepted and deployed 

as an essential monitor in the cardiac operating rooms (ORs) before 
training and certification guidelines could be adequately developed. 
Despite being in clinical practice for more than two decades, a  survey 
conducted among the membership of the Society of Cardiovascular 
Anesthesiologists (SCA) in 2001 showed that of the nearly 2000 mem-
bers, less than 30% had any formalized training in TEE, and less than 
50% reported having any specific credentialing requirements at their 
hospitals.6 Although there have been considerable improvements 
in perioperative TEE training programs, there is considerable room 
for improvement, and the majority of the clinical institutions, which 
include major academic centers, do not have specific credentialing 
requirements for anesthesiologists to use this monitoring modality.

The importance of collaboration between anesthesiologists and 
cardiologists was acknowledged in the 1996 American Society of 
Anesthesiologists/Society of Cardiovascular Anesthesiologists (ASA/
SCA) guidelines for training and certification in TEE.5,7 It was believed 
that because it was impractical for cardiologists to be present in the OR 
all the time, it was imperative for anesthesiologists to learn to perform 
and interpret intraoperative TEE examinations. To encourage more 
widespread use of TEE, the guidelines also stated that TEE should not 
be performed for making extremely focused examinations and nar-
row diagnoses, but broadly as a monitor to assist in cardiac surgical 
procedures. In addition to specifically describing the evidence of the 
therapeutic utility of TEE in clinical situations, the indications were 
analyzed in the context of the patient, the procedure, and the clini-
cal setting7 (Boxes 41-1 and 41-2). The ASA/SCA guidelines recom-
mended the following fundamental principles for optimal physician 
training in perioperative TEE5,7:
 1. Experience and knowledge of the indications, applicability, and 

use of different echocardiographic techniques and principles for 
diagnosis of cardiovascular disorders

 2. Knowledge of the basic principles of ultrasound physics and 
instrumentation

 3. The need for specific training in the field of echocardiography 
over and above core residency training

 4. Commitment to a continuing medical education program to keep 
abreast of the latest developments in the field of echocardiography; 
although not mandated, it is expected that the specified training 
must be over and above the core anesthesia residency training, or a

 5. Minimum of 24 months of clinical experience dedicated to the 
perioperative care of surgical patients

DEFINITIONS
Because of the rapidly changing landscape of the training and certifica-
tion requirements and because of multiple ambiguities, it often is con-
fusing to follow the terminology used for echocardiography training 
and certification. This section provides the standard definitions of the 
most commonly used terms.

Perioperative Echocardiography
According to current guidelines, perioperative echocardiography is 
defined as TEE, epicardial, or epiaortic echocardiography performed 

KEY POINTS

1. Transesophageal echocardiography (TEE) can 
have significant diagnostic and therapeutic impact 
during both cardiac and noncardiac surgery.

2. The use of perioperative TEE and its potential 
impact on patient care developed in advance of 
training and credentialing guidelines.

3. An understanding of key definitions and terms 
as well as the processes related to certification in 
perioperative TEE is somewhat complicated but 
important.

4. The evolution of current guidelines related to 
training and certification in perioperative TEE 
occurred in a stepwise fashion over a span of 
more than two decades.

5. New technologies related to TEE training, such 
as simulator-based models, continue to evolve 
and are increasingly being incorporated into 
training curricula.

Training and Certification
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BOX 41-1. INDICATIONS FOR TRANSESOPHAGEAL ECHOCARDIOGRAPHY

Category I indications: Supported by the strongest evidence 
or expert opinion. Transesophageal echocardiography (TEE) is 
frequently useful in improving clinical outcomes in these settings 
and is often indicated, depending on individual circumstances 
(e.g., patient risk and practice setting).

Intraoperative evaluation of acute, persistent, and life-threatening 
hemodynamic disturbances in which ventricular function and 
its determinants are uncertain and have not responded to 
treatment

Intraoperative use in valve repair
Intraoperative use in congenital heart surgery for most lesions 

requiring cardiopulmonary bypass
Intraoperative use in repair of hypertrophic obstructive 

cardiomyopathy
Intraoperative use for endocarditis when preoperative testing was 

inadequate or extension of infection to perivalvular tissue is 
suspected

Preoperative use in unstable patients with suspected thoracic 
aortic aneurysms, dissection, or disruption who need to be 
evaluated quickly

Intraoperative assessment of aortic valve function in repair 
of aortic dissections with possible aortic valve involvement

Intraoperative evaluation of pericardial window procedures
Use in intensive care unit for unstable patients with unexplained 

hemodynamic disturbances, suspected valve disease, or 
thromboembolic problems (if other tests or monitoring 
techniques have not confirmed the diagnosis or patients are too 
unstable to undergo other tests)

Category II indications: Supported by weaker evidence and expert 
consensus; TEE may be useful in improving clinical outcomes 
in these settings, depending on individual circumstances, but 
appropriate indications are less certain.

Perioperative use in patients with increased risk for myocardial 
ischemia or infarction

Perioperative use in patients with risk for hemodynamic 
disturbances

Intraoperative assessment of valve replacement

Intraoperative assessment of repair of cardiac aneurysms
Intraoperative evaluation of removal of cardiac tumors
Intraoperative detection of foreign bodies
Intraoperative detection of air emboli during cardiotomy, heart 

transplant operations, and upright neurosurgical procedures
Intraoperative use during intracardiac thrombectomy
Intraoperative use during pulmonary embolectomy
Intraoperative use for suspected cardiac trauma
Preoperative assessment of patients with suspected acute thoracic 

aortic dissections, aneurysms, or disruption
Intraoperative use during repair of thoracic aortic dissections 

without suspected aortic valve involvement
Intraoperative detection of aortic atheromatous disease or other 

sources of aortic emboli
Intraoperative evaluation of pericardectomy, pericardial effusions, 

or evaluation of pericardial surgery
Intraoperative evaluation of anastomotic sites during heart and/or 

lung transplantation
Monitoring placement and function of assist devices

Category III indications: Little current scientific or expert support; 
TEE is infrequently useful in improving clinical outcomes in these 
settings, and appropriate indications are uncertain.

Intraoperative evaluation of myocardial perfusion, coronary artery 
anatomy, or graft patency

Intraoperative use during repair of cardiomyopathies other than 
hypertrophic obstructive cardiomyopathy

Intraoperative use for uncomplicated endocarditis during 
noncardiac surgery

Intraoperative monitoring for emboli during orthopedic 
procedures

Intraoperative assessment of repair or thoracic aortic injuries
Intraoperative use for uncomplicated pericarditis
Intraoperative evaluation or pleuropulmonary diseases
Monitoring placement of intra-aortic balloon pumps, 

automatic implantable cardiac defibrillators, or pulmonary 
artery catheters

Intraoperative monitoring of cardioplegia administration

From Practice guidelines for perioperative transesophageal echocardiography. A report by the American Society of Anesthesiologists and the Society of Cardiovascular 
Anesthesiologists Task Force on Transesophageal Echocardiography. Anesthesiology 84:986–1006, 1996.

BOX 41-2. COGNITIVE REQUIREMENTS FOR PERIOPERATIVE TRANSESOPHAGEAL ECHOCARDIOGRAPHY

Basic Training
Cognitive Skills
Knowledge of the physical principles of echocardiographic image 

formation and blood velocity measurement
Knowledge of the operation of ultrasonographs, including all 

controls that affect the quality of data displayed
Knowledge of the equipment handling, infection control, and 

electrical safety associated with the techniques of perioperative 
echocardiography

Knowledge of the indications, contraindications, and potential 
complications for perioperative echocardiography

Knowledge of the appropriate alternative diagnostic  
techniques

Knowledge of the normal tomographic anatomy as revealed by 
perioperative echocardiographic techniques

Knowledge of the commonly encountered blood flow velocity 
profiles as measured by Doppler echocardiography

Knowledge of the echocardiographic manifestations of native 
valvular lesions and dysfunction

Knowledge of the echocardiographic manifestations of cardiac 
masses, thrombi, cardiomyopathies, pericardial effusions, and 
lesions of the great vessels

Detailed knowledge of the echocardiographic presentations of 
myocardial ischemia and infarction

Detailed knowledge of the echocardographic presentations of 
normal and abnormal ventricular function

Detailed knowledge of the echocardiographic presentations of air 
embolization

Technical Skills
Ability to operate ultasonographs including the primary controls 

affecting the quality of the displayed data
Ability to insert a TEE probe safely in the anesthetized, tracheally 

intubated patient
Ability to perform a comprehensive TEE examination and differentiate 

normal from markedly abnormal cardiac structures and function
Ability to recognize marked changes in segmental ventricular 

contraction indicative of myocardial ischemia or infarction
Ability to recognize marked changes in global ventricular filling and 

ejection
Ability to recognize air embolization
Ability to recognize gross valvular lesions and dysfunction
Ability to recognize large intracardiac masses and thrombi
Ability to detect large pericardial effusions
Ability to recognize common echocardiographic artifacts
Ability to communicate echocardiographic results effectively to 

health care professionals, the medical record, and patients
Ability to recognize complications of perioperative echocardiography
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on surgical patients immediately before, during, or after surgery.7,8 
Transthoracic echocardiography, although sometimes performed on 
surgical patients, is not considered a “perioperative” technique. Thus, 
the guidelines do not apply to transthoracic echocardiography–related 
procedures and image acquisition techniques.

Basic Training
At the basic level of training, the trainee should have knowledge of the 
principles of ultrasound and image acquisition, be able to place a TEE 
probe, operate the equipment, and conduct an examination. Although 
independent work is expected, all examinations performed by the basic-
level trainee have to be supervised and interpreted under the guidance 
of an advanced-level echocardiographer together with the availability 
of a periodic assessment program. It also was recommended that anes-
thesiologists trained as basic echocardiographers should be able to use 
the TEE for establishing diagnoses within the customary practice of 
anesthesiology7 (Box 41-3).

Advanced Training
An advanced-level trainee should have performed at least 300 compre-
hensive TEE examinations under supervision; in addition, the trainee 
should have performed 150 examinations independently. The training 
has to be comprehensive and broad-based with a significant compo-
nent of independent activities. Such a training process should have 
a formal and informal evaluation program as well. Furthermore, the 
echocardiographic examinations performed during basic training can 
be counted toward completion of advanced training. An anesthesiolo-
gist who has advanced TEE training should be able to use TEE to its 
full diagnostic potential and use it for establishing diagnoses that can 
 possibly impact the planned surgical procedure7 (see Box 41-3).

Credentialing
Credentialing is the process by which a physician is granted clinical 
privileges by a local health care organization. Each health care orga-
nization by law is free to establish and enforce its own credentialing 
requirements.

Testamur Status
A testamur status is achieved by demonstration of a passing grade in the 
examination of special competence in perioperative TEE administered 
by the National Board of Echocardiography (NBE).2 For those phy-
sicians who cannot be certified to be advanced examiners (explained 
later), testamur status can be maintained indefinitely (Figure 41-1).

Certification/Diplomate Status
The certification process of the NBE consists of:
 1. Successful completion of perioperative TEE examination
 2. Current license to practice medicine
 3. Current medical board certification
 4. Specific training in perioperative care of surgical patients with 

cardiovascular disorders
The basic and advanced TEE certifications are discussed in greater 
detail later in the chapter (Figures 41-2 and 41-3). The certification 
process of the NBE encompasses not only TEE-related training and 
experience, but has been applied to transthoracic echocardiography 
and stress echocardiography (Figures 41-4 to 41-7).

Adapted from Practice guidelines for perioperative transesophageal echocardiography. A report by the American Society of Anesthesiologists and the Society of 
Cardiovascular Anesthesiologists Task Force on Transesophageal Echocardiography. Anesthesiology 84:986–1006, 1996.

BOX 41-2. COGNITIVE REQUIREMENTS FOR PERIOPERATIVE TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY—CONT'D

Advanced Training
Cognitive Skills
All the cognitive skills defined under basic training
Detailed knowledge of the principles and methodologies of 

qualitative and quantitative echocardiography
Detailed knowledge of native and prosthetic valvular function, 

including valvular lesions and dysfunction
Knowledge of congenital heart disease (if congenital practice is 

planned, then this knowledge must be detailed)
Detailed knowledge of all other diseases of the heart and great 

vessels that is relevant in the perioperative period (if pediatric 
practice is planned, then this knowledge may be more general 
than detailed)

Detailed knowledge of the techniques, advantages, disadvantages, 
and potential complications of commonly used cardiac surgical 
procedures for treatment of acquired and congenital heart 
disease

Detailed knowledge of other diagnostic methods appropriate for 
correlation with perioperative echocadiography

Technical Skills
All the technical skills defined under basic training
Ability to acquire or direct the acquisition of all necessary 

echocardiographic data, including epicardial and epiaortic imaging
Ability to recognize subtle changes in segmental ventricular 

contraction indicative of myocardial ischemia or infarction
Ability to quantify systolic and diastolic ventricular function and to 

estimate other relevant hemodynamic parameters
Ability to quantify normal and abnormal native and prosthetic 

valvular function
Ability to assess the appropriateness of cardiac surgical plans
Ability to identify inadequacies in cardiac surgical interventions and 

the underlying reasons for the inadequacies
Ability to aid in clinical decision making in the operating room

BOX 41-3. BASIC AND ADVANCED LEVEL 
ECHOCARDIOGRAPHER

Basic Advanced
Minimum number of 
examinations

150 300

Minimum number 
personally performed

50 150

Program director 
qualifications

Advanced 
perioperative 
echocardiography 
training

Advanced 
perioperative 
echocardiography 
training plus at 
least 150 additional 
perioperative TEE 
examinations

Program  
qualifications

Wide variety of 
perioperative 
applications of 
echocardiography

Full spectrum 
of perioperative 
applications of 
echocardiography

From Cahalan MK, Abel M, Goldman M, et al: American Society of 
Echocardiography and Society of Cardiovascular Anesthesiologists task force 
guidelines for training in perioperative echocardiography. Anesth Analg 
94:1384–1388, 2002.
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PERIOPERATIVE TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY TRAINING
Since its introduction, there has been considerable controversy about 
the level of training required to be proficient and competent in per-
forming perioperative TEE. Introduction and ready acceptance of TEE 
in the cardiac ORs led to a situation in which TEE had to be adopted by 
anesthesiologists who had already finished their training. They not only 
had to train themselves by “on-the-job” experience, but had to develop 
training guidelines for in-training residents and fellows. Because of 
the lack of a specific testing mechanism, the expertise was established 
by demonstration of exposure to a specific number of TEE examina-
tions. There was significant debate about the optimum time/number 
of examinations required to gain adequate training to be a “competent 
examiner”—that is, the duration of specific training period versus its 

comprehensiveness and the total number of examinations versus the 
variety of pathologies examined.9,10 As a result of the aforementioned 
factors, the requirements for adequate training were initially purposely 
kept flexible to accommodate different levels of experience of practitio-
ners. Also, the requirements were made less binding and restrictive to 
accommodate different levels of experience and exposure to echocar-
diography. It was believed that rather than specifying the number of 
months or examinations performed, it was equally important that 
anesthesiologists should have broad-based training in perioperative 
echocardiography with exposure to a wide variety of cases.8

Evolution of Training Guidelines
The training guidelines for echocardiography have evolved over time 
from time-limited experience requirements to achieve an incremen-
tal expertise in echocardiography from Level I to III11–13 to the present 
situation, when use of TEE is being encouraged for all anesthesiologists 
(cardiac and noncardiac), and there are suggestions to include TEE 

V
by

y

ay—1y

a

ailab

y
a

d
by

by

a

Figure 41-3 Advanced Perioperative Transesophageal Echocar-
diography (PTE) Certification requirements.
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Figure 41-1 Testamur status. PTE, perioperative transesophageal 
echocardiography.
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Figure 41-2 Basic Perioperative Transesophageal Echocardiography 
(PTE) Certification requirements. TEE, transesophageal echocardio-
graphy.
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education as part of the core anesthesia residency training. Over time, 
the increasing utilization of intraoperative TEE has led to a blurring 
of specialty lines with anesthesiologists assuming a greater role in per-
forming TEE examinations in the perioperative period, a task originally 
performed by cardiologists. With the redefined role of anesthesiologists 
as the “perioperative echocardiographers,” the ASA/SCA published 
their own specific recommendations for perioperative echocardiog-
raphy for anesthesiologists already using TEE. These guidelines laid 
down not only the indications and contraindications but also the nec-
essary cognitive and technical skills required to perform a perioperative 
TEE examination7 (see Boxes 41-1 and 41-2). Furthermore, rather than 
defining the expertise of the echocardio graphers as Level I, II, or III 
examiners, as in earlier guidelines, the terms basic- and advanced-level 
examiners were used (see Box 41-3). A basic-level echocardiographer is 
defined as a physician capable of making a decision as to when and how 
to perform a TEE examination, whereas an advanced-level examiner is 
someone capable of making independent decisions based on TEE find-
ings, which can potentially change the course of the procedure (see Box 
41-3). Because there was a lack of specific training programs for anes-
thesiologists to acquire TEE skills, the guidelines recommended com-
mercially available educational materials, workshops, and mentorship 
from experienced echocardiographers to gain expertise.

After considerable thought and deliberation, the initial ASA/
SCA practice guidelines were further updated by the ASA/SCA in 
2002.8 Whereas the initial guidelines recommended only establish-
ment of training programs,7 the updated document described the 
specifics of the training program environment, program director's 
 qualifications, and mandated the inclusion of TEE training in the 

Transthoracic
certification

Training completed after 7/1/2005
The applicant must have 6 months’ training with

performance of 150 and interpretation of 300
transthoracic echocardiograms

Training completed between 7/1/1990 and
7/1/2005

The applicant must have completed 3 months’
training with performance and interpretation of 150
transthoracic echocardiograms and have provided

echocardiography service of at least 400
2-Dimensional Echo/Doppler studies per year for each

of the 2 years immediately preceding application

Training completed prior to 7/1/1990
The applicant must have provided echocardiography
services of at least 400 2-Dimensional Echo/Doppler

studies per year for each of 3 years preceding
the application

Figure 41-4 Requirements for certification in transthoracic 
echocardiography.

Transthoracic plus
transesophageal

certification

Training completed after 7/1/2005
The applicant must have completed 6 months’
with the performance of 150, interpretations of

300 transthoracic echocardiograms and
performed and interpreted at least 50

transesophageal echocardiograms
during training

Training completed between 7/1/1990 and
7/1/2005

The applicant must have completed 3 months’
training with performance and interpretation of
150 transthoracic echocardiograms and have

provided echocardiography of at least 400
2-Dimensional Echo/Doppler studies and 50

transesophageal echocardiograms per year for
each of the 2 years immediately

preceding application

Training completed prior to 7/1/1990
The applicant must have provided

echocardiography services of at least 400
2-Dimensional Echo/Doppler studies per year for
each of the 3 years immediately preceding this

application and have performed and
interpreted at least 50 transesophageal

echocardiograms per year for each of 2 years
immediately preceding application

Figure 41-5 Requirements for certification in transthoracic and 
transesophageal echocardiography.

Transthoracic plus
stress

certification

Training completed after 7/1/2005
The applicant must have completed 6 months’

training with the performance of 150,
interpretation of 300 transthoracic

echocardiograms, and performed and
interpreted at least 100 stress

echocardiograms during training

Training completed between 7/1/1990 and
7/1/2005

The applicant must have completed 3 months’
training with performance and interpretation of
150 transthoracic echocardiograms and have

provided echocardiography services of at
least 400 2-Dimensional Echo/Doppler studies

and 100 stress echocardiograms per year
for each of 2 years immediately

preceding application

Training completed prior to 7/1/1990
The applicant must have provided

echocardiography services of at least 400
2-Dimensional Echo/Doppler studies per year

for each of 3 years immediately preceding
application and have performed and

interpreted at least 100 stress echocardiograms
per year for each of 2 years immediately

preceding application

Figure 41-6 Requirements for certification in transthoracic and 
stress echocardiography.
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established cardiac anesthesia fellowship programs. It was also recom-
mended that, over time, as in cardiology residency programs, specific 
TEE training fellowships also should be established for anesthesiolo-
gists.8 Furthermore, in the revised guidelines, epiaortic and epivascu-
lar echocardiography examinations also were included as perioperative 
echocardiography techniques. The updated guidelines have recom-
mended a total of 150 completed TEE examinations, of which 50 are 
to be performed personally for basic-level trainees, and a total of 300 
TEE examinations, of which 150 are to be performed personally for an 
advanced trainee.8 Later, the recommendations made by the ASA/SCA 
updated guidelines (see Box 41-3)8 also were adopted by the American 
Heart Association/American College of Cardiology (AHA/ACC) clini-
cal competency statement on echocardiography.14–16

In 2006, the Canadian Society of Echocardiography and the 
Cardiovascular Section of the Canadian Society of Anesthesiologists 
comprehensively defined the roles of basic and advanced echocardiog-
raphers, as well as the training program requirements for basic- and 
advanced-level echocardiographers.17,18 These guidelines extended 
the training requirements and expectations of the diagnostic poten-
tial laid out in the ASA/SCA guidelines of 20028 for different levels of 
examiners. A qualified director of a training program in perioperative 
echocardiography, the training program environment, availability of 
resources, and the presence of a continuing medical education pro-
gram also were mentioned as necessary ingredients for an echocar-
diography training environment.17,18 The Canadian guidelines have 

gone a step further and, in addition to the type of echocardiographic 
examination, also have identified specific diagnoses expected from 
basic- and advanced-level examiners. This is significant progress in 
being more specific as compared with the initial ASA/SCA guidelines,8 
in which only broad expectations were laid down of the depth and 
comprehensiveness of a perioperative TEE examination from basic- 
and advanced-level examiners. The Canadian guidelines, however, 
have increased the expected number of examinations personally per-
formed and  interpreted by the trainees (100 for the basic-level and 200 
for an advanced-level trainee).17,18 These TEE studies also may include 
examinations  performed outside the OR in the intensive care unit. 
Furthermore, these guidelines also have set a time limit of 1 year to 
complete these TEE training requirements.17,18

It is obvious from the earlier discussion that the training expecta-
tions and requirements have and will continue to evolve as the tech-
nology improves. Equipment costs and lack of training opportunities 
have been the major impediments to the widespread acceptance and 
use of this technology in cardiac and noncardiac surgery.19 The invasive 
nature of TEE, cumbersome credentialing, and licensing requirements 
also preclude a “hands-on” experience at continuing medical educa-
tion workshops and observership-based training programs. Although 
anesthesia residents are expected to have an introduction to the basic 
TEE examination during their accredited training, it is a not a man-
dated part of the anesthesia residency curriculum. Since the accredita-
tion of cardiac anesthesia fellowship programs, TEE training has been 
formalized with months dedicated to intraoperative echocardiography. 
The inclusion of TEE as part of an accredited cardiac anesthesia fel-
lowship is the first step toward standardization of training in periop-
erative echocardiography. Over the next few years, the expectations are 
likely to change dramatically, and expertise in perioperative echocar-
diography probably will be considered a core competency in a cardiac 
 anesthesia fellowship.

Training with Transesophageal 
Echocardiography Simulators
Over the years, many technologic advances have been tried to bridge 
the gap between the patient and virtual reality. Simulation is becoming 
a particularly attractive training method for techniques that require 
manual dexterity. Although simulation is an established technique of 
learning in the health care industry, no simulator was available for TEE 
training until recently.20 The complexity of cardiac structure, valvu-
lar function, and synchronization of a real TEE probe with a virtual 
model of the heart made such an endeavor cost-ineffective or prohibi-
tive. As a result of many technologic breakthroughs and collaborative 
efforts of physicians, software engineers, and special-effects profes-
sionals, a TEE simulator was made available for commercial use in 
2008 (Figure 41-8). As a result of this innovation, it is now possible to 
learn the basic TEE examination outside the OR with a TEE simula-
tor and reduce the initial learning curve.20 Currently, the simulation 
technology consists of normal cardiac anatomy and physiology only, 
and disease states cannot be simulated anatomically or physiologi-
cally (Figure 41-9). At the current rate of technology development, it 
may soon be possible to learn “normal” anatomy, physiology, probe 
manipulations, and image orientation techniques on a TEE simulator, 
while concentrating on “abnormal” in the OR. This methodology of 
learning has the potential to significantly improve TEE training and 
education for the anesthesia residents of the future. However, the TEE 
simulator is quite expensive and is available for training in only a few 
major academic centers in the United States.

Recently, another simulator was introduced by Vimedix that has 
the capability of performing transthoracic and TEE examinations 
on a three-dimensional solid model of the heart (Figure 41-10). The 
simulator also is capable of Doppler interrogation and hemodynamic 
calculations. In addition, this simulator has the ability to simulate 
pathologic processes—for example, pericardial tamponade, biventricu-
lar systolic dysfunction, and valvular abnormalities (Figure 41-11). The 

Comprehensive
certification

(transthoracic,
transesophageal,

and stress)

Training completed after 7/1/2005
The applicant must have completed 6 months’

 training with performance of 150
and interpretation of 300 transthoracic 
echocardiograms and performed and

interpreted at least 50 transesophageal and
100 stress echocardiograms during training

Training completed between 7/1/1990 and
7/1/2005

The applicant must have completed 3 months’
training with performance and interpretation of
150 transthoracic echocardiograms and have

provided echocardiography services of at
least 400 2-Dimensional Echo/Doppler studies,

50 transesophageal and 100 stress
echocardiograms per year for each of 2 years

immediately preceding application

Training completed prior to 7/1/1990
The applicant must have provided

echocardiography services of at least 400
2-Dimensional Echo/Doppler studies per year 

for each of 3 years immediately preceding
application and have performed and

interpreted at least 50 transesophageal and
100 stress echocardiograms per year for each
of 2 years immediately preceding application

Figure 41-7 Requirements for comprehensive certification (trans-
thoracic, transesophageal, and stress echocardiography).



 41 Transesophageal Echocardiography 1179

 availability of simulated abnormalities can revolutionize the  training 
process and opens the door for novel methods of training and stan-
dardized testing.

HISTORY OF THE DEVELOPMENT OF THE 
CERTIFICATION PROCESS
In 1987, the American Society of Echocardiography (ASE) published 
its first recommendations on the knowledge, nature, and experience, 
as well as the type of training site, that were deemed as optimal for 
training physicians as echocardiographers11 (see Figure 41-12). In 
this publication, the ASE identified three levels of training: basic 
training, advanced training, and director of echocardiographic labo-
ratory training. Basic training (Level I) was an introductory phase 
that did not aim to allow for independent performance or inter-
pretation of echocardiographic examinations. Advanced training 
(Level II) sought to develop the knowledge and skills that would 

allow for independent practice under the supervision of a laboratory 
director. Echocardiographic laboratory director training (Level III) 
sought to prepare the physician to supervise others and to perform 
specialized echocardiographic procedures, which included perioper-
ative TEE. For each level, requirements for the duration of training 
and the number of examinations performed and interpreted were set. 
As discussed earlier, though somewhat altered, this theme of levels 
in training, knowledge base, and expectations has persisted through 
the current model of certification. In 1992, the ASE modified these 
recommendations to relate specifically to TEE, and in 1995, the ACC 
reaffirmed them.12,13

In 1993, in addition to establishing recommendations for training, 
the ASE appointed a committee to develop and administer an exami-
nation in echocardiography that would be known as the ASEeXAM. 
Furthermore, an entity known as ASEeXAM, Inc. was established as a 
separate tax-exempt corporation independent from the ASE to avoid 
a conflict of interest. The primary objective of the examination was 
to “provide practicing echocardiographers the opportunity to demon-
strate special competence in echocardiography.”21 Its other objectives 
were to set a standard for a knowledge base related to echocardio-
graphy, to stimulate continuing education, and to attempt to identify 
weaknesses and deficiencies in training. The National Board of Medical 
Examiners was chosen by the ASE to help develop an objective and 
valid test. The content of the examination consisted of multiple-choice 

Figure 41-8 Transesophageal echocardiography simulator.

Figure 41-9 A simultaneously dis-
played anatomic image of the heart 
with a midesophageal long-axis echo-
cardiographic image obtained with the 
simulator. The view is rotated to 120°.

Figure 41-10 Transthoracic echocardiography simulator.
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questions covering the topics of physical principles, instrumentation, 
valvular heart disease, chamber size and function, congenital heart dis-
ease, and a few other miscellaneous subjects. Perioperative TEE was 
represented only as a small subtopic. After a field test in 1995, the first 
operational ASEeXAM was administered in 1996. The test was avail-
able to all licensed physicians regardless of field of expertise. Only 21 
of the 373 examinees who took this examination (6%) were anesthe-
siologists. The pass rate was only 59% for all examinees and only 43% 
among anesthesiologists. Those who passed the examination were 
given the status of “testamur.”21

In 1995, following the lead of the ASE, the SCA created its own task 
force to develop an examination that focused on perioperative TEE 
(PTE). The SCA was, to some degree, motivated by the concern that 
the ASEeXAM format functionally excluded anesthesiologists from 
demonstrating their proficiency in PTE.5 The SCA also decided to hire 
the National Board of Medical Examiners to help develop and vali-
date the test. The test was called the PTEeXAM and was administered 
for the first time in 1998. The examination was open to all licensed 
physicians, but actual examinees were almost exclusively anesthesiolo-
gists. The pass rate on the first examination was 76%.22 As with the 
ASEeXAM, examinees who passed were given the status of “testamur.” 
In 1996, the ASA and SCA published guidelines relating to the practice 
of TEE.7 These guidelines served mainly to establish recommendations 
concerning the appropriate indications for and the contraindications 
against performing TEE. No recommendations were made as to the 
duration of training or specific amounts of experience needed to reach 
either of these levels. At that time, the ASA/SCA committee lacked a 
consensus as to the best training pathway for PTE within the realm of 
anesthesiology.

During the process of developing examinations and training 
guidelines, the leadership of the SCA and ASEeXAM, Inc. had dis-
cussions regarding their parallel processes. There was justifiable 
concern on both sides that their two examinations would end up 
competing with one another, and that this would lead to confu-
sion on the part of echocardiographers, hospital administrators, 
and third-party payers. Furthermore, if some sort of merger could 
be arranged that would satisfy the goals of both groups, admin-
istrative and other efficiencies could lead to significant cost sav-
ings. An agreement was reached and in December 1998, ASEeXAM 
Inc. was renamed the National Board of Echocardiography (NBE).2 
The Board of Directors of the NBE was structured to include nine 
directors, three of whom were cardiac anesthesiologists. The board 
was given the responsibility of overseeing two separate examina-
tion committees. One committee was given the charge of maintain-
ing the ASEeXAM, whereas the other oversaw the PTE examination. 
In 1999, the NBE administered its first pair of examinations. The 
ASEeXAM was changed to the ASCeXAM.

Certification
After several years of administering these examinations, the NBE next 
sought to address the issue of offering NBE certification (Figure 41-12). 
Certification combined successful completion of an NBE examination 
with the passing of set thresholds related to actual echocardiographic 
experience or training, or both. These requirements are demonstrated 

Figure 41-11 Simultaneously ob - 
tained echocardiographic and ana-
tomic image obtained from a  
transthoracic simulator.

Guidelines for Optimal Physician Training
in Echocardiography:
ASE Guidelines 1987

Level I, II, and III echocardiographers identified

Guidelines get modified by
ASE Guidelines 1987

TEE specific modification in training guidelines
Reaffirmed by American College

of Cardiology

NBE
1998

ASE committee for development of echo
examination—1993

ASEeXAM—National Board of Medial Examiners

ASA/SCA committee for development of TEE
examination—1998

PTEeXAM—National Board of Medial Examiners

ASA/SCA sponsored TEE
practice guidelines—1996

Basic and advanced echocardiographers identified

Figure 41-12 Timeline of the development of the echocardiography 
certification process. ASA/SCA, American Society of Anesthesiologists/
Society of Cardiovascular Anesthesiologists; ASE, American Society of 
Echocardiography; TEE, transesophageal echocardiography.
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in Figures 41-2 and 41-3. Certification for the ASCeXAM began in 2001 
and was based on the experience criteria developed by the ASE and ACC 
in the early to mid 1990s (see Figures 41-2 to 41-5). As mentioned ear-
lier, the 1996 ASA/SCA task force did not develop thresholds for expe-
rience to distinguish between basic and advanced PTE. In 2002, a task 
force of SCA and ASE members developed these criteria.8 This allowed 
for certification centered around the PTEeXAM in 2004. Physicians 
who successfully met the requirements for certification were given the 
status of “diplomate.” Both the “diplomate” and “testamur” statuses are 
time-limited statuses and are valid for 10 years from the date of success-
ful completion of the appropriate examination. The first recertification 
examination for the ASCeXAM was offered in 2005, and first ecertifica-
tion for the PTEeXAM was given in 2007.

Basic Certification
In 2010, the NBE offered the first examination on basic PTE and first 
certification in basic PTE. The development of the basic PTE pathway 
was done in direct cooperation with the ASA. With the addition of the 
basic pathway, the former PTEeXAM pathway has now become the 
advanced PTEeXAM. The development of the basic PTE pathway was 
developed from the 2002 ASA/SCA guidelines discussed previously.8 
The basic PTE pathway is meant to demonstrate competence for anes-
thesiologists who use TEE as a monitor during anesthesia. This path-
way does not provide a measure of competence for the use of TEE as 
a diagnostic tool to affect the conduct of surgical procedures because 
this is an advanced skill.

In 2009, the NBE moved all examinations to computer-based testing 
centers. It was hoped that this format would reduce costs to both the 
examinees and the NBE. In addition, this may allow for more standard-
ized viewing of echocardiographic images presented during the exami-
nation and can allow more flexibility on dates for administration.

CLINICAL COMPETENCE VERSUS 
CERTIFICATION

Clinical Experience versus Testing
Even before the institution of an official ASCeXAM21 and the 
PTEeXAM22 by the ASE, it had been demonstrated that experienced 
echocardiographers performed better on a multiple-choice examina-
tion than less experienced practitioners.23 It was recommended by the 
society that such tests could be used for periodic quality-assurance pro-
grams. Because most training guidelines recommend a specific number 
of cases to be performed to achieve a certain level, they do not account 
for individual rates of learning and case-mix variations in a particu-
lar program. Therefore, it was recommended that an achievement-
based testing system rather than a numerical number of cases should 
determine the competency to perform perioperative TEE.23 There is no 
requirement by the NBE to document actual performance of perioper-
ative TEE as a prerequisite to take the PTEeXAM. Therefore, it is quite 
possible that individuals may be able to pass the examination without 
any significant hands-on experience and, thus, may be construed as 
“experts” without the necessary experience.24 It also has been suggested 
that the PTEeXAM should be offered only to physicians who are actu-
ally performing perioperative TEE examinations.

Clinical Competence and Testamur Status
The requirements of the NBE for different examinations and certifi-
cation application are freely available on their website (http://www.
echoboards.org/). Although the American Board of Anesthesiology gov-
erns the certification process for anesthesiologists, it has never sought 
to require certification of individual techniques within the scope of the 
practice.7 It was recommended in the initial guidelines that if the certifi-
cation in preoperative TEE was to be pursued, it should be done through 
a collaborative and a multidisciplinary process. Although the NBE exam-
ination has been administered for more than a decade, a passing score 
on the examination is not a requisite for demonstration of competence 

in clinical echocardiography by the ASA/SCA and AHA/ACC guide-
lines.8,14–16 Similarly, a considerable number of practitioners use TEE at 
an advanced level but have not gone through the NBE examination pro-
cess. A mandatory requirement to demonstrate a passing grade on this 
examination for competence in echocardiography could also possibly 
have excluded these experienced and advanced examiners from perform-
ing perioperative TEE examinations. Achievement of a passing grade on 
the PTEeXAM does not imply that the practitioner has achieved the nec-
essary technical skills to perform preoperative TEE examinations inde-
pendently and, therefore, should not be used to substitute for clinical 
experience.18

Basic Certification
To circumvent the exclusionary effects of a restrictive policy and to 
promote the use of TEE by general anesthesiologists, the NBE also has 
offered a basic-level certification in perioperative echocardiography 
(see Figure 41-2). In this effort, the NBE has recognized that there may 
be a significant number of practitioners who may not be taking the 
PTEeXAM because they are not performing enough perioperative TEE 
examinations to satisfy the NBE requirement to be certified. Basic cer-
tification, as offered by the NBE, implies the ability to use the TEE for 
nondiagnostic monitoring purposes, especially during life-threatening 
emergencies. The ASA and SCA also have begun a joint initiative to 
conduct “basic echocardiography” courses throughout the year and at 
major annual meetings to introduce TEE to general anesthesiologists. 
These introductory courses and workshops are geared toward basic-
level echocardiographers and are designed to enable a basic under-
standing of the principles of echocardiography. After 2 years of this 
initiative, the first basic certification examination was held in 2010.

The current requirements for advanced certification have a grand-
father clause, that is, the practice experience pathway, to offer cer-
tification via the practice experience pathway for physicians who 
graduated before 2009. This is another opportunity for practitioners 
who are not formally trained, but perform TEE regularly, to become 
certified after passing the PTEeXAM. In addition to obtaining a pass-
ing score on the PTEeXAM, the practice experience pathway requires 
demonstration of continued clinical activity and involvement in care 
of patients with cardiovascular disorders. The Canadian guidelines 
actually have mandated the demonstration of a passing grade on the 
PTEeXAM to qualify to be classified even as a basic-level echocar-
diograher, and passing the examination is considered the first step in 
becoming an echocardiographer.18 It is obvious that the training and 
certification processes in perioperative echocardiography are in evo-
lution. The accredited cardiac anesthesia fellowship programs have 
incorporated dedicated months of TEE training in their curriculum. 
Unlike cardiology, no fellowship programs are dedicated to periop-
erative echocardiography.

Maintenance of Certification
The testamur and the certification diplomas given by the NBE are 
time-limited, and although not mandated, a recertification examina-
tion is strongly encouraged by the NBE. The current guidelines rec-
ommend 50 comprehensive examinations personally performed and 
interpreted by the practitioner to maintain an adequate level of com-
petence in perioperative TEE.5,14–18 Additional components of ongoing 
training include, but are not limited to, attendance at conferences and 
workshops to stay abreast of the latest techniques and advances, case 
conferences, and case reviews. Provision of such opportunities is con-
sidered a responsibility of the training program. The Canadian guide-
lines, however, recommend that the director level of expertise requires 
performance of 75 comprehensive TEE examinations annually.17,18
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Auditory-evoked potentials, 475–477
Autologous priming, 910–911
Automated border detection (ABD), 441
Automatic rate, 801
Autonomic innervation, 24
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Axillary arteries, 419

B
B-globin gene, 728–729
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femoral vein, 429
internal jugular vein, 425–428
reversed, 873
sites of, 419–420, 840
subclavian vein, 428–429
ultrasound-guided, 422b
VADs and, 832
venous, 865

Carbohydrates, 1099
Carbon dioxide

blood flow and, 138–139
open-chamber procedures and, 1063–1064
rSoinf2/inf responsiveness to, 488

Cardiac catheterization laboratory
alcohol septal ablation, 68
anesthesiologist role at, 69
angiography in, 46
caseload of, 35
chromic total occlusions, 66–67
history of

failure rates, 34
Fick method, 33–34
interventional therapy, 34
origins of, 33

imaging technology used by, 35
interventional cardiology

controversy in, 58–61
cutting balloon for, 62–63
diagnostic devices for, 61–62
distal protection devices for, 65–66
intracoronary laser for, 63
intracoronary stents for, 63–65
intravascular brachytherapy, 65
thrombosuction/thrombolysis, 65

left atrial appendage occlusion, 68
left-side procedures in, 38–40
patients

Cardiac catheterization laboratory (Continued)
contraindications for, 37
diagnostic complications in, 42–43
indications for, 36
postcatheterization care for, 37
pre-procedure evaluations for, 36–37
procedures for, 38
selection for, 36

percutaneous closures, 68
percutaneous coronary interventions at

anticoagulation and, 53–55
coronary artery bypass graft vs., 58–61
distal protection devices for, 65–66
equipment for, 51–52
failure management for, 57
indications for, 51
operating room backup for, 57
outcomes for, 55–57
procedures for, 51–52
restenosis and, 52–53
support devices for, 57–58
thrombolytic therapy vs., 58–61

percutaneous valvular therapy, 67–68
physician credentialing for, 35–36
radiation safety of, 34–35
reports of, 50
right-sided procedures in, 38–42
setup and design for, 34
valvular pathology

regurgitant lesions in, 45–46
stenotic lesions in, 43–45

Cardiac cellular action potential, 77f
Cardiac computed tomography (CCT), 17
Cardiac cycle

characterization of, 105–107
Cardiac electrophysiology, 585

arrhythmia mechanisms of, 76–77
beta-adrenergic blockers effects on, 242
diagnostic evaluation, 77–78
history of, 74–75
mechanisms of, 195
principles of, 75
spec in specific arrhythmias, 80
treatment principles of, 80

Cardiac function
assessment of, 4
evaluation of, 17
TEE imaging of, 388–389

Cardiac myocytes
Casup2+/sup-myofilament interaction in, 103–104
contractile apparatus, 102–103
gene transfer into, 829
myosin-actin interaction in, 104–111
ultrastructure of, 102

Cardiac output
Doppler measurement of, 361–363
M-mode imaging of, 361–363
monitoring of, 438

alternative techniques for, 440–441
arterial pulse wave-based, 442
bioimpedance-based, 442
end-diastolic-based, 442
Fick method for, 438–439
indicator dilution in, 439–440
ultrasound for, 441–442
ventricular ejection-based, 442

protamine effects on, 972–973
two-dimensional echocardiographic measurement of, 361

Cardiac resynchronization therapy (CRT)
for end-stage heart failure

characterization of, 818
guidelines for, 818
indications for, 818
mechanical circulatory support and, 818
studies on, 818
ventricle assist devices for, 818

Cardiac surgery
bleeding after

causes of, 940
reopening for, 941

decision making in (See Decision-making process)
endotoxemia following

as causative factor, 184
host defenses against, 183–184
overview of, 182–183

fast-track care
anesthetic techniques for, 1010–1011
benefits of, 1011t
drug dosage recommendations for, 1011t
evidence supporting, 1011–1012
initial management of, 1012
recovery models for, 1012

inflammation mediators of
complement system, 181–182
cytokines, 180, 181
endotoxin, 182
interleukins, 180–181
splanchnic perfusion, 184
TNF, 180

inflammation prevention in, 185–187
minimally invasive, 917

Cardiac surgery (Continued)
multimodality neuromonitoring for, 490b, 491f
myocardial injury in, 2–3, 17
opioids in, 223–224
perioperative outcomes for

care advances in, 178
genomics in, 174

postoperative outcomes for
common complications, 1016t
genetic links to, 175f
inflammation, 185
treatments for, 1016b

preoperative evaluation for, 1, 529b
renal insufficiency in, 534
SIRS following, 179–180
transfusions after, 941–942
trends in, 523f

Cardiac tamponade
anesthetic considerations for, 356
case study of, 628
characterization of, 710–713
diagnosis of, 1041
echo features of, 394
mechanisms of, 711
postoperative management of, 1041
TEE assessments, 377–378
TEE imaging of, 390–393

Cardiac tumors
benign

angiomas, 679
fibromas, 679
lipomas, 678
list of, 676t
myxoma, 676–678
papillomas, 678
pheochromocytomas, 679
rhabdomyomas, 678

malignant
anesthetic considerations for, 681–682
detection of, 679–680
management of, 680
with systemic manifestations, 680–682

overview of, 675–676
Cardiogenic shock, 1001
Cardiomyopathy

arrhythmogenic right ventricular, 695–696
characteristics of, 682t
definition of, 682
dilated, 682–686
hypertrophic, 686–692
prevalence of, 682
restrictive, 692–696

Cardioplegia
characterization of, 858
delivery systems of

antegrade aortic root, 906
coil-types of, 904f
development of, 904–905
disposable circuits, 905–906
myocardium protection and, 905
nondisposable pumping mechanisms of, 906
retrograde coronary sinus, 906
routes for, 859–860

heat exchanger, 895
ischemic injury with, 858t
ischemic preconditioning, 860
solutions, composition of, 858–859
temperature, 859

Cardiopulmonary bypass (CPB)
accidental hypothermia patients

caring for, 876
characterization of, 875
selection of, 875–876

adverse systemic effects of, 3
AKI-associated

avoidance of, 851
biomarkers for, 854
bypass management and, 854–855
causes of, 853b
clinical course of, 851–852
degrees of, 851
perioperative renoprotective strategies, 856
pharmacological interventions, 855–856
prevention strategies for, 853–856
protection strategies for, 853–856
risk factors for, 852–853

anesthetics following, 188
anticoagulation for, 497
antithrombin and, 726–727
benzodiazepines effect on, 225–226
cerebral blood flow interruption during, 643–645
CNS injury from

age factors and, 841f, 1061–1062
aortic atherosclerosis and, 1065
applied neuromonitoring for, 1079–1081
BBB-induced, 843
CABG risks in, 1063–1064
carotid endarterectomy and, 1077
categories of, 1062
causes of, 842–844
cerebral blood flow, 1074
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Cardiopulmonary bypass (CPB) (Continued)
cerebral edema-induced, 843
cerebral emboli, 1072–1074
cerebral embolization-induced, 842
cerebral hyperthermia and, 1076
cerebral perfusion pressure, 1071
cerebral venous obstructions and, 1071
cerebroprotective strategies for, 1077
circulatory arrest, 1064
delirium and, 1077
diabetes mellitus and, 1077
epiaortic scanning of, 1065–1066
equipment effects on, 1077–1079
genetic factors in, 843–844
global cerebral hypoperfuson-induced, 842–843
hemodynamic instability in, 1071–1072, 1077
hyperglycemia and, 1077
incidence of, 840
inflammation-induced, 843
mechanisms of, 1069
morality rates of, 1062–1063
NCD-based, 1067–1068
neuralgic assessment of, 1063
neuroprotective strategies for, 844–850
normothermic approach and, 1074
pH management for, 1065
pharmacologic factors in, 843
pharmacologic protection for, 1081
risk analysis of, 1063
risk factors for, 840–841
significance of, 840
TEE monitoring of, 1065–1066
temperature-induced, 843
valvular risks, 1063–1064
watershed infarctions, 1070–1071

coagulation factors affected by
clotting factors, 978
fibrinolysis, 866
hypothermia, 978
platelet function, 978

coagulation monitoring during
ACT in, 497–498, 499–502
bedside tests for, 505
cascade POC system in, 498–499
for fibrin formation, 505–506
for bleeding time, 509
for heparin neutralization, 503
HITT for, 502
for platelet function, 507–508
platelet/agonists response test for, 513–514
standard tests for, 505
for thrombin inhibitors, 506–507

cold agglutinins in, 728
complement system and, 182
deep hypothermic circulatory arrest and, 651
discontinuation of

aortic regurgitation on, 1005b
cardiac preparation for, 993, 997t
cardiogenic shock in, 1001
controversial older treatments for, 1001
final preparations for, 994–995
heart failure in, 1001
IABP for, 1002
intracardiac air evacuation in, 1005b
laboratory results for, 992–993
new treatments for, 1001
pulmonary preparation for, 993
rewarming during, 992
risk factors in, 996b
routine wearing steps in, 995–996

DVTs induced by, 863
end-organ effects of, 840
fibrinolysis in, 959
GI complications from

adverse outcomes of, 860t
antiinflammatory therapies and, 862
bypass management and, 861
causes of, 861
emboli reduction and, 861
incidence of, 860
off-pump cardiac surgery and, 862
pathophysiology of, 861
pharmacological interventions, 861–862
protective measures for, 861–862
risk factors for, 860–861
selective decontamination and, 862
significance of, 860

goals of, 839–840
gravid patient during

blood pressure in, 875
bypass connection, 874–875
extracorporeal circulation in, 874t
hypothermia in, 875
monitoring of, 873–874
positioning of, 873
premedication for, 873
preoperative care for, 873–875

heart transplantation and, 741
hematocrit volume in, 944f
hemophilia and, 723
heparin-coated circuits following, 186

Cardiopulmonary bypass (CPB) (Continued)
historic perspective on, 838–839
HIV/AIDS risk in, 719–721
inflammation and, 181
initiation of

hypotension in, 866
pump flow/pressure during, 866–867
uncomplicated, 866

for intracranial aneurysm patients, 876
Intravenous anesthetic drugs effect on, 225–226
low-output syndrome in, 178
lung injury induced by

causes of, 863
incidence of, 862–863
pathophysiology of, 863
protection strategies, 863–864
risk factors for, 863
significance of, 862–863

lung transplantation and
anesthesia induction in, 746–747

magnesium and, 286
mechanics of, 839–840
minimally invasive, 875
myocardial injury

incidence of, 857
pathophysiology of, 857–858
protection for, 858–860
risk factors for, 857

neuromuscular blockers effects on, 227–228
neuroprotective strategies for

acid-base management, 845–846
atherosclerosis management, 844–845
emboli reduction, 844
glucose management, 847
mean arterial pressure management, 846–847
off-pump cardiac surgery, 847
pharmacologic, 847–850
pulsatile perfusion, 845
rewarming, 846

normothermic, 1074
opioid effects on, 225–226
partial left-heart, 650
pediatric considerations, 750
perfusion emergencies in

aortic dissection, 878t
arterial cannula malposition, 871–872
arterial dissection, 878t
massive arterial gas embolus, 872–873
most common, 871t
reversed cannulation, 873
venous air lock, 873

pharmacokinetics/pharmacodynamics of
hemodilution from, 224–225
hypothermia from, 225
sequestration from, 225

physiologic parameters of, 840
postoperative bleeding in

hemostasis disruption and, 977–978
prevention of, 978–979

for pregnant patients
anticoagulation for, 719
extracorporeal circulation during, 718
fetal exposure during, 718
guidelines for, 718–719
hypothermia effects on, 718
uterine contractions in, 718–719

preparation for
prebypass period, 864
redundancy in, 865–866
vascular cannulation, 864–865

PTE and, 764–765
separation procedures in

arterial oxygen saturation, 870
bypass removal, 870
defibrillation, 869–870
intracardiac air removal, 869
metabolic corrections, 870
normothermic value restoration, 868–869
patient awareness in, 867
rewarming, 868
systemic arterial pressure restoration, 868–869
ventilation restoration, 870

sickle cell disease and
anesthetic management in, 730
cell salvage techniques for, 731
HbS for, 730, 731
morbidity/mortality rates for, 730–731
PAH in, 730
preoperative transfusions in, 730
thromboembolic complications in, 731

splanchnic perfusion and, 184
steroid therapy following, 185–186
TCD for, 482–484
thiopental use in, 210
vasoplegic syndrome in

discovery of, 997
methylene blue for, 1000–1001
vasopressin for, 1000

ventilatory support during, 863–864
ventricular dysfunction in

effects of, 996–997

Cardiopulmonary bypass (CPB) (Continued)
epinephrine for, 997
identification of, 996
sympathomimetic amines for, 997–999

volatile agents effects on, 226–227
Cardiotomy reservoirs, 897
Cardiotomy suction, 911
Cardiovascular disease (CVD)

cost of, 85
genetic-based

diagnostic techniques for, 171b
history of, 171
monogenic type, 171–172
postoperative outcomes and, 175f

hospitalizations for, 84, 85
incidence of, 83
mortality in, 84
operations for, 85
prevalence of, 90–91
procedures for, 85

Cardiovascular imaging. See also specific techniques
aortic dissection, 659
cardiac function, 17
CTEPH, 757–759
for thoracic aortic aneurysms, 641–642
instrumentation for, 16
myocardial perfusion, 19
PAH, 757–759

Cardiovascular magnetic resonance (CMR), 17
Cardiovascular system

aldosterone effects on, 263f
dexmedetomidine effects on, 215
etomidate effects on, 213
integrated intravenous drug response of, 203
ketamine effects on, 214
midazolam effects on, 212–213
opioid effects on, 217–219
peripheral changes to, 972
postoperative management of

circulation assessment in, 1027
echocardiography in, 1027
oxygen transport in, 1025–1027

propofol effects on, 214–215
sodium's effects on, 263f
testing of, 13
thiopental effects on, 209–210

CardioWest Total artificial heart, 826f
Carotid artery disease, 713–716
Carotid artery stenosis, 27–28
Carotid endarterectomy (CEA), 713–716, 1077
Carpentier classification of, 816t
Cascade POC system, 498–499
Castaneda, 977
Catecholamines

disadvantages of, 1034b
hemodynamic effects of, 998t
PDE inhibitor therapy with, 1036–1037
postoperative contractility with, 1034–1035
postsurgical, 1035t

Catheter knotting, 436
Catheter-based therapy. See also specific therapies

anesthetic considerations for, 91–92
for atrial fibrillation, 86–88
for AVNRT, 82–83
for focal atrial tachycardia, 84
for ventricular tachycardia, 91

CBF. See Cerebral blood flow; Coronary blood 
 flow (CBF)

CCT. See Cardiac computed tomography (CCT)
CEA. See Carotid endarterectomy (CEA)
Cell proliferation, 207–208
Cell salvaging system

acceptance of, 912–913
additional applications for, 913
cell saver designs for, 912
characterization of, 911
components of, 911–912
contraindications for, 913
defined, 911
dilutional coagulopathy in, 913
microprocessors in, 912
safety features in, 912
wash cycle in, 912

Cellular transplantation, 829
Central nervous system (CNS). See also Brain

cerebral oximetry for
controversies of, 486–487
intervention rationale for, 487–490
intervention threshold in, 487
limitations of, 486
normative values of, 487
technology of, 485
validation for, 486

CHD and, 617–618
CPB-induced injury to

age factors and, 841f, 1061–1062
aortic atherosclerosis and, 1065
applied neuromonitoring for, 1079–1081
BBB-induced, 843
CABG risks in, 1063–1064
carotid endarterectomy and, 1077
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Central nervous system (CNS) (Continued)
categories of, 1062
causes of, 842–844
cerebral blood flow in, 1074
cerebral edema-induced, 843
cerebral emboli in, 1072–1074
cerebral embolization-induced, 842
cerebral hyperthermia and, 1076
cerebral perfusion pressure in, 1071
cerebral venous obstructions in, 1071
cerebroprotective strategies for, 1077
cerebrovascular disease and, 1076
circulatory arrest in, 1064
COinf2/inf insufflation, 1064
delirium and, 1076
diabetes mellitus and, 1077
equipment effects on, 1077–1079
genetic factors in, 843–844
global cerebral hypoperfusion-induced,  

842–843
hemodynamic instability in, 1071–1072, 1077
hyperglycemia and, 1077
incidence of, 840
inflammation-induced, 843
mechanisms of, 1069
morality rates of, 1062–1063
NCD-based, 1067–1068
neuralgic assessment of, 1063
neuropathologic studies of, 1069–1070
neuroprotective strategies for, 844–850
normothermic approach and, 1075–1076
pH management for, 1065
pharmacologic factors in, 843
pharmacologic protection for, 1081
risk analysis of, 1063
risk factors for, 840–841
significance of, 840
TEE monitoring of, 1065–1066
temperature and, 1074–1075
temperature-induced, 843
valvular risks in, 1063–1064
watershed infarctions in, 1070–1071

EEG monitoring of
auditory-evoked potentials by, 475–477
information display by, 470–473
motor-evoked potentials by, 478–479
physiologic basis of, 467–468
practical considerations of, 468–469
somatosensory-evoked potentials by, 477–478
surgical use of, 473–475

jugular bulb oximetry for, 484–485
opiods in, 1113
TCD monitoring of

basis for, 482–484
benefits of, 483–484
embolus detection by, 482
imbalances identified by, 485b
technology of, 480–482

Central neuraxial blockade, 530–531
Central venous pressure (CVP), 582–583
Central venous pressure (CVP) catheters

CABG monitoring with, 534
complications of, 429–431
contraindications for, 429
errors in

arterial injury-induced by, 1143
complications from, 1141–1142
database for, 1141–1142
infections-induced by, 1146–1147
placement-based, 1141
pressure waveform measurements of, 1143
temponade-induced by, 1142
vascular injury-induced by, 1143

indications for, 429
infections prevention guidelines for, 1090, 1090b
insertion sites for, 424–425
technique for, 424–425

Centrifugal pumps
acceptance of, 891–892
characterization of, 891
flow measurement of, 893–894
gross air introduction to, 892–893
manufactures of, 893
Medtronic, 892f
rotaflow, 891f
studies on, 893

CentriMag, 823
Cerebral blood flow (CPB)

anesthetic drugs effects on, 225
interruption of, 643–645
management of, 847–850

pH and, 1099
techniques for, 1099

Cerebral edemas, 843
Cerebral embolization

characterization of, 842
CPB outcomes and, 1072–1074
protection against, 844

Cerebral hypoperfusion, 842–843
Cerebral ischemias, 477
Cerebral ischemic cascade, 848f

Cerebral oximetry
CABG monitoring by, 536–537
characterization of, 445
controversies in, 486–487
intervention rationale for, 487–490
intervention threshold in, 487
limitations of, 486
normative values of, 487
technology of, 485
validation for, 486

Cerebral perfusion
anterograde, 1064
pressure of, 1071
retrograde, 645–648, 1064
rSoinf2/inf and, 489

Cerebral venous obstructions, 1071
Cerebrospinal fluid (CSF), 654
Cerebrovascular disease, 1076
Certification

basic, 1181
clinical competence vs., 1181
development of, 1179–1180
history of, 1179–1180
maintenance of, 1164, 1181
for perioperative echocardiography, 1175
qualifications for, 1160
for TEE, 1175, 1177f
timeline for, 1180f

CHD. See Congenital heart disease (CHD)
Chest wall infections, 1091t
Children

heart transplants for, 741–742
heart-lung transplantation for, 752
lung transplants for, 750

Chromic total occlusions (CTOs), 66–67
Chronic heart failure

management of, 271–272
pharmacotherapy for, 257

Chronic obstructive pulmonary disease (COPD)
myocardial dysfunction in, 1051
pharmacologic stress testing and, 20–21
postoperative care for, 1047, 1048

Chronic renal failure (CRF)
anesthetic considerations for, 722–723
hemodialysis for, 721
mortality of, 721
muscle relaxants for, 722t
prevalence of, 721
renoprotective agents for, 721–722

Chronic thromboembolic pulmonary  
hypertension (CTEPH)

anesthetic management for
hemodynamic considerations for, 763–764
preoperative preparation for, 763

case study of, 783b, 786f
characterization of, 755–756
clinical manifestations of, 756–757
diagnostic evaluation of, 757–759
epidemiology of, 756
HIT and, 768
medical treatments for, 759–760
operability of, 759
pathophysiology of, 756
patient selection criteria for, 759b
sickle cell disease and, 768
surgical procedure for, 760–763

bypass separation in, 765–766
case study of, 769
CPB in, 760, 764–765
DHCA in, 764–765
guidelines for, 761
historical development of, 760
Jamieson's classification in, 761b
occlusive disease types in, 761
postoperative period for, 766–768
rewarming phase in, 765–766

CICR. See Calcium-induced calcium release (CIRC)
Cilostazol, 957
Circadian rate, 802
Circulation. See Blood flow
Circulatory arrest

CPB-induced, 1064
deep hypothermic

characterization of, 643–645
for ECC, 922–923
for PTE, 768
for spinal cord hypothermia, 655
for TAAA repair, 651

extracorporeal methods of, 922–924
hypothermia with, 645

Circumflex (Cx), 524
Cisatracurium, 540
Cline memory, 328–329
Clinical anesthesia curriculum, 1158
Clinical base year, 1158
Clinical competence

certification vs., 1181
testamur status and, 1181

Clinical privileges, 1160
Clomethiazole, 850
Clopidogrel, 957–958

Closed Claims Project database, 1141–1142
Clostridium difficile, 1092
Clostridium difficile enterocolitis

characterization of, 1092
presentation of, 1094
prevalence of, 1092
relapse of, 1094–1095
safety precautions for, 1095
treatment of, 1094–1095

CNS. See Central nervous system (CNS)
Coagulation monitoring

aggregometry, 509–510
aPTT, 506–507
bedside platelet functioning test

sonoclot, 513–514
thromboelastography, 511–512

bedside tests for, 504, 505
bleeding time, 509
fibrin formation measures, 505–506
fluorescence flow cytometry, 510
HemoSTATUS for, 513–514
heparin effect

ACT and, 497–498
cascade POC system, 498–499
concentration, 501–502
HITT for, 502
sensitivity, 500–501

heparin neutralization, 503
heparin resistance, 499
platelet function, 507–508
platelet/agonists response test, 513–514
protamine effects on, 503
standard tests for, 505
thrombin inhibitors, 506–507
thrombin time and, 504
viscoelastic test, 506

Coagulation system
characterization of, 937
diseases of

cold agglutinins, 940
factor V, 939–940
hemophilias, 723–724, 938
von Willebrand disease, 724–725, 938–939

impairment in, 937–938
optimization of, 938
platelet variation in, 940
protein levels in, 937
protein, activation of

calcium's role in, 952
components, minimal needs for, 954t
contact activation of, 950–951
deficiency states in, 953–955
inherited disorders of, 954t
intrinsic system of, 951
modulators of, 952–953
pathways of, 950–952

Coagulopathy, 420
Cognitive dysfunction

CPB-associated, 842t, 1064
NCD-induced, 1067
postoperative follow-up for, 1069
preoperative, 1068

Cold agglutinins, 728, 940
Colloids, 943
Color M-mode propagation velocity, 126
Color-flow Doppler

development of, 301
technology of, 320

Complement system
characterization of, 181–182
inflammation prevention and, 186

Complete heart block, 436
Complication management

for renal insufficiency, 1018
postoperative

for atrial fibrillation, 1017
for delirium, 1017
for left ventricular dysfunction, 1017–1018
for right ventricular dysfunction, 1018
for stokes, 1016–1017

Conduction system. See also specific components
anatomy of, 75–76
physiology of, 75–76

Congenital cardiac surgery, 808
Congenital heart disease (CHD)

in adults
anesthetic considerations for, 542t
anomalous coronary artery in, 633b
aortic coarctation in, 621–622
aortic stenosis in, 619
aortopulmonary shunts in, 619
ASD in, 620–621
ASDs in, 631b
cardiac issues for, 619
Ebstein's anomaly in, 622–623
Eisenmenger syndrome in, 623–624
endocardial cushion defects in, 624
Fontan physiology in, 624–628
great artery transportation in, 629–630
great vessel transposition in, 622
hematologic manifestations of, 617
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Congenital heart disease (CHD) (Continued)
indications for, 615b
neuralgic manifestations of, 617–618
noncardiac organ involvement in, 616t
patent ductus arteriosus in, 628
pregnancy and, 618
psychosocial factors in, 618–619
pulmonary manifestations of, 616–617
pulmonary valve stenosis in, 628
renal manifestations of, 617
rhythm disturbances in, 616t
tetralogy of Fallot in, 628–629
truncus arteriosus in, 630
vasculature of, 618
VSDs in, 630

in children, 742
Congestive heart failure (CHF)

drug disposition, pathophysiologic changes in, 278t
labetalol-induced effects on, 247
opioid effects on, 217
symptoms of, 578–579

Constrictions
alpha-adrenergic, 139–140, 140b
endothelium role in, 140

Constrictive pericarditis
causes of, 707–708, 708t
definition of, 707–708
diagnosis of

echo examination for, 708
respiratory variation and, 708
TEE for, 708

ECG changes in, 708
hemodynamic changes in, 708
signs of, 708

Contractility
apparatus, proteins of, 102–103
CPB discontinuation and, 994
myocardial

characterization of, 115
ejection phase indices of, 118–119
end-systolic pressure-volume in, 115–116
isovolumic indices of, 117–118
stroke work-end-diastolic volume in, 116–117

postoperative therapies for
catecholamine-PDE inhibitor combination, 1036–1037
catecholamines, 1034–1035
dobutamine, 1035
dopamine, 1035
epinephrine, 1035
isoproterenol, 1034
norepinephrine, 1035
PDE inhibitors, 1035–1036

postoperative therapy for, 1032
VHD-associated, 574, 579–580

Contrast agents, 39–40
Contrast echocardiography

properties of, 323–326
uses of, 324–326

Coombs tests, 936f
COPD. See Chronic obstructive pulmonary disease (COPD)
Coronary arteriography, 48–50
Coronary arteriovenous fistula

anesthetic considerations for, 717
case study of, 717b
characterization of, 716–717
clinical importance of, 717
diagnosis of, 717
interventions for, 717
management of, 717
surgical treatment for, 717

Coronary artery bypass graft (CABG). See also Off-pump coronary 
artery bypass graft (OPCABG)

anesthesia induction/maintenance of
agents for, 537–540
anesthesia considerations for, 537
environment for, 537
fast-tract management, 550–553
myocardial protection, 540–544
preconditioning agents for, 542t
technique selection for, 537

arterial conduit spasm following, 549–553
balloon angioplasty versus, 1019
CEA combined with, 713–716
complement inhibition in, 186
immediate postoperative period, 548–549
inotrope use, predictors of, 529t
intraoperative awareness/recall in, 544
left ventricular, 17
low-output syndrome in, 272–273
magnesium and, 286
mitral regurgitation in, 394–396
monitoring of

by arterial pressure monitoring, 534
by cerebral oximetry, 536–537
by CVP, 534
by electrocardiograms, 534
by PAC, 534–535
by TEE, 535–536

mortality reduction by, 1018
OPCAB versus, 1019–1020
opioid use in, 223

Coronary artery bypass graft (CABG) (Continued)
PCI vs., 60
postsurgical risk reduction in

anticoagulation for, 1015–1016
aspirin for, 1015
beta-blockers for, 1015
CNS-associated, 1063–1064

premedication for
alpha-adrenergic agonists, 531–532
aspirin, 937
beta-blockers, 532–534

PTE and, 764–765
risk assessment for, 201–203
stenting vs., 1019
temperature and, 1074–1075
weaning patients following, 548
without cardiopulmonary bypass (See Off-pump coronary artery 

bypass (OPCAB))
Coronary artery disease (CAD)

anatomy of, 522–524
atrial stenosis in, 147
carotid disease combined with, 713–716
dexmedetomidine effects on, 215
epidemiology, 522
exercise tolerance and, 151–152
IVUS assessment of, 146
ketamine effects on, 214
magnesium for, 286
midazolam effects on, 212–213
multigenic genetic screening for, 149–150
muscle cell migration and, 146
myocardial ischemias/infarctions in, 524–530
postoperative outcomes

medical treatments for, 1018
surgical treatments for, 1018
treatment options for, 1018–1020

preoperative risk stratification for, 527t
preoperative testing for, 19–20
prevention of, 132
propofol effects on, 214–215
risks factors in, 144
TEE imaging of, 306
valve surgery, 27

Coronary artery occlusion (OCC), 198f
Coronary blood flow (CBF)

Ca channel blockers effects on, 248
control of, 196
infarct size and, 197f

Coronary collaterals, 50
blood flow and, 150
characterization of, 50

Coronary innervation, 139–140
Coronary perfusion pressure (CPP)

in aortic stenosis, 580
monitoring of, 445

Coronary reserve, 142
Coronary revascularization, 807–808
Coronary sinus, 906
Coronary steal, 152
Corticosteroids

neuroprotective properties of, 850
postoperative inflammation prevention by, 184
pulmonary protective properties of, 864

Coupling system, 417
Cox-Maze III procedure, 88–89
Credentialing

for anesthesiologist, 1160
for TEE, 1175

Critical closing pressure. See Zero-flow pressure
Critical stenosis, 150
Cross-matching blood groups, 935–936
CRT. See Cardiac resynchronization  

therapy (CRT)
Crystalloids, 943
CSF. See Cerebrospinal fluid (CSF)
Curriculum of, 1161–1162
Cutting balloon, 62–63
Cyclic adenosine monophosphate (cAMP)

discovery of, 133
elevated, effects of, 161f

Cyclooxygenase 1 (COX-1) inhibitor, 1118, 1120
Cyclooxygenase 2 (COX-2) inhibitor

pathways, 1118
platelet inhibition by, 957
platelets and, 1120
serum creatinine values and, 1119f
serum urea values and, 1120f

Cytokines, 180, 181

D
Damping, 326
Danaparoid, 968
Data collection, 385
DCM. See Dilated cardiomyopathy (DCM)
Decision-making process

description of, 385
for aortic regurgitation, 591–592
for CPB discontinuation

aortic regurgitation on, 1005b
intracardiac air evacuation, 1005b

for mitral regurgitation, 595–596

Decision-making process (Continued)
for mitral stenosis, 595–596
for tricuspid regurgitation, 603
TEE-implantation in

for acute aortic syndromes, 410
for aortic pathology, 409–410
for aortic valve dysfunction, 400–403, 406–407
for ascending aorta, 407–409
for cardiac function, 388–389
for hemodynamic instability management, 390
for interventional choice, 404–406
for intracardiac embolization, 409
for intramural hematoma, 412–413
for myxomatous degeneration, 394–396
for occult congenital abnormalities, 396, 397–400
for pericardial effusion, 390–393
for regional wall motion abnormalities, 388–389
for tamponade, 390–393

Deep hypothermic circulatory arrest (DHCA)
characterization of, 643–645
for ECC, 922–923
neuromonitoring during, 1079–1081
for PTE, 768
for spinal cord hypothermia, 655
for TAAA repair, 651

Deep vein thrombosis
characterization of, 769
clinical presentation of, 771
CPB-induced, 863
incidence of, 770
pathogenesis of, 770

Defibrillation
CPB discontinuation and, 993–994
CPB-associated, 869–870

Deformation values, 354t
Delirium

CPB-induced CNS injury and, 1077
FTCA-treatment for, 1017

Denervation, 740
1-Desamino-8-D-arginine vasopressin (DDAVP), 723–724
Descending aortic aneurysms

surgery for
classification of, 648–649
cross-clamp technique for, 649
function of, 648
Gott shunt for, 649

surgical repair of
elephant trunk procedure for, 646f

Desflurane, 830
Designer polycations, 977
Desmopressin

bleeding cessation by, 984
characterization of, 979–980
function of, 956
hemostatic effects of

applications of, 980
evidence of, 980
initial reports of, 980
subgroups in, 980

molecular configurations of, 979f
optimal dosage of, 980

Destination therapy
characterization of, 827
indications for, 827
studies on, 827

Dexanabinol, 850
Dexmedetomidine

analgesic effects of, 1120
cardiovascular effects of, 215
characterization of, 215
clinical effects of, 540
long-term complications from, 1088
postoperative effects of, 548
propofol effects of, 548
use of, 215

Dextromethorphan, 849
Diabetes mellitus

CPB-induced CNS injury and, 1077
postsurgical mortality and, 12
protamine-induced, 973–974

Diagnostic evaluations
for cardiac catheterization, 42–43
for cardiac electrophysiology, 77–78
for cardiac function, 17
instrumentation for, 16
for interventional cardiology, 61–62
for myocardial metabolism, 22
for myocardial perfusion, 19
for valvular heart disease, 24
for vascular disease, 27–30

Diastolic function
left ventricular

blood flow velocity of, 123–125, 126
determinants of, 121t
dysfunction of, 121t
evaluation of, 19
filling of, 122
heart failure and, 121t
invasive evaluation of, 121–123
IVRT in, 123
noninvasive evaluation of, 123–126
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Diastolic function (Continued)
passive mechanical behavior in, 122–123
stages of, 124t
study of, 120–121
tissue Doppler imaging of, 125–126

paraplegia and, 655f
TEE assessment of, 356–360

Diastolic heart failure
Diastolic heart failure (DHF)

causes of, 194b
clinical trials for, 271
contraindicated drugs for, 271
drugs for, 270–271
risks for, 269
treatment guidelines for, 269–270, 275t

Diazepam, 1087, 1121
DICOM file, 330
Digital echocardiographic storage

advantages of, 329
compression in, 330
formatting, 330
PAC saver, 331
transmission study, 330–331

Digital scan conversion, 328
Digital signal processing, 455
Digoxin

arrhythmia treatment with, 285
for chronic heart failure, 267

Dilated cardiomyopathy (DCM), 799–800
anesthetic considerations for, 685–686
causes of, 682
characterization of, 171–172, 682–683
detection of, 683–684
management of

antiarrhythmic medications for, 685
beta-blockers in, 685
digoxin in, 685
evolution of, 684–685
pharmacologic resistance in, 685
sudden death avoidance in, 685

mutation identification and, 172
presentation of, 683

Dilation. See Vasodilation
Diltiazem

CBF and, 249f
characterization of, 250
effects of, 248f

Diphenylhydantoin (DPH), 279
Dipyridamole, 957
Dipyridamole-thallium scintigraphy, 13
Directional coronary atherectomy (DCA), 62
Disopyramide, 277
Disposable cardioplegia circuits, 905
Distal perfusion techniques, 650t
Diuretic agents, 855
Diuretics

for chronic heart failure, 267
loop, 268t

DNA
antisense, 175
micoarrays, 171–172
structure of, 157

Dobutamine
characterization of, 21
for postoperative contractility, 1035
use of, 21
ventricular dysfunction therapy with, 997–998

Dobutamine stress echocardiography (DSE), 13
Dofetilide, 283
Donor selection

end-stage heart failure and, 829
for heart transplantation, 738
for heart-lung transplantation, 751
for lung transplantation, 743

Dopamine
GI protective properties of, 861–862
postoperative contractility with, 1035
renal protective properties of, 855
ventricular dysfunction therapy with, 999

Doppler technology
cardiac output monitoring by, 441
color-flow, 301, 320
development of, 301
enhancement of, 324
high-pulse-repetition frequency, 320
pressure monitoring associated, 421
principles of, 319
pulsed-wave, 319–320
TEE, 302–303
tissue type, 310
vascular, 301

Doppler tissue imaging (DTI)
deformation detection by, 353, 376–377
myocardial ischemias, 376–377
STI correlation with, 376–377

Dor procedure, 817
Dorsalis pedis arteries, 420
Double-lumen endobronchial tube (DLT), 652
Drug eluting stents (DES)

brachytherapy vs., 65
studies of, 64

DSE. See Dobutamine stress echocardiography (DSE)
D-transposition, 629–630
DTI. See Doppler tissue imaging (DTI)
DVT. See Deep vein thrombosis
Dye dilution, 440
Dynamic atrioventricular delay. See Atrioventricular delay
Dynamic range manipulation, 326
Dynamic stenosis, 151–152
Dyscrasias bleeding, 617

E
Ebstein's anomaly, 622–623
ECG. See Electrocardiogram (ECG)
Echocardiographers, 386
Echocardiographic scanners

basic principles of, 326
image storage in, 328–331
postprocessing of, 328
preprocessing of, 326–327
resolutions, 326

Echocardiography. See also Perioperative echocardiography; 
Transesophageal echocardiography

in ICU setting
patent foramen ovale, 1053
pericardial effusion, 1053
pleural effusion in, 1052–1053
septic shock, 1053
utility of, 1052–1053

Edwards SAPIEN percutaneous valve, 67
EEG. See Electroencephalography (EEG)
E5564, 187
EGM mode, 801
Eisenmenger syndrome in, 623–624
Ejection fraction

determination of, 46–47
normal, 275t

Ejection phase indices, 118–119
Electrical power-line interference, 457–458
Electrocardiogram (ECG)

atlas, summary of changes, 452–454
CABG monitoring by, 534
electrocardiographic changes in, 464
heart anatomy and, 452–454
history of, 534
intraoperative awareness prevention with, 1148
myocardial ischemia detection by, 460–462

anatomic localization of, 462
clinical lead systems for, 462
intraoperative lead systems for, 462

pacemakers and, 794
technical aspects of

digital signal processing in, 455
electrode placement of, 456–457
frequency response in, 459–460
power spectrum of, 454–455
Q waves in, 4
signal acquisition in, 454–455
single-lead complex in, 455
12-lead system in, 455–456

Electrocautery, 458
Electrode catheters, 437
Electrode placement

artifacts in
clinical sources of, 458–459
extrinsic, 457–458
intrinsic, 457–458

locations for, 458f
technical aspects of, 456–457

Electroencephalography (EEG)
auditory-evoked potentials in, 475–477
brain thermometer detection by, 478
cerebral ischemia detection by, 477
electrode positioning for, 469f
frequency bands of, 468b
frequency-domain analysis, 471–473
imbalances identified by, 476b
information display of, 470–473
law of, 470b
motor-evoked potentials and, 478–479, 481b
peripheral nerve injury detection by, 477
physiologic basis of, 467–468
recording process in, 468–469
rhythmic activity in, 468f
signal processing in, 468–469
somatosensory-evoked potentials in, 477–478, 481b
surgical injury prevention with, 473–475
technical problems of, 467
time-domain analysis, 470–471
use of, 466

Electrolytes
abnormalities of, 1014t, 1099
CPB discontinuation and, 870
ECG waves in, 464
FTCA management of, 1014
ICU patients need for, 1099

Electrophysiology. See Cardiac electrophysiology
Elephant trunk procedure for, 646f
Embolization

catheter insertion induced, 423
sources of, 407–409
TEE imaging of, 409

End-diastolic dimensions, 363–364
End-diastolic volume, 442
Endarterectomy, carotid, 1077
Endobronchial hemorrhage, 436
Endocardial cushion defects, 624
Endoleak classification, 651t
Endomyocardial biopsy, 42
Endothelin

characterization of, 136
vascular effects of, 136f

Endothelin-receptor antagonists, 268
Endothelium

characterization of, 134
contracting factors in, 136
coronary constrictions by, 140
coronary tone control by, 136f
fibrinolysis and, 958–959
function of, 206
inflammation of, 145
mediated vasodilation, stimulators of, 135t
platelet function and, 958
platelet inhibition by, 137
relaxing factors in, 134–136
substances produced by, 134t

Endotoxemia
as causative factor, 184
characterization of, 182–183
definition of, 179
host defenses against, 183–184
tolerance of, 183–184

End-stage heart failure
anesthetic considerations for

agents in, 829–830
essential issues of, 829
intraoperative stage of, 830
preoperative stage of, 829–830
techniques in, 829–830

cellular transplantation for, 829
CRT for

characterization of, 818
guidelines for, 818
indications for, 818
studies on, 818

epidemiology of, 814
functional capacity classification of, 815t
heart transplantation for

AbioCor in, 828–829
donor limitations in, 829

ICDs for
characterization of, 818
guidelines for, 818
indications for, 818
studies on, 818

mechanical circulatory support for
characterization of, 818
modern use of, 818–819

pathophysiology of, 814–815
scope of problem, 814
surgical options for

cumulative experiences in, 815
current practices of, 815
left ventricle restoration, 817
mitral regurgitation, 816–817
postoperative considerations for, 832–833
revascularization, 815–816

VADs for
basic characteristics of, 824t, 826t
bridge-to-next-decisions and, 820–822
CentriMag, 823
common clinical scenarios, 824b
HeartMate I, 825
HeartMate II, 827
Impella pump system, 821–822
INTERMACS profile of, 828
Lietz-Miller risk scores for, 827–828
long-term use of, 823–827
myocardial recovery potential of, 828
permanent use of, 827
Seattle Heart Failure Model of, 828
short-term use of, 819–823
support indications for, 818
tandemHeart pVAD, 820–822

End-systolic elastance
aortic regurgitation-associated, 591–592
hemodynamic monitoring based on, 444

Endotoxin. See Lipopolysaccharide (LPS)
Endovascular clamp bypass, 878
Endovascular stent grafts, 651–652
eNOS activation, 199–200
Enoximone, 1037
Enteral formulas, 1098t
Ephedrine, 719
Epiaortic ultrasonography

for CPB-induced neurologic injury, 346
TEE versus, 1065–1066

Epicardial ultrasound, 306
Epidural techniques. See also Thoracic epidural anesthesia (TEA)

advantages of, 1121b
clinical course of, 1126f
clinical history of, 1125–1131
disadvantages of, 1121b
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Epidural techniques (Continued)
hematoma formation in, 1132–1133
local anesthetics' side effects, 1131
opioids' side effects, 1131–1132
outcomes for, 1128t
reports on, 1127t
spirometry results for, 1129t
VAS scores for, 1129f, 1129t

Epinephrine
administration errors with, 1149–1150
for postoperative contractility, 1035
ventricular dysfunction therapy with, 997

Epoprostenol
characterization of, 768–769
infusion therapy with, 781
for right heart failure, 1039

Errors in anesthesiology
affecting arteries

cannulation, 1145–1146
catheter induced, 1143, 1145
intrathoracic types of, 1145

closed claims project database, 1141–1142, 1153
CVP catheter-based

arterial injury-inducted by, 1143
complications of, 1141–1142
database for, 1141–1142
placement errors in, 1141
reduction of, 1141b
tamponade-induced by, 1142
vascular injury -induced by, 1143

distraction and, 1152–1153
drug administration-based

cases of, 1149–1150
claims related to, 1146f, 1149f
morbidity/mortality from, 1148
physician order-induced, 1148–1149

fatigue and, 1152–1153
intraoperative awareness from, 1149–1150, 1151
perfusionist-based

overview of, 1150
prevention of, bar codes for, 1150–1151

pressure waveform measurement-based, 1143
prevention of

bar codes for, 1150–1151
TEE for, 1153

surgery types and, 1153t
transfusion-based, 1151
ultrasound based, 1143–1144

Erythrocytic blood, 617
Erythrocytosis, 617
Erythropoietin (EPO) system, 217
Esmolol

for arrhythmia, 280–281
characterization of, 245
for aorta dissection, 660–661
for revascularization-induced ischemia, 547–548

Esophageal pacing, 797–798
Ethyl pyruvate, 188
Etomidate

cardiovascular effects of, 213
characterization of, 213–214
clinical effects of, 537–538
for end-stage heart patients, 830
use of, 214

European System for Cardiac Operative Risk  
Evaluation (EuroScore)

application of, 9t
benefits of, 8
construction of, 8
popularity of, 8

Evoked potentials
auditory, 475–477
motor, 478–479
somatosensory, 477–478

Exercise
alpha-adrenergic constriction during, 140
tolerance, CAD and, 151–152

Extracorporeal circulation (ECC)
blood gas exchange devices

arterial line filters, 901–902
cannulae and, 902–904
cardiotomy reservoirs in, 897
development of, 894–895
heat exchangers, 899–901
membrane oxygenators in, 896
miniaturized CPB, 897–899
nonporous membrane surface in, 897
tubing and, 902–904
venous reservoirs in, 897

blood pumps for
categorization of, 889
centrifugal, 891–894
positive displacement of, 889–891

cardioplegia delivery systems for
antegrade aortic root, 906
coil-types of, 904f
development of, 904–905
disposable circuits, 905
myocardium protection and, 905
nondisposable pumping mechanisms of, 906
retrograde coronary sinus, 906

Extracorporeal circulation (ECC) (Continued)
coated circuits in, 915
computers in, 908–909
controversies of, 907–908
device components for, 839f
device development for, 888–889
extracorporeal methods

circulatory arrest, 922–924
communication in, 924–925
left-heart bypass, 921
perfusion simulation, 925–926
retrograde cerebral perfusion, 923, 924f
selective cerebral perfusion, 923–924, 924f
teamwork in, 924–925

goal of, 838
perfusion practices and

for minimally invasive surgery, 917
monitoring of, 917–920
nonpulsatile flow in, 921
pulsatile flow in, 921

preoperative red blood cell conversion and
allogeneic risk reduction in, 909
autologous priming techniques in, 910–911
autotransfusion in, 911
cardiotomy suction in, 911
cell salvaging in, 911–913
centrifugation in, 911–913
mediastinal blood collection and, 913
modified ultrafiltration in, 914–915
perioperative salvage in, 911
plasmapheresis, 910
preoperative donation, 910
process of, 909–910
ultrafiltration in, 913–914
variation in, 909
washing techniques in, 911–913

priming solutions for, 907–908
safety mechanisms for, 894

Extracorporeal membrane oxygenation (ECMO)
for heart transplants, 742
for lung transplants, 748
MCS role of, 740

F
Factor V

characterization of, 939–940
prevalence of, 942
proteins of, 939

Factor VIIa, 984
Factor XII

activation of, 951f
characterization of, 950–951
function of, 951f

Factor XIII, 959
Familial hypercholesterolemia (FH), 145
Fast-flush tests, 418f
Fast-track cardiac surgery care (FTCA)

anesthetic techniques for, 1010–1011
benefits of, 1011b
CABG associated, 550–553, 552t
drug dosage recommendations for, 1011t
evidence supporting, 1011–1012
extubation times for, 1011f
initial management of

bleeding, 1013–1014
chest radiograph suggestions, 1012t
electrolytes, 1014
glucose, 1014
hemoglobin regulation, 1013
intrathecal techniques for, 1122–1123
laboratory work recommendations, 1012t
overview of, 1012
pain control, 1014–1015
risk reduction medications for, 1015

mortality of, 1011f
recovery models for, 1012

Fatigue
age factors in, 1152
effects of, 1152–1153
limitation of, 1153t
subjective awareness of, 1152

Femoral artery, 419–420
Femoral vein, 429
Fenoldopam, 855
Fentanyl

clinical effects of, 538
CPB and, 227f
dosage of, 1114
IPC and, 220
low-dose intravenous infusion of, 1114
mode of action by, 1114
popularity of, 1114
potency of, 1114

Fetus
heart rate, maternal CPB and, 874
mortality, maternal CPB and, 874t

Fibrin
degradation, end products of, 506
dissolution of, 506
formation of, 505–506
levels of, 506

Fibrinogen, 942
Fibrinolysis

agents of, 774
characterization of, 958
clinical applications of, 959
CPB induction of, 866
exogenous activators of, 959
extrinsic, 958–959
intrinsic, 959
pathway of, 959f

Fibromas, 679
Fick method, 438–439
Filmless imaging, 35
Filters

arterial line, 901–902
interposed, 976
selectivity, 164

5-Lipoxygenase-activating protein (FLAP), 174
FLAP. See 5-Lipoxygenase-activating protein (FLAP)
Flat-panel technology, 35
Flecainide, 279
Fluorescence flow cytometry, 510
Flush systems, 418
Focal atrial tachycardia

catheter-based therapy for, 84
characterization of, 83–84

Fondaparinux, 968
Fontan physiology

complications in, 625
development of, 624–625
management principles for, 627b
pregnancy and, 627
preoperative assessment of, 626–627
surgery for

conversion approach to, 627–628
modern approach to, 625–626
original approach to, 624f

Four-dimensional transesophageal echocardiography, 309–310
Framing, 385
Frank-Starling law

definition of, 1030
hemodynamic monitoring based on, 443–444

Frequency-domain analysis, 471–473
FTCA. See Fast-track cardiac surgery care (FTCA)
Furosemide, 855–856
Fusion beat (PFB), 801

G
Gain

function of, 326
lateral control, 327
time compensation, 327

Ganglioside, 849
Gastrointestinal (GI) tract

CPB complications in
adverse outcomes of, 860t
antiinflammatory therapies and, 862
bypass management and, 861
cause of, 861
emboli reduction and, 861
incidence of, 859–860
off-pump cardiac surgery and, 862
pathophysiology of, 861
pharmacological interventions for, 861–862
protective measures for, 861–862
risk factors for, 860–861
selective decontamination for, 862
significance of, 860

postsurgical complications of, 1054
Gene expression

inhibition of, 175
profiling of, 173

Gene sequencing, 171–172
Gene therapy

antisense, 175
for cardiac arrhythmias, 176
function of, 175
performance of, 175

Gene transfer, 829
Generator, 801
Genetic association studies, 173
Genetic cardiovascular disorders

diagnostic techniques for, 171b
history of, 171
monogenic disorders, 171–172
postoperative outcomes and, 175f

Genetics
ABO blood groups, 934t
CNS injury, 843–844
cold agglutinins, 940
factor V, 939–940
hemophilias, 938
hemorrhage

overview of, 937–938
protein levels and, 938

Kell-Cellano blood groups, 935
Lewis blood groups, 935
MNS blood groups, 935
platelet count and volume, 940
Rh blood groups, 935
vWD, 938–939
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GI. See Gastrointestinal (GI) tract
Glanzmann thrombasthenia, 956–957
Global cerebral hypoperfusion, 842–843
Glucose

levels, management of, 847
management of, in FTCA, 1014

Glucose-6-phosphate dehydrogenase (G-6-PD),  
145–146

Glycoprotein IIb/IIIa inhibitors, 958
Glypromate, 850
Gott shunt, 649
G proteins

adenosine signaling and, 141
beta-adrenergic blockers activation of, 241
beta-receptor effects on, 245f
classes of, 166–167
coagulation function of, 943
communication by, 133–134
functioning, regulation of, 140
muscarinic receptor interactions with, 170–171
signal transduction, 216f

G-protein-coupled receptors (GPCRs)
adenosine signaling and, 141
binding of, 166
function of, 168
number of, 166

Graft harvests
for heart transplantation, 738
for heart-Lung transplantation, 751
for lung transplantation, 743

Graft-versus-host disease (GVHD), 937
Grayscale processing, 328
Gregg effect, 141
GVHD. See Graft-versus-host disease (GVHD)

H
Halothane

coronary vasculature and, 196
pulmonary circulation and, 196

Handheld echocardiography, 310
Healthcare facilities, 809t
Heart. See also specific components

afterload of, 112–114
anatomic image of, 1179f
anatomy of, 48–49, 452–454
anomalies in, 49
blood supply to, 101
cardiac cycle, 105–107
characterization of, 84
complete blockage of, 436
conduction of, 101–102
CPB discontinuation procedure for

afterload and, 994
contractility and, 994
management of, 997t
preload and, 994
rate and, 994
rhythm and, 993–994

diastolic function of, 107–111
electrical activation sequence, 101t
electrical anatomy of, 452–454
endogenous opioids in, 217
enlargement of, 580
Laplace's law, 105
muscle cells in, 140
pericardial forces, 126–127
physiology of, 75
preload of, 111–112
pressure-volume diagrams, 107–111
pump performance of, 111
structure of, 75–76
valves of, 75, 100–101

Heart disease. See Congenital heart disease; Valvular  
heart disease (VHD)

Heart failure. See also End-stage heart failure
ACE inhibitor effects on, 260–262
acute, 257
adjunctive drugs for, 267–268

digoxin, 267–268
diuretics, 267

anticytokines for, 268
assist devices for, 274
at risk for, 258f
beta-adrenergic receptor antagonists for, 264–267
chronic

diuretics for, 267
management of, 271–272
pharmacotherapy for, 257

classification of, 258–259
clinical end-point trails, 269t, 271t
clinical practices for, 274
congestive

drug disposition, pathophysiologic changes in, 278t
labetalol-induced effects on, 247
opioid effects on, 217
symptoms of, 578–579

CPB discontinuation-associated, 1001
diastolic

causes of, 194b
clinical trials for, 271
contraindicated drugs for, 271

Heart failure (Continued)
drugs for, 270–271
mechanisms of, 194b
pharmacologic treatment of, 269–271
risks for, 269
treatment guidelines for, 269–270
treatments for, 275t

drugs for, 1001
endothelin-receptor antagonists for, 268
epoprostenol for, 1039
hydralazine-isosorbide dinitrate for, 267
inotropes for, 272
left atria drug administration and, 273–274
left ventricular diastolic function and, 121t
low-output syndrome in, 272–274
mortality and, 266t
nesiritide for, 272
nitric oxide for, 1039
nonpharmacologic therapy for, 268
normal ejection fraction and, 275t
RAS and, 259–264
renin-angiotensin system in, 259–264
SNS activation and, 264–265
stage-based treatment options, 274f
treatments for, 260f
vasodilators for, 272, 1039
vasopeptidase inhibitors for, 268–269
vasopressin receptor antagonists for, 268
ventilation for, 1040

Heart rates
average, 98
changes in, 111
CPB discontinuation and, 994

Heart-lung transplantation
anesthetic management of, 751
complications in, 751–752
donor selection for, 751
epidemiology of, 750–751
graft harvest for, 751
history of, 750–751
pathophysiology of

postsurgical, 751
presurgical, 751

pediatric considerations, 752
postoperative management of, 751–752
recipient selection for, 751

Heart transplantation
AbioCor for, 828–829
anesthetic management in

induction, 741
intraoperative, 741
postoperative considerations for, 741
preoperative considerations for, 740–741

donor limitations in, 829
donor selection for, 738
graft harvest and, 738
history of, 737
multigenic genetic screening for, 152
pathophysiology

postsurgical, 740
presurgical, 740

pediatric considerations, 741–742
postoperative management of, 1041–1042
prevalence of, 737
recipient selection for, 737–738
surgical procedures for

heterotopic, 739
orthotopic, 738–739
special situations in, 739

survival rate of, 737
Heat exchangers, 899–901
Helex septal occluder, 68
Hematomas

catheter insertion induced, 423
formation of

epidural analgesia-induced, 1132–1133
intrathecal analgesia-induced, 1132–1133

intramural, TEE imaging of, 410
Hemodilution

anesthetic drug effects on, 224–225
EEG detection of, 474

Hemodynamic instability
CPB induction of, 1071–1072
CPB-induced CNS injury and, 1077
imaging of, 391f
management of

aortic stenosis, 390
aortic regurgitation, 589
revascularization associated, 545
TEE as rescue device for, 390

Hemodynamic monitoring
analysis of, 443
cardiac for cardiac tamponade patients, 710
characterization of, 416
end-systolic elastance in, 444
Frank-Starling relations in, 443–444
OPCAB patients, 556f
pressure-volume loops in, 444
for PTE, 763–764
pulse oximetry in, 444–445
vascular resistance in, 443

Hemoglobin regulation, 1013
Hemophilia, 723–724
Hemoptysis, 704t
Hemorrhages. See also Bleeding

catheter insertion induced, 423
endobronchial, PAC-induced, 436
genetic causes of, 937–938
pulmonary

diagnosis of, 704–705
hemostasis in, 704
mechanism of, 706f
multidisciplinary approach to, 705
pathogenesis of, 704
prevalence of, 704

Hemostasis
characterization of, 496
components of, 949b
fibrinolysis in, 866, 958–959
overview of, 949–950
platelet function in

activation of, 956
adhesion in, 955–956
aspirin and, 957
characterization of, 955
disorders of, 956–957
drug-induced abnormalities, 957–958
prostaglandins and, 957

protein coagulation activation in
calcium's role in, 952
components, minimal needs for, 954t
contact activation of, 950–951
deficiency states in, 953–955
inherited disorders of, 954t
intrinsic system of, 951
modulators of, 952–953
pathways of, 950–952

vascular endothelium in, 958
HemoSTATUS, 514–515
Heparin, 959
Heparin coated circuits

benefits of, 916
bonding difficulties in, 916
CPB and, 186
development difficulties of, 916
effectiveness of, 917
function of, 915
heparin therapy and, 916
modification of, 915, 916
prevalence of, 915
quaternary ammonium salts in, 916–917
studies of, 915–916
thrombin in, 916

Heparin cofactor II
coagulation function of, 953
deficiency of, 955

Heparin neutralization, 503
Heparin rebound

incidence of, 963
monitoring of, 503
prevention of, 963
theories of, 963
timing of, 963
treatment of, 963

Heparin resistance
ACT and, 499
dosage and, 961
monitoring of, 499
prevalence of, 726
treatment of, 727, 962–963

Heparin-induced thrombocytopenia (HIT)
diagnosis of, 965–966
incidence of, 965–966
mechanisms of, 964–965
prevention of, 966
thrombosis and, 966
treatment of, 966

Heparin-protamine complexes (HPC)
mechanism of, 974, 975f
removal of, 976

Heparinase
characterization of, 977
dosage for, 504

Heparinoids, 968
Heparins

actions of, 961
alternatives to, 968f
biologic role, 959
bovine preparations of, 961
chain length and, 967f
characterization of, 959
chemical structure, 959
coagulation factors and, 961t
decay of, 960f
effects of, 964
interactions of, 961
low-molecular-weight, 967–968
monitoring of

ACT for, 497–498
cascade POC system, 498–499
HITT for, 502
resistance, 499
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Heparins (Continued)
sensitivity, 500–501
thrombocytopenia-induced by, 499

neutralization of, 977
octasaccharide fragment of, 960f
pharmacodynamics of, 960–961
pharmacokinetics of, 960–961
porcine preparations of, 961
potency of, 959–960
problems with, 962b
source of, 959
thrombocytopenia induction by

CTEPH and, 768–769
diagnosis of, 965–966
incidence of, 965–966
mechanisms of, 964–965
prevention of, 966
thrombosis and, 966
treatment of, 966

unfractionated, 967t
Heterotopic heart transplantation, 739
Hexadimethrine, 976
High-dose thrombin time (HITT). See also Thrombocytopenia

characterization of, 502
diagnosis of, 965–966
incidence of, 965
research on, 965

High-pulse-repetition frequency, 320
Hirudin, 507
Histogram equalization, 328
HIT. See Heparin-induced thrombocytopenia (HIT)
HIV/AIDS

chemoprophylaxis after, 721t
risk in CPB, 719–721

Homocysteinemia, 955
Hormone-receptor binding, 134f
Hybrid cardiovascular procedures

business plan components for, 808t
for cardiac electrophysiology, 808
for congenital cardiac surgery, 808
for coronary revascularization, 807–808
for thoracic aortic surgery, 808
for transcatheter valve replacement, 808

Hybrid operating rooms
construction of

catherization suites, 809–810
guidelines for, 809b
timeline for, 809t

design timeline for, 809t
equipment in

anesthetic, 812
audiovisual, 812
communication, 812
imaging, 811–812
lights, 810–811
monitors, 810–811
operating, 812

ergonomics of, 810
infection control in, 810–811
infrastructure of, 810
location of, 810
opening, 812
personnel in, 810
planning for, 809
planning group for, 810t
rationale for, 807
training in, 812

Hydralazine-isosorbide dinitrate
characterization of, 267
clinical evidence for, 267
clinical use of, 267

Hypercapnia, 1050
Hypercholesterolemia, 145
Hyperglycemia, 847, 1077
Hyperkalemia

characterization of, 286
potassium for, 286

Hypernatremia
assessment of, 1100f
characterization of, 1099
treatment of, 1100f

Hypertension. See also Chronic thromboembolic pulmonary hyper-
tension (CTEPH); Idiopathic pulmonary arterial hypertension 
(IPAH)

mortality and, 250–251
postoperative management of, 1032–1033
postoperative, therapy for, 1032–1033
pulmonary

characterization of, 776
inhaled nitric oxide for, 783
physical examination for, 778t
prostaglandin therapy for, 781–782
sildenafil for, 783
tadalafil for, 783

systemic
arterial wall in, 145
beta-adrenergic blockers effects on, 241–243
definitions of, 251
definitions related to, 179t
delayed onset, 251
emergency, drugs for, 256t

Hypertension (Continued)
management for, 255
mechanisms of, 251
medical treatments for, 251–254
mortality from, 250–251
novel approaches to, 255
perioperative implications of, 256–257

Hyperthermia
CABG and, 1074–1075
CPB and, 1076

Hypertrophic cardiomyopathy (HCM)
abnormalities in, 686, 687
alternative treatments for, 691–692
anesthetic considerations for, 588–589, 692
causes of, 687
characterization of, 171–172
clinical features of, 585
clinical presentation of, 687
clinical subgroups of, 690–691
drug resistance and, 585
dual-chamber passing for, 584–585
EP testing for, 690
evaluation of

angiography for, 687–688
TEE for, 687
two-dimensional TTE for, 687

natural history of, 585
obstructions in, 688–689
pathophysiology of, 585–588
prevalence of, 584
surgery for

benefits of, 691
contraindications for, 691
purpose of, 691

symptoms of, 687
treatment for, 689–690

Hyperviscosity
in adults with CHD, 617
symptoms of, 617b

Hypnotic effect, 474
Hypocarbia, 475
Hypokalemia

causes of, 1102f
characterization of, 1099
treatment of, 1102t

Hyponatremia
assessment of, 1099
characterization of, 1099
treatment of, 1099

Hypotension
bypass onset-associated, 866
esmolol-induced, 245
morphine and, 218–219

Hypothermia
accidental

overview of, 875–876
patient selection in, 875–876
treatment for, 875–876

cardioplegia and, 859
circulatory arrest with, 645
CPB-induced

anesthetic drugs for, 225
discontinuation-associated, 992
hemostasis effects of, 978
prevention of, 846

gravid CPB patients, 875
postoperative management of, 1027
pregnancy and, 718–719, 875
pregnant patients and, 718–719
spinal cord, 655

Hypothermic circulatory arrest. See Deep hypothermic circulatory 
arrest

Hypoxemia
in adults with CHD, 617
detection of, 489

Hypoxia, 489–490
Hysteresis, 801

I
IABP. See Intraaortic balloon pump counterpulsation (IABP)
Ibutilide, 282–283
ICD mode, 801
ICDs. See Implantable cardioverter-defibrillators (ICDs)
ICU. See Intensive care units (ICUs)
Idiopathic pulmonary arterial hypertension (IPAH)

characterization of, 776
clinical manifestation of, 776–778
diagnosis of, 779f
epidemiology of, 776
pathogenesis of, 776
right ventricle failure in, 778–781

assessment of, 780b
causes of, 780b
diagnosis of, 780
pressure overload in, 781
survival from, 780
volume overload in, 781

treatments for, 781–786
Image creation, 329–330
Imaging. See Cardiovascular imaging
Impact cone, 515–516

Impella pump system, 821–822, 821f
Implantable cardioverter-defibrillators (ICDs)

advances in, 799
anesthetic considerations for, 93
CDM and, 799–800
characterization of, 92–93
development of, 799
evaluation of, 792b
for end-stage heart failure

characterization of, 818
guidelines for, 818
indications for, 818
mechanical circulatory support and, 818
studies on, 818
ventricle assist devices for, 818

indications for, 799–800
insertion guidelines for, 93t
intraoperative management of, 800
introduction of, 790–791
magnets in, 800, 804t
postanesthesia evaluation of, 800
preanesthetic evaluation of, 800
programming features of, 799
reprogramming of, 800
special procedures for, 794b
tachycardia of, 799

Inappropriate sinus tachycardia, 84
Infarctions

myocardial
blood substitute-associated, 944f
in CAD patients, 524–530

pulmonary, 436
size of

preconditioning effects on, 198f
TAN-67 effects on, 223f

watershed, 1070–1071
Infections

arterial catheter and, 420
catheter insertion induced, 423, 436
definition of, 179t
in ICUs

chest wall, 1091t
Clostridium difficile, 1092
incidence of, 1089
IVD-induced, 1089–1091
latent sources of, 1089b
sepsis, 1091–1095
sinusitis, 1095
SIRS, 1091
sternal wound, 1091
transfusion-related, 1095–1096
urinary tract, 1092

operating room, control of, 810–811
SIRS and, 179f

Infective endocarditis, 27
Inflammation. See Systemic inflammation
Inflow cannula, 810
Infusion pumps, 1150
Innervation, 139–140
Inotropes, 272
Inotropic drug support, 996t
Insulin-like growth factors, 856
Intensive care units (ICUs)

acute renal failure in
characterization of, 1096–1097
criteria for, 1096t
incidence of, 1096
prevention of, 1097
treatment of, 1097

cardiovascular postoperative management in
circulation assessment in, 1027
echocardiography in, 1027
oxygen transport, 1025–1027
temperature, 1027

complication management in
for atrial fibrillation, 1017
for delirium, 1017
for left ventricular dysfunction, 1017–1018
for renal insufficiency, 1018
for right ventricular dysfunction, 1018
for stroke prevention, 1016–1017

echocardiography in, 1052–1053
patent foramen ovale, 1053
pericardial effusion, 1053
pleural effusion in, 1052–1053
septic shock, 1053

infections in
chest wall, 1091t
Clostridium difficile, 1092
incidence of, 1089
IVD-induced, 1089–1091
latent sources of, 1089b
PVE, 1091
sepsis, 1091–1095
sinusitis, 1095
SIRS, 1091
sternal wound, 1091
transfusion-related, 1095–1096
urinary tract, 1092

morbidity reduction in, 1051b
nutrition in
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Intensive care units (ICUs) (Continued)
carbohydrates for, 1099
electrolyte abnormalities and, 1099
electrolytes for, 1099
formulas for, 1098–1099
guidelines for, 1097
lipids for, 1099
oral supplements for, 1099t
patient assessments in, 1097–1098
proteins for, 1099
stress response and, 1097
vitamins for, 1099

sedation in
agents for, 1087–1089
postoperative, 548–549
scoring systems for, 1086–1087

TEE use in, 306–307
Interleukins, 180–181
INTERMACS profile, 828
Internodal conduction, 75
Interposed filters, 976
Interventional cardiology

controversy in, 58–61
cutting balloon for, 62–63
diagnostic devices for, 61–62
distal protection devices for, 65–66
intracoronary laser for, 63
intracoronary stents for, 63–65
intravascular brachytherapy, 65
thrombosuction/thrombolysis, 65

Intima, 133
Intraaortic balloon pump counterpulsation (IABP)

arterial wave forms in, 1003f, 1004f
characterization of, 1002
complications from, 1003, 1005t
contraindications for, 1002
diagram of, 1002f
indications for, 1002
insertion techniques for, 1002–1003
MCS role of, 739
prognostic implications for, 1048
for right heart failure, 1039–1040
timing in, 1003
weaning of, 1003

Intracardiac air
evacuation of, 1005b
removal of, 869

Intracoronary lasers, 63
Intracoronary stents, 63–65
Intraoperative awareness

avoidance of, 532b
CABG-induced, 544
CPB separation-induced, 867
drug administration induced, 1149–1150
prevention of, 1151

Intrathecal techniques
advantages of, 1121b
application of, 1121–1122
clinical history of, 1122–1125
disadvantages of, 1121b
hematoma formation in, 1132–1133
local anesthetics' side effects, 1131
morphine in, 1014
opioids' side effects, 1131–1132
outcomes analysis of, 1124t
reports on, 1124t
supplemental requirements of, 1123f, 1123t

Intravascular brachytherapy, 65
Intravascular catheters, 417
Intravascular devices (IVDs)

bloodstream infections from
management of, 1090
short-term use related, 1089
treatment of, 1091

catheters, 417
guidelines for, 1090b
management, algorithm for, 1090f

Intravascular pressures, 360–361
Intravascular ultrasonography (IVUS), 146, 148f
Intravascular ultrasound

characterization of, 306
development of, 302
forms of, 302–303

Intravenous anesthetic agents, 226
Intravenous induction agents

acute cardiac effects of, 201–203
integrated cardiovascular response in, 203
molecular mechanisms of, 201–202
myocardial contractility in, 201
oxidative stress in, 203

characterization of, 201
dexmedetomidine

cardiovascular effects of, 215
characterization of, 215
use of, 215

etomidate
cardiovascular effects of, 213
characterization of, 213–214
use of, 214

general effects of, 212b
hemodynamic waves in, 195f

Intravenous induction agents (Continued)
ketamine

cardiovascular effects of, 214
characterization of, 214
use of, 214

midazolam
cardiovascular effects of, 212–213
characterization of, 210–212
concentration variability of, 227f
use of, 213

propofol
cardiovascular effects of, 214–215
characterization of, 214
CPB concentrations of, 228f
endothelial modulation by, 206
forearm vascular resistance and, 211f
NE-induced effects of, 210f

thiopental
cardiovascular effects of, 209–210
characterization of, 208–209
CPB concentrations of, 228f
use of, 210

vasculature response to
anesthetic effects on, 203–208
cell proliferation and, 207–208
concentration factors in, 204f, 205f
endothelial function, 206
PNS and, 206–207
pulmonary, 205
remodeling and, 207–208
SNS and, 206–207
systemic, 203–205

Intravenous nitroglycerin, 239
Intraventricular conduction system

cardiac structures relation to, 76f
characterization of, 75–76

Ion channels. See also Calcium channels; Potassium channels; 
Sodium channels

anesthetic actions of, 169–170
autonomic regulation of, 161f
clinical correlates, 168
clinical correlates of, 165
function of, 158
inactivation of, 164–165
molecular biology of, 162–165
molecular mechanisms, 164–165
molecular structure, diagrams of, 163f
pores of, 164
properties of, 158b
receptors for, 165
resting membrane potential role of, 159
signaling pathways, 167–168

IPAH. See Idiopathic pulmonary arterial hypertension (IPAH)
Ischemias

cerebral
cascades, 848f
EEG detection by, 477

distal, 423
myocardial

beta-adrenergic blockers effects on, 137b, 241–243
biomarkers release following, 4f
in CAD patients, 524–530
ECG detection of, 460–462
effects of, 197f
injury patterns in, 461f
intraoperative monitoring of, 462–464
monitoring of, 4
mortality estimates for, 256t
pathogenesis of, 150
reperfusion of, 3
revascularization surgery-associated, 544–548
reversible, 196–199
ST elevation in, 460f
vasodilation and, 142

spinal cord, 653t, 655
Ischemic mitral regurgitation (IMR), 594–595
Ischemic preconditioning (IPC)

characterization of, 197–199
opioid-associated

early, importance of, 219
exogenous opioid agonists and, 220–221
signaling pathways and, 221–222

Isoflurane, 830
Isoproterenol

for postoperative contractility, 1034
ventricular dysfunction therapy with, 999

Isovolumic indices, 117–118
Isovolumic relaxation time (IVRT), 123
IVRT. See Isovolumic relaxation time (IVRT)
IVUS. See Intravascular ultrasonography (IVUS)

J
Jugular bulb oximetry, 484–485
Jugular vein

external, 428
internal, 425–428

K
Kell-Cellano blood group, 935
Ketamine

cardiovascular effects of, 214

Ketamine (Continued)
characterization of, 214
clinical effects of, 537
for end-stage heart patients, 830
neuroprotective properties of, 850
use of, 214

Kidneys. See also Acute renal failure (ARF)
adult CHD and, 617
CPB-induced injury to

avoidance of, 851
biomarkers for, 854
bypass management and, 854–855
causes of, 853b
clinical course of, 851–852
degrees of, 851
perioperative renoprotective strategies for, 856
perioperative risks and, 12
pharmacological interventions, 855–856
prevention strategies for, 853–856
protection strategies for, 853–856
risk factors for, 851–852

dysfunction, postsurgical mortality and, 12
insufficiency, in cardiac surgery, 559
postoperative complications of, 1018, 1053
renal artery stenosis in

characterization of, 28–29
evaluation of, 29

TAAA repair-associated protection of, 656

L
Labetalol, 246
LAN transmission, 330–331
Laplace's law, 105
Large sector gate imaging, 322
Lasers, intracoronary, 63
Lateral-gain control, 327
LDLs. See Low-density lipoproteins (LDLs)
Leading-edge enhancement, 327
Left anterior descending (LAD)

anatomy of, 524
grafting of, 558–559
human clinical data on, 554–555
image of, 554f
OPCAB effects on, 553f
treatment devices for, 818

Left atria
age-related changes in, 128
blood flow velocity of, 123–125
cardiac cycle and, 106–107
conduction of, 101–102
conduit function in, 127–128
coupling of, 119
drug administration via, 273–274
efficiency of, 120
energetics of, 120
IVRT of, 123
Laplace's law and, 105
myocardium shorting in, 127
pressures on, 117f
valves of, 100–101

Left atrial pressure (LAP)
indices for, 363–364
monitoring of, 442–443

Left bundle branch block, 453
Left-heart bypass (LHB)

CPB versus, 922
definition of, 921
description of, 921–922
patient management during, 922
volume replacement during, 922

Left heart catheterization
anticoagulation in, 38–39
atrial appendage occlusion, 68
contrast agents in, 39–40
sites for, 38–39

L-transposition, 622
Left ventricles

afterload of, 111–112
cardiac cycle and, 105–106
contractility indices of, 115
contractility states, 117–119
coupling of, 119
diastolic function in

blood flow velocity of, 123–125
cardiac cycle and, 106–107
determents of, 101
dysfunction of, 102
evaluation of, 19
filling of, 115t, 122
heart failure and, 101–102
invasive evaluation of, 121–123
IVRT in, 123
noninvasive evaluation of, 123–126
passive mechanical behavior in, 122–123
pulmonary venous blood flow velocity of, 123–125
stages of, 124t
stroke work and, 116–117
study of, 120–121
tissue Doppler imaging of, 125–126

efficiency of, 120
energetics of, 120
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Left ventricles (Continued)
Laplace's law and, 105
location of, 100
normal vs. hypertrophy in, 579f
opacification of, 324
postoperative dysfunction of, 1017–1018
preload of, 111–112
pressure effects on, 115f
pressure-volume of, 107–111
remodeling of

mechanical disadvantages of, 259b
pathobiology of, 259b

restoration of
in end-stage heart disease, 817
pathobiology of, 259b

systolic function of
evaluation of, 17–18
pressure volume in, 115–116

TEE examination of, 334–344
VADs and, 831–832

Lesions, stenotic, 43–45
Leukoagglutinins, 1033
Leukocyte depletion, 187
Levosimendan

characterization of, 1001
dosage of, 1037
low-output syndrome with, 272–274
use of, 1001

Lewis blood group, 935
Lexiphant, 850
Lidocaine

characterization of, 277–278
for cerebral protection, 1081
neuroprotective properties of, 849–850

Lietz-Miller risk score, 827–828
Ligands, 165
Limited left thoracotomy, 558–559
Linkage analysis, 172–173
Lipids, 1099
Lipomas, 678
Lipopolysaccharide (LPS)

characterization of, 179
endotoxemia tolerance and, 183–184
function of, 182
Salmonella cell wall-associated, 183f
time course of, 183f

Living-related lung transplantation
characterization of, 750
pediatric considerations for, 750

Local anesthetics
epidural, side effects of, 1131
infiltration of

complications of, 1111–1112
continuous, benefits of, 1111
drugs for, 1110–1111
parasternal, 1112
systems used in, 1111

side effects of, 1131
Long QT syndromes

characterization of, 165
genotype-phenotype relations in, 173f
triggers for, 172

Loop diuretics, 855–856
Lorazepam, 1087
Low-density lipoproteins (LDLs)

lesion formation role of, 118
oxidation of, 126

Low-molecular-weight heparins, 967–968
Low-output syndrome

causes of, 272
characterization of, 272
drug therapy for, 273
risk factors for, 272–273

Lung recruitment, 1050
Lung transplantation

anesthetic management for
induction procedures in, 746–747
intraoperative considerations in, 747–749
postoperative complications in, 749–750
preoperative considerations in, 746
principles of, 747b

complications from, 749–750
donor selection for, 743
epidemiology of, 742–743
graft harvest for, 743
history of, 742–743
indications for, 748b
living-related, 750
pathophysiology of

postsurgical, 745–746
presurgical, 744–745

postoperative management for, 749–750
prevalence of, 743
recipient selection for, 743
surgical procedures for

double lung, 744
single lung, 743–744

Lungs. See also pulmonary entries; Respiration
acute injury to

diagnosis of, 1051
lung recruitment for, 1050

Lungs (Continued)
postoperative therapy for, 1050
transfusion-related, 1033

adult CHD and, 616–617
circulation in, 196
CPB discontinuation procedure for, 993
CPB-induced injury

causes of, 863
incidence of, 862–863
pathophysiology of, 863
protection strategies, 863
risk factors for, 863
significance of, 862–863

diseases of, 26
infarction, 436
intravenous induction agents and, 205
isolation techniques, 652
vasoregulation of, 205
veins of, 371–372

M
Magnesium, 286
Managed ventricular pacing, 801
Mannitol, 856
Maquet Minimal ExtraCorporeal Circulation, 899f
Massive air embolism, 895b
Massive arterial gas embolus, 872–873
Massive pulmonary embolism

characterization of, 772–773
safety measures for, 895b
treatments for, 773–774

Maze procedure
evolution of, 88
mechanisms of, 88
schematic representation of, 88f
surgical incision depiction of, 88f, 89f

Mean arterial pressure (MAP), 416
Mechanical circulatory support (MCS)

as bridge-to-next-decision, 820
characterization of, 818
modern use of, 818–819
short-term use of, 819

Mediastinal blood, 913
Melody transcatheter pulmonary valve, 67
Membrane oxygenators

characteristics of, 895b
definition of, 896
design of, 896
gas transfer in, 896
surface area for, 896

Membrane potential, 159
Methylene blue

characterization of, 976–977
for vasoplegic syndrome, 1000–1001

Metoprolol
characterization of, 245
for aorta dissection, 660–661

Mexiletine, 278
Microarrays, 171–172
Microvascular perfusion, 325
Midazolam

cardiovascular effects of, 212–213
characterization of, 210–212
clinical effects of, 538
concentration variability of, 227f
long-term complications from, 1087
use of, 213

Milrinone
characterization of, 1036
CPB weaning with

cardiac output and, 999–1000
inotropic action in, 999
short-term administration of, 999

dosage of, 1036–1037
for right heart failure, 1039

Miniaturized cardiopulmonary bypass, 897–899
Mitochondrial permeability transition pore  

(MPTP), 199–200
Mitogen-activated protein kinase (MAPK), 201–203
Mitral leaflet repair, 604–605
Mitral regurgitation

anesthetic considerations for, 598–600
aortic valve disease with, 406–407
assessment of, 595
CABG-associated, 395f
Carpentier classification of, 816t
case study of, 609b
catheterization-associated, 46
characterization of, 369–373
clinical features of, 593
for end-stage heart failure patients, 816–817
innovations in

aortic valve repair, 604
PTMA, 605–606
ventricular anatomy alteration, 606

ischemic, 594–595
management of, 393–394
minimally invasive surgery for, 596–598
myxomatous degeneration in, 394–396
natural history of, 593
pathophysiology of, 593–594

Mitral regurgitation (Continued)
surgical considerations for, 595–596
ventriculography-associated, 48

Mitral stenosis
anesthetic considerations for, 602–603
assessment of, 601–602
clinical features of, 600
natural history of, 600
pathophysiology of, 601
surgical considerations for, 602

Mitral valve prolapse (MVP)
anesthetic considerations for, 700–701
case study of, 701b
categorization of, 698
characterization of, 698
complications in, 699, 700
conditions associated with, 698b
diagnosis of, 698–699
management of, 699
mechanism of, 688
prognosis for, 699
sudden death in

causes of, 699–700
incidence of, 700

symptoms of, 699
Mitral valve quantification (MVQ), 322f
Mitral valve regurgitation

catheterization-associated, 46
characterization of, 369–373
management of, 393f
TEE evaluation of

for air embolism, 393f
for myxomatous degeneration, 394–396

ventriculography-associated, 48
Mitral valves

balloon valvuloplasty of, 67
disease of, 25
prosthetic

selection of, 404f
transvalvular pressure on, 405f

replacement of, 397f
stenosis in, 45
TEE imaging of, 346–347, 368–373

Mixed venous oxygen saturation catheter, 437–438
M-mode imaging

central nervous system, 482
development of, 302–303
flow propagation velocity, 359
prelude to, 299
technology of, 317

MNS blood group, 935
Monoclonal antibodies, 510t
Monocular therapy, 175
Monopolar electrocautery, 794
Monosialoganglioside GM, 849
Morbidity

from drug errors, 1148
from perioperative myocardial injury, 5–10
from sickle cell disease, 730
from transfusions, 937
reduction of, in ICUs, 1051b

Moricizine, 279
Morphine

atria contractility and, 218
characterization of, 1108
hypotension and, 218–219
intrathecal administration of

clinical history of, 1122–1125
for FTCA pain control, 1014
outcomes for, 1124t
reports on, 1124t
side effects of, 1131–1132

IPC and, 220
molecule, modification of, 216
nitric oxide production and, 222f

Mortality
aorta dissection associated, 658t
blood substitute associated, 944f
CABG associated, 526f
CPB induced CNS injury associated, 1062–1063
CRF associated, 721
CVD associated, 1121
drug error associated, 1148
FTCA associated, 1011f
heart failure associated, 266t
hypertension associated, 250–251
myocardial ischemia associated, 256t
TAAA associated, 649t
tetralogy of Fallot associated, 628b
timolol associated, 241f

Motor activity, 457
Motor-evoked potentials

anesthetic effects on, 481b
EEG and, 478–479

Multigenic genetic screenings, 172–174
Multiplate analyzer, 516
Multiple organ dysfunction syndrome (MODS), 179t
Muscarinic acetylcholine receptors

regulation of, 168
signaling pathways and, 167–168

Muscarinic receptors, 170–171
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Muscle cells, 140
Muscle weakness, 1057
Mustard operation, 630f
Mutations

identification of
multigenic disease-associated, 172–174
techniques for, 171–172

vWD, location of, 939f
Myocardial contrast echocardiography, 306
Myocardial nuclear scintigraphy, 16
Myocardial revascularization. See Coronary artery  

bypass graft (CABG); Percutaneous coronary  
interventions (PCIs)

Myocardium
cellular transplantation into, 829
contractility of

characterization of, 115
decrease in, 202f
ejection phase indices of, 118–119
end-systolic pressure-volume in, 115–116
intravenous induction agents and, 201
isovolumic indices of, 117–118
stroke work-end-diastolic volume in, 116–117

CPB-induced injury to
incidence of, 857
pathophysiology of, 857–858
protection for, 858–860
risk factors for, 857

infarctions
blood substitute-associated, 944f
in CAD patients, 524–530
contrast echocardiography for, 325
non-ST-elevation, 60
therapy for, 58–61

injury, terms defining, 815–816
ischemias

anatomic localization of, 462
beta-adrenergic blockers effects on, 137b, 241–243
biomarkers release following, 4f
n CAD patients, 524–530
ECG detection of, 460–462
injury patterns in, 461f
intraoperative monitoring of, 462–464
monitoring of, 5
mortality estimates for, 256t
oxygen supply/demand factors, 236f
pathogenesis of, 150
postoperative care of, 1028
reperfusion of, 3
revascularization surgery-associated, 544–548
reversible, 196–199
ST elevation in, 460f
vasodilation and, 142

metabolism of
adenosine and, 139
blood flow and, 138–139
carbon dioxide and, 138–139
hibernation of, 22–23
oxygen and, 138
scar imaging of, 23
stunning of, 22–23

opioid receptor effects on, 217
oxygen consumption by, 141f, 151f
perfusion of

CMR evaluation of, 22
contrast echocardiography for, 324–326
evaluation of, 19
PET evaluation of, 21–22
SPECT evaluation of, 21–22

perioperative injuries in
assessment of, 3–5
cardiovascular testing and, 13
determination of, 2b
diagnostic variability in, 5
electrocardiography monitoring of, 4
genotyping of, 174
population-based risk in, 10–12

postoperative care for
dysfunction prevention in, 1028
ischemia prevention in, 1028

preconditioning, adenosine and, 169
protection of, 540–544
recovery VADs and, 828
risk assessment models, 5–12
risk indices consistency in, 10
serum biomarkers for, 4–5
sources of, 2–3
volatile agents effects on, 194–195

Myosin-action interaction, 104–111
Myxoma

anesthetic considerations for, 678
characterization of, 676–678

N
N-Acetylcysteine

inflammation prevention by, 188
renal protective properties of, 856

Narrow sector real time imaging, 322
Natriuretic peptides, 856
NCD. See Neurocognitive dysfunction (NCD)

Near-infrared technology, 485
Necrosis, dermal, 423
Nerve blocks

administration of, 1112–1113
advantages of, 1113
reduction of, 1113
use of, 1112

Nesiritide
characterization of, 1001
heart failure management with, 272
renal protective properties of, 856

Neural control, 139–141
Neurocognitive dysfunction (NCD)

characterization of, 1067
comorbidities of, 1067–1068
impact of, 1067
meta-analysis of, 1067
permanent damage from, 1067
preoperative cognitive factors and, 1068
testing for

methodological issues in, 1068–1069
selection of, 1068
studies of, 1068

Neuromuscular blocking agents
clinical effects of, 540
commonly used, 540t
hypothermic influences of, 227–228

Neuromuscular blocking agents (NMBAs), 1088–1089, 1089f
Neuroprotection

emboli reduction, 844
OPCAB for, 847
in thoracic aorta aneurysm repair, 643–645

Neutralase I, 504
Nicardipine, 249–250
Nifedipine, 249
Nimodipine, 849
Nitrates

mechanisms of, 236f
organic, actions of, 237f

Nitric oxide (NO)
function of, 135
myocardial blood flow and, 138
for parasympathetic control, 139
for pulmonary hypertension, 783
pulmonary protective properties of, 864
for right heart failure, 1039
vasodilation by, 958

Nitroglycerin (NTG)
action mechanisms of, 236
adverse effects of, 239–240
angina and, 239t
blood flow effects of, 237b, 238f
delivery systems for, 239
indications for, 236
intravenous, use of

CPB termination, 546b
presurgical, 545–546
research on, 545–547

pharmacology of, 237
physiologic effects of, 236–237

Nitroglycerine, 1000
NMBAs. See Neuromuscular blocking agents (NMBAs)
N-Methyl-d-aspartate (NMDA) receptor, 849
Non-ST-elevation myocardial infarction, 60
Nonexercise stress testing, 13
Nonpulsatile perfusion, 474
Nonsteroidal antiinflammatory drugs (NSAIDs)

advantages of, 1117b
bleeding induction by, 1015
characterization of, 1117–1118
clinical studies of, 1118–1119
complications from, 1120
disadvantages of, 1117b
forms of, 1118

Nonthrombogenic surface, 970
Norepinephrine

for postoperative contractility, 1035
for stress response, 538–539

Normal ejection fraction, 275t
Normothermic value, 868–869
NSAIDS. See Nonsteroidal antiinflammatory drugs (NSAIDs)
Nutrition

in ICU
carbohydrates for, 1099
electrolytes for, 1099
formulas for, 1098–1099
guidelines for, 1097
lipids for, 1099
oral supplements for, 1099t
patient assessments, 1097–1098
proteins for, 1099
stress response and, 1097
vitamins for, 1099

weaning and, 1054

O
Occult congenital abnormalities

atrial septal defects, 397–400
for patent foramen oval, 397–400
persistent left-sided superior vena cava, 396

Off-pump coronary artery bypass  
graft (OPCABG)

anesthetic considerations for, 555–557
CABG versus, 1019–1020
cardiovascular effects of, 553–555
characterization of, 553
CPB induced GI complications and, 862
human clinical data on, 554–555
neuroprotection with, 847
outcomes in, 557–558
PAC for, 535
renal projection with, 847

Opioids. See also specific drugs
cardiac effects of, 217–219
classification of, 215–216
CPB effects of, 225–226
endogenous, 217
epidural administration of, 1131–1132
for pain management

advantages of, 1113b
history of, 1113
pharmacologic effects of, 1113–1114

high-dosage
for CABG, 538
for end-stage heart patients, 830

ischemic preconditioning and, 219–223
receptors, 216–217
ring structures of, 213f
terminology, 215–216

Optical fluorescence, 918–919
Oral supplements, 1098t
Ordered risks, 8f
Orpheus simulator, 926f
Orthotopic heart transplantation, 738–739
Outflow cannula, 810
Oversensing, 801
Oxidative stress, 203
Oxygen

arterial saturation, 870
blood flow and, 138
myocardial consumption of, 141f
supply/demand ratio of, 150–151

Oxygen transport
calculations for, 445
postoperative management, 1025–1027

Oxygen-carrying capacity, 870

P
Pacemakers

anatomy of, 75–76
bioimpedance sensors in, 794b
cells, depolarization of, 162
codes for, 791t
development of, 791
ECG waves in, 464
evaluation of, 792b
failure of, 794
for Fontan patients, 625
indications for, 791–792
intraoperative management of, 794
magnet behavior in, 792
magnet placement in, 802t
manufactures' phone numbers, 803t
physiology of, 75–76
postanesthesia evaluation of, 799
preanesthetic evaluation of, 792–794
repolarization in, 162
reprogramming of, 792–794, 793b
temporary, 794–796
temporary pacing in, 795–796

Pacing. See also Temporary pacing
esophageal, 797–798
managed ventricular, 801
mode of, 801
pulmonary artery catheters, 796
runaway rate, 802
transcutaneous, 797
transthoracic, 798

Pacing wire catheters, 437
Pain management, postoperative

analgesia for
alpha inf 2/inf-adrenergic agonists,  

1120–1121
clinical benefits of, 1108b, 1109–1110
epidural techniques for, 1125–1131
intrathecal techniques for, 1122–1125
local, infiltration of, 1110–1112
multimodal approach to, 1133
nerve blocks, 1108, 1112–1113
NSAIDs, 1117–1120
opiods, 1113–1115
patient satisfaction with, 1115f
regional, techniques for, 1014–1015
techniques for, 1108t, 1110

cardiac surgery and, 1108–1109
importance of, 1133
necessity for, 1108
optimal, achievement of, 1108
options for, 1015t
outcomes, factors affecting, 1133t
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Pancuronium, 540
Papillomas, 678
Paraplegia

blood pressure and, 655f
contributing factors of, 653t
definition of, 653–654
risk factors for, 653t
spinal cord ischemia and, 655
TAAA repair and, 652–656

Parasympathetic control, 139
Parasympathetic nervous system (PNS), 206–207
Paroxysmal atrial fibrillation, 87f
Paroxysmal supraventricular tachycardia (PSVT), 796
Partial left-heart bypass, 650
Passive mechanical behavior, 122–123
Patch clamping, 158
Patches, 239
Patient-controlled analgesia (PCA)

alfentanil for, 1115
benefits of, 1116
limitations of, 1116
mechanism of, 1110
pulmonary function and, 1117f
serum cortisol levels and, 1117f
technology of, 1115–1116

Patent ductus arteriosus (PDA), 628
Patent foramen ovale (PFO)

anesthesia for, 703–704
case studies of

CABG patient and, 704b
CTEPH patient and, 785f
TEE imaging and, 784b

characterization of, 675
closure of

conditions for, 703
incidence of, 703
outcomes for, 703
techniques for, 703

conditions associated with, 702
embryologic development of, 702f
imaging of, 397–400
management of, 703
postoperative-associated, 1053
prevalence of, 702
provocative measures in, 703
PTE associated, 764
risk factors in, 702–703

PCIs. See Percutaneous coronary interventions (PCIs)
Pegorgotein, 850
Penetrating atherosclerotic ulcers, 662
Pentoxifylline, 188
Peptide hormone, 141
Percutaneous closures, 68
Percutaneous coronary interventions (PCIs)

angioplasty for, 61–62
epidemiology of, 522

anticoagulation and, 53–55
coronary artery bypass graft vs., 58–61
distal protection devices for, 65–66
equipment for, 51–52
failure management for, 57
indications for, 51
NCD from, 1067
operating room backup for, 57
outcomes for, 55–57
procedures for, 51–52
restenosis and, 52–53
thrombolytic therapy vs., 58–61

Percutaneous transluminal coronary angioplasty (PTCA)
CABG versus, 1019
high-risk, support devices for, 51–52
PCI, 61–62
rupture formation of, 437

Percutaneous transmyocardial laser revascularization, 68
Percutaneous transvenous mitral annuloplasty, 605–606
Percutaneous valve replacement, 606–609
Percutaneous valvular therapy

aortic balloon, 67
mitral balloon, 67
valve repair/replacement, 67–68

Perfusion
pulsatile, 845
retrograde cerebral, 923
selective cerebral, 923–924, 924f
simulation, 925–926

Perfusion emergencies
aortic dissection, 878t
arterial cannula malposition, 871–872
arterial dissection, 878t
massive arterial gas embolus, 872–873
most common, 871t
reversed cannulation, 873
venous air lock, 873

Perfusion practices
ECC devices and

for minimally invasive surgery, 917
monitoring of, 917–920
nonpulsatile flow in, 921
pulsatile flow in, 921

errors in

Perfusion practices (Continued)
overview of, 1150
prevention of, bar codes for, 1150
prevention of, infusion pumps for, 1150

Perfusion pressure
characterization of, 137–138
nonpusatile, 420
rSoinf2/inf and, 489
spinal cord, 654

Pericardial heart diseases
acute pericarditis, 706–707
constrictive pericarditis, 707–709
tamponade, 710–713

Pericardiectomy, 548–549
Pericardium

anatomy of, 706
characterization of, 126–127
diseases of, 377–378
effusion

postoperative-associated, 1053
TEE imaging of, 390–393

function of, 127
Perioperative echocardiography

cardiac Doppler, 301
certification for, 1175
color-flow doppler, 301
contrast enhancement of, 306
definition of, 1173–1175
early medical use of, 300t
history of, 299–300
indications for, 1173–1175
regional wall motion, 310
training guidelines for, 1176–1178
two-dimensional scanners, 301
ultrasound

developments leading to, 298
early medical use of, 298
intravascular, 302, 306

vascular doppler, 301
Perioperative myocardial injury (PMI)

assessment of, 3–5
cardiovascular testing and, 13
determination of, 2b
diagnostic variability in, 5
electrocardiography monitoring of, 4
genotyping of, 174
population-based risk in, 10–12
risk assessment models for, 5–12
risk indices consistency in, 10
serum biomarkers for, 4–5
sources of, 2–3

Peripheral arterial disease, 29
Peripheral nerve injury, 477
Peripheral venous insufficiency, 30
Permissive hypercapnia, 1050
Persistent left-sided superior vena cava, 396
Pexelizumab, 850
pH

arterial, 870
cerebral blood flow and, 1074
for CPB-induced CNS injury, 1065

pH-Stat management, 845–846
Pharmacologic testing, 19–21
Pheochromocytomas, 679
Phosphodiesterase (PDE) inhibitors

advantages of, 1036b
catecholamines combined with, 1036–1037
hemodynamic effects of, 998t
for postoperative contractility, 1035–1036

Phospholipase C, 134
Piperidien ring, 213f
PLAATO system, 68
Plaque

atheromatous, 408f
rupture of, 147–149

Plasma volume, 617b
Plasmapheresis, 910
Plate(let) analyzer, 515–516
Platelet count, 508–509
Platelet factor 4

characterization of, 976
physiologic role of, 504

Platelet function
activation of, 956
aspirin effects on, 957
bedside test for

POC monitors, 498f
ROTEM, 514
sonoclot, 513–514
thromboelastography, 511–512

characterization of, 955
CPB effects on, 978
disorders of, 956–957
drug-induced abnormalities, 957–958
endothelial inhibition of, 137
mediated force transduction, 510
monitoring of, 507–508
prostaglandins and, 957
protamine effects on, 973
variation in, 940

Platelet-activating factor antagonists, 850
Platelets

aggregation of, 249
antigens of, 510t
COX-2 inhibitor and, 1120

Pleural effusion, 1052–1053
PNS. See Parasympathetic nervous system (PNS)
Polyneuropathy, 1057
Port-access bypass circuits (PACs)

blood returns in, 877
characterization of, 876–877
EAC in, 877
monitoring of, 878
outcome data of, 878

Positive displacement pumps, 889–891
Positive end-expiratory pressure (PEEP), 744, 984
Positron emission tomography (PET), 16
Postaglandin therapy, 781–782
Postbypass circulatory management, 389f
Posterior descending artery (PDA), 523
Posterior tibial arteries, 420
Postoperative management

contractility therapies in
catecholamine-PDE inhibitors combined, 1036–1037
catecholamines, 1034–1035
PDE inhibitors, 1035–1036

coronary artery spasm, 1034
for cardiac tamponade, 1041
for cardiovascular system

circulation assessment in, 1027
echocardiography in, 1028
oxygen transport in, 1025–1027
temperature of, 1027

for myocardium
dysfunction prevention in, 1028
ischemia prevention in, 1028–1029

for pulmonary function
cardiac complications in, 1051–1052
diagnosis in, 1049–1050
echocardiography utility in, 1052–1053
extubation criteria for, 1050
GI complications of, 1054
infectious complications of, 1053–1054
muscle weakness and, 1057
nutritional support and, 1054
objective measures in, 1056
operating room events and, 1047–1049
overview of, 1046–1047
patient categorization for, 1052f
polyneuropathy and, 1057
postoperative events and, 1049
preoperative status and, 1047
renal failure and, 1053
risk factors, 1047
tracheostomy and, 1057–1058
ventilator support modes in, 1054–1055
weaning process in, 1056–1057

for right ventricle failure
diagnosis of, 1038–1039
treatments for, 1039–1040

for vasodilation, 1033–1034
heart transplantation, 1041–1042
therapeutic interventions in

for afterload, 1032
for arrhythmias, 1029–1030
for biventricular dysfunction, 1029
for contractility, 1032
for hypertension, 1032–1033
for preload, 1030–1031

Postoperative outcomes
CABG-associated

balloon angioplasty vs., 1019
case studies of, 1020b, 1021b
medical treatments for, 1018
OPCAB vs., 1019
stenting vs., 1019
surgical treatments for, 1018

CAD-associated, 1018–1020
Postoperative recovery. See Fast-track cardiac  

surgery care (FTCA)
Postventricular atrial blanking period (PVAB), 801
Postventricular atrial refractory period (PVARP), 801
Potassium

arrhythmia treatment with, 286
Potassium channels

arrhythmia treatment with, 281–283
delayed rectifier currents in, 160–162
intravenous drugs and, 204f
mechanism of, 164f
myocardial preconditioning and, 169
resting potential of, 159

Power M-mode Doppler display (PMD), 482
Power spectrum, 454
Prasugrel, 957–958
Pregnancy

adult CHD and, 618
aortic stenosis and, 619
cardiac surgery during, 718–719
CPB and

blood pressure, 875
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Pregnancy (Continued)
bypass connection, 874–875
extracorporeal circulation in, 874t
fetal effects, 718, 719
hemodilution in, 719
hypothermia for, 718–719, 875
monitoring of, 873–874
patient positioning in, 867–871
premedication for, 868
preoperative care for, 867–871
temperature and, 875
venous return and, 718

Eisenmenger syndrome and, 624
Fontan physiology and, 627
great vessel transposition and, 622

Preload reserves
CPB discontinuation and, 994
end-diastolic dimensions in, 363–364
postoperative therapy for, 1034
VHD-associated, 558–559

Premature atrial contractions (PACs)
morphine and, 218

Pressure measurement system, 418
Pressure waveforms

measurements errors in
retrospective analysis of, 1143
studies of, 1143

measurements of, 1144t
setup for, 1143, 1143f
single use device for, 1143f

Pressure-volume diagrams, 107–111
Pressure-volume loops

hemodynamic monitoring based on, 444
mitral stenosis-associated, 601f
VHD-associated, 571

Presynaptic alpha receptors, 140
Primary percutaneous coronary  

intervention, 60
Probe passage technique, 333–334
Procainamide, 276–277
Programmed rate, 801
Propafenone, 279
Prophylaxis, 1016t
Propofol

cardiovascular effects of, 214–215
characterization of, 214
clinical effects of, 538
CPB concentrations of, 228f
endothelial modulation by, 206
forearm vascular resistance and, 211f
long-term complications from, 1087–1088
NE-induced effects of, 210f
neuroprotective properties of, 848

Propranolol
arrhythmias treatment for, 279–280
characterization of, 244–245

Prostacyclin (PGI)
characterization of, 134
production of, 135f
synthesis of, 141

Prosthetic valves
catheterization and, 46
endocarditis in, 1091
preoperative evaluation of, 26
recommendations for, 583t
selection of, 404f
transvalvular pressure on, 405f

Protamine
actions of, 971
administration of, 971
adverse reactions to

anaphylactoid, 973–974
cardiac output, 972–973
left-sided injection, 973
peripheral cardiovascular changes, 972
platelet reactions, 973
potential for, 972
studies on, 974t

alternatives to
designer polycations, 977
heparinase, 977
hexadimethrine, 976
interposed filters, 976
methylene blue, 976–977
platelet factor 4, 976

amino acid sequence of, 970f
clinical use of, 975–976
development of, 970–971
distribution of, 971
dosage of, 971
monitoring of, 503
polypeptide chain of, 970f
preparation of, 971
prior exposure to, 974
pulmonary vasoconstriction induced by

clinical features of, 974
mechanism of, 974
prevention of, 974–975
treatment of, 974–975

source of, 971
uses of, 971

Protein C
activated, pathway of, 940f
coagulation function of, 953
deficiency of, 955

Protein coagulation activation
components, minimal needs for, 954t
inherited disorders of, 955
pathway of

calcium's role in, 952
contact activation of, 950–951
deficiency states in, 953–955
factors in, 950
intrinsic system of, 951
modulators of, 952–953

Protein kinase C (PKC), 201–203
Protein S deficiency, 955
Protein tyrosine kinase receptors, 165–166
Protein-losing enteropathy (PLE), 625, 626
Proteins. See also G proteins

blood factor V, 933
contractile apparatus, 102–103
5-lipoxygenase-activating, 174
ICU patients need for, 1099
in coagulation system

calcium's role in, 952
components, minimal needs for, 954t
contact activation of, 950–951
deficiency states in, 953–955
inherited disorders of, 954t
intrinsic system of, 951
levels of, 937
modulators of, 952–953

pathways of, 950–952
Prothrombin

activation of, 952f
complex concentrates, 943

Proximal obstructions, 420
Pseudofusion beat (PFB), 801
Psychomotor skill lessons, 1162b
Psychosocial factors, 618–619
PTE. See Pulmonary thromboendarterectomy (PTE)
Pulmonary arterial catheter (PAC)

CABG monitoring by, 534–535
clinical efficacy of, 433–435
complications from, 436–437
contraindications for, 435
entrapment of, 436
guidelines for, 435b
indications for, 435
knotting of, 436
misinterpretation of, 437
normal intracardiac pressures in, 432t
parameters in, 433t
postoperative circulation and, 1027–1028
site-specific indications for, 438t
special-purpose

electrode, 437
mixed venous oxygen saturation, 437–438
pacing wire, 437

technical aspects, 431–433
wave forms in, 432f

Pulmonary arterial hypertension (PAH). See also  
Chronic thromboembolic pulmonary  
hypertension (CTEPH)

case study of, 783b
characterization of, 755–756, 776
classification of, 776
development hits for, 777f
diagnostic evaluation of, 757–759
idiopathic (See Idiopathic pulmonary arterial  

hypertension (IPAH))
plexogenic, 776
treatments for, 781–786

Pulmonary artery catheters (PACs)
pacing of, 796
postoperative circulation monitoring by, 1027
purpose of, 763–764

Pulmonary edema, 974
Pulmonary embolectomy, 775–776
Pulmonary embolism

acute, 769
chronic, 755–756
massive, 772–773
recurrence of, 773–774

Pulmonary function
PCA and, 1117f
postoperative management for

cardiac complications in, 1051–1052
diagnosis in, 1049–1050
echocardiography utility in, 1052–1053
extubation criteria for, 1049b
GI complications of, 1054
infectious complications of, 1053–1054
muscle weakness and, 1057
nutritional support and, 1054
objective measures in, 1056
operating room events and, 1047–1049
overview of, 1046–1047
patient categorization for, 1052f
polyneuropathy and, 1057
postoperative events and, 1049

Pulmonary function (Continued)
preoperative status and, 1047
renal failure and, 1053
risk factors, 1047
tracheostomy and, 1057–1058
ventilator support modes in, 1054–1055
weaning process in, 1056–1057

Pulmonary hemorrhage
diagnosis of, 704–705
hemostasis in, 704
mechanism of, 706f
multidisciplinary approach to, 705
pathogenesis of, 704
prevalence of, 704

Pulmonary hypertension
characterization of, 776
inhaled nitric oxide for, 783
physical examination for, 778t
prostaglandin therapy for, 781–782
sildenafil for, 783
tadalafil for, 783

Pulmonary thromboendarterectomy (PTE)
anesthetic management for

hemodynamic considerations for, 763–764
preoperative preparation, 761b
ventricular collapse signs in, 763b

bridges to, 759
bypass separation in, 765–766
case study of, 769
CPB in, 764–765
DHCA in, 764–765
guidelines for, 765
historical development of, 760
history of, 755–756
Jamieson's classification in, 761b
occlusive disease types in, 757
postoperative period of

anticoagulation in, 768
complications of, 766
pulmonary vascular steal in, 767–768
reperfusion pulmonary edema in, 766–767
sickle cell disease complications in, 768
ventilation in, 766–767

rewarming phase in, 765–766
surgical procedures for, 760–763
ventricular collapse signs in, 763b

Pulmonary valve stenosis, 628
Pulmonary vascular resistance, 443
Pulmonary vascular steal, 767–768
Pulmonary vasoconstriction

protamine induction of
clinical features of, 974
mechanism of, 974
prevention of, 974–975
treatment of, 974–975

Pulmonary venous return, 620–621
Pulmonplegia, 744b
Pulsatile perfusion, 845
Pulse oximetry, 444–445
Pulse repetition frequency (PRF), 316–317
Pulsed-wave Doppler, 319–320, 321b
Pulsed-wave spectral display, 481
Pump performance, 111

Q
Quaternary ammonium salts, 916–917
Quest myocardial protection system, 907f
Quinidine, 276
Q waves, 4

R
Radial arteries, 419
Ramsay Sedation Scale, 1087t
Rapamycin, 64
Rate enhancements, 801
Rate modulation, 801
Raynaud syndrome, 420
Receptor classification, 165–166
Red blood cells (RBCs)

ABO groups and, 935
bleeding cessation by, 984
Coombs tests for, 936f
perioperative conversion of

allogeneic risk reduction in, 909
autologous priming techniques in, 910–911
autotransfusion in, 911
cardiotomy suction in, 911
cell salvaging in, 911–913
centrifugation in, 911–913
mediastinal blood collection and, 913
modified ultrafiltration in, 914–915
perioperative salvage in, 911
plasmapheresis in, 910
preoperative donation for, 910
process of, 909–910
ultrafiltration in, 913–914
variation in, 909
washing techniques in, 911–913

platelet adhesion and, 939
transfusion substitutes for, 943–944

Reentry, defined, 77
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Regional oxygen saturation (rSoinf2/inf)
anesthetic adequacy and, 490
asymmetry, development of, 488
autoregulation and, 488–489
baseline of, 487–488
blood volume and, 488
brain temperature and, 489
cerebral perfusion and, 489
COinf2/inf responsiveness of, 488
hypoxemia detection by, 489
hypoxia detection by, 489–490
transfusion trigger role of, 488

Regional wall motion
abnormalities of, 388–389, 400
detection of, 310
monitoring of, 373–375

Regurgitation
aortic

acute, characterization if, 592
case study of, 607b
catheterization-associated, 45
clinical features of, 589
CPB discontinuation and, 1005b
detection of, 403f
natural course of, 402–403
pathophysiology of, 589–591
surgical considerations for, 591–592
TEE evaluation of, 17

carpenter case study, 386
lesions of, 45–46
mitral valve

anesthetic considerations for, 598–600
aortic disease with, 406–407
assessment of, 595
CABG-associated, 395f
case study of, 609b
catheterization-associated, 46
characterization of, 369–373
clinical features of, 593
innovations in, 604, 605–606
ischemic, 594–595
management of, 393–394
minimally invasive surgery for, 596–598
myxomatous degeneration in, 394–396
natural history of, 593
pathophysiology of, 593–594
surgical considerations for, 595–596
ventriculography-associated, 48

tricuspid
anesthetic considerations, 604
clinical features of, 603
natural history of, 603

Remacemide, 849
Remifentanil

characterization of, 1115
clinical effects of, 538
side effects of, 1115
use of, 1115

Remodeling
cardiomyocytes, 829
left ventricles, 259b
vasculature response to, 207–208

Renal artery stenosis
characterization of, 28–29
evaluation of, 29

Renal replacement therapy, 1097
Renin-angiotensin system (RAS), 259–264
Reperfusion

injury
effects of, 197f
magnitude of, 3

response, 766–767
Reperfusion pulmonary edema, 766–767
Replacement therapy

blood substitutes, 943–944
factor VIIa, 942
fibrinogen concentrates, 942
prothrombin complex concentrates, 943

Respiration. See also Acute respiratory distress syndrome (ARDS)
complications of, 1047
insufficiency, risk factors for, 1047
postoperative care for

ARDS-related care, 1049–1050
cardiac complications in, 1051–1052
diagnosis in, 1049–1050
echocardiography utility in, 1052–1053
extubation criteria for, 1049b
GI complications of, 1054
infectious complications of, 1053–1054
muscle weakness and, 1057
nutritional support and, 1054
objective measures in, 1054–1055
operating room events and, 1047–1049
outcome factors for, 1048t
overview of, 1046–1047
patient categorization for, 1052f
polyneuropathy and, 1057
postoperative events and, 1049
preoperative status and, 1047
renal failure and, 1053
risk factors, 1047

Respiration (Continued)
tracheostomy and, 1057–1058
ventilator support modes in, 1054–1055
weaning process in, 1056–1057

Restenosis, 52–53
Restrictive cardiomyopathy (RCM)

anesthetic considerations for, 695–696
characterization of, 692
classification of, 692, 693b
effects of, 693
identification of

cardiac catheterization for, 694
endomyocardial biopsy for, 694
importance of, 693
noninvasive methods for, 693–694

survival rate of, 695
symptoms of, 693
treatment for, 694–695

Resuscitation ratios, 941–942
Retrograde cerebral perfusion (RCP)

characterization of, 645–648
circulatory arrest and, 1064
ECC and, 923, 924f
extracorporeal perfusion circuit for, 648f

Retrograde coronary sinus cardioplegia, 906
Revascularization

for end-stage heart failure patients, 815–816
hybrid procedure for, 807–808
myocardial ischemias in

hemodynamic changes in, 545
intraoperative treatment of, 545–548
minimally invasive surgery, 558–559
prevalence of, 544–545

Reversed cannulation, 873
Rewarming

bleeding cessation by, 982–984
CPB-associated

discontinuation and, 992
neuroprotective properties of, 846
separation procedures, 868

CTEPH-associated, 765–766
PTE-associated, 765–766

Rhabdomyomas, 678
Rhesus blood group

characterization of, 935
compatibility of, 936

Rheumatic heart disease, 718
Right coronary artery (RCA), 523
Right heart

anatomy of, 1037
catheterization of

endomyocardial biopsy for, 42
indications for, 40–41
procedures for, 41
shunt calculations in, 41

characterization of, 1037
failure, postsurgical associated

diagnosis for, 1038–1039
mechanical ventilation and, 1040
treatments for, 1039–1040
ventilatory weaning and, 1040–1041

structure enhancement, 324
Right ventricles

afterload of, 114
cardiac cycle and, 105–106
contractility states, 119
divisions of, 779–780
ejection fraction of, 442
failure, PAH-associated, 778–781

assessment of, 780b
case study of, 784, 785, 785b
causes of, 780b
diagnosis of, 780
pressure overload in, 781
survival from, 780b
volume overload in, 781

function of, 19
location of, 100
postoperative dysfunction of, 1018
stroke work-end-diastolic volume in, 116–117
structure of, 115–119
TEE examination of, 334–344
3-D reconstruction view of, 323
VADs and, 831–832

Risk factors
acute coronary syndrome as, 12
CAD, atherogenic stimuli, 144
common variables for, 11b
consistency among, 10
CPB-associated

CNS injury, 840–841
discontinuation, 996b
GI tract, 860–861
kidney damage, 852–853
lung injury, 863, 1047
myocardial injury, 857

definitions, 9t
diabetes as, 12
for low-output syndrome, 272–273
for paraplegia, 653t
population-based, 10–12

Risk factors (Continued)
renal dysfunction as, 12
special condition values for, 6f
stratification models for, 5–12
for TEVAR, 657
worksheet for, 6f

Rocuronium, 540
Rofecoxib, 957
Roller pumps, 890b
Rotational atherectomy devices, 62
Rotational thrombelastometry (ROTEM), 514
ROTEM. See Rotational thrombelastometry (ROTEM)
Runaway pacing rate, 802

S
Scanners. See Echocardiographic scanners
Scar imaging, 23
Scoliosis, 616
Seattle Heart Failure Model, 828
Sedation

agents for
benzodiazepines, 1087
dexmedetomidine, 1088
NMBAs, 1088–1089
propofol, 1087–1088

postoperative, 548–549
Seldinger technique, 421
Selective cerebral perfusion, 923–924, 924f
Selective digestive decontamination, 189
Selectivity filters, 164
Sepsis

definition of, 179t
diagnostic criteria for, 1092t
hypotension induced by, 179t
ICU induction of, 1091–1095
prevention of, 1093t
SIRS and, 179f

Septic shock
definition of, 179t
postoperative-associated, 1053

Sequestration, 225
Serine protease inhibitors, 187–188
Severe sepsis, 179t
Sevoflurane, 204f, 830
Shunts

aortopulmonary, 619
for right heart catheterization, 41
Gott, 649

Sickle cell disease
anesthetic considerations for, 730
cell salvage techniques in, 731
characterization of, 728
clinical severity of, 729
conditions associated with, 729–730
CTEPH and, 768
diagnosis of, 730
genetic factors in, 728–729
morbidity of, 730
preoperative guidelines for, 731b
surgical considerations for

anesthetic management, 730
HbS, 730, 731
morbidity, 730–731
PAH, 730
transfusions, 730

thromboembolic complications in, 731
Signal processing

ECG, 454
EEG, 468–469

Signaling pathways
adrenergic receptors and, 167
muscarinic receptors and, 167–168

Sildenafil, 783
Single nucleotide polymorphisms (SNPs), 171
Single-lead complex, 455
Single-photon emission computed tomography  

(SPECT), 16
Sinus node

characterization of, 75
reentrant tachycardia in, 84
transmembrane potential from, 77f

Sinusitis, 1095
Sirolimus-eluting stents (SES), 64
Sleep rate, 802
Smooth cells, 145–146
Society of Thoracic Surgeons database, 7
Sodium, 263f
Sodium bicarbonate, 856
Sodium channel blockers

disopyramide, 276
procainamide, 276
quinidine, 276

Sodium channels
mechanism of, 164f
voltage clamp recordings of, 158f

Sodium nitroprusside, 1000
Somatic gene therapy, 176
Somatosensory-evoked potentials

anesthetic effects on, 481b
EEG and, 477–478
TAAA repair-associated, 476f
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Sonoclot test, 513–514
Sorin group synthesis mini-bypass system, 898f
Soronary stenosis, 49–50
Sotalol, 282
Sound waves, 316f
Speckle-tracking imaging (STI)

characterization of, 310
deformation detection by, 376–377
DTI correlation with, 352–355
performance of, guide to, 352
principles of, 351–355

SPECT. See Single-photon emission computed  
tomography (SPECT)

Spinal cord perfusion pressure (SCPP)
neurophysiologic monitoring of, 655
optimization of, 654

Spinal cords
arterial supply to, 653f
hypothermia, 655
ischemia, 653t
lumbar, CSF drainage from, 654
pharmacologic protection of, 655–656

Splanchic perfusion, 184
Spontaneous diastolic, 76
Statins, 188
Stem cell therapy, 176
STEMI, 60
Stenosis

aortic
adult CHD and, 619
anesthetic considerations for, 581–584
assessment of, 401–402
catheterization-associated lesions in, 43–45
clinical features of, 574
hemodynamic management of, 581
intervention timing for, 581
low-gradient/low-output of, 581
natural course of, 401
noncardiac surgery for, 584
pathophysiology of, 577–580
TEE evaluation of, 17

arterial
characterization of, 147–149
evaluation of, 17–18
increasing, effects of, 149
structural prevalence of, 151f

coronary, assessment of, 49–50
critical, 150
dynamic, 151–152
lesions of, 43–45
mitral valve

anesthetic considerations for, 602–603
assessment of, 601–602
catheterization-associated lesions in, 45
clinical features of, 600
Doppler evaluation of, 369
natural history of, 600
pathophysiology of, 601
surgical considerations for, 602

pulmonary valve, 628
renal artery, 28–29
without stenosis case study, 385

Stents
CABG versus, 1019
drug eluting

brachytherapy vs., 65
studies of, 64

endovascular, 651–652
intracoronary, 63–65
postoperative outcomes for, 1019
sirolimus-eluting, 64

Sternal wound infections, 1091
Steroids. See Corticosteroids
Stratification models, 5–12, 7t
Streptokinase, 774
Stress echocardiography, 375–376
Stress testing, 13
Stunning, 198f
Subclavian vein, 428–429
Subspecialty anesthesia training, 1108
Succinylcholine, 1149–1150
Sufentanil

analgesic effects of, 1121f
cardiac surgery with, 224
clinical effects of, 538
for end-stage heart patients, 830
potency of, 1115

Superior vena cava (SVC), 396
Supraventricular arrhythmias, 84–85, 1031t
Supraventricular tachyarrhythmias (SVTs)

characterization of, 80
evaluation of, 84

Surgical ventricular restoration, 685
Sympathetic nervous system (SNS)

heart failure and, 264–265
intravenous induction drug effects on, 206–207

Sympathomimetic amines, 997–999
Synthetic antifibrinolytics

administration of, 980
anticoagulation effects of, 980
blood saving effects of, 980–981

Synthetic antifibrinolytics (Continued)
characterization of, 980
risks of, 981

Systemic arterial pressure, 868–869
Systemic hypertension. See also Blood pressure

beta-adrenergic blockers effects on,  
241–243

definitions of, 251
delayed onset of, 251
emergency, drugs for, 256t
mechanisms of, 251
medical treatments for, 251–254
mortality from, 250–251
novel approaches to, 255
perioperative implications of, 256–257
server, management for, 255

Systemic inflammation
arterial wall, 145
definitions related to, 179t
mediated injury, mechanisms of, 180
overview of, 179f
physiologic mediators of

complement system, 181–182
cytokines, 180, 181
endotoxin, 182
interleukins, 180–181
splanchic perfusion, 184
TNF, 180

potential therapies for
anesthetic agents, 188–189
complement inhibition, 186
E5564, 187
ethyl pyruvate, 188
heparin-coated circuits, 186
leukocyte depletion, 187
N-acetylcysteine, 188
pentoxifylline, 188
selective digestive decontamination, 189
serine protease inhibitors, 187–188
statins, 188
steroids, 185–186
TNF antagonists, 187
ultrafiltration, 186–187
vasoactive agents, 188–189

terminology of, 178–179
Systemic inflammation response syndrome (SIRS)

cardiac surgery-associated, 179–180
characterization of, 178
definition of, 179t
infections and, 179f
sepsis and, 179f

Systemic vascular resistance, 443
Systemic vasoregulation, 203–205
Systolic function

left ventricular, 17–18
paraplegia and, 655f
perfusion pressure of, 137
TEE assessment of, 347–356

Systolic wall thickness, 373–375

T
Tachyarrhythmias, 80
Tachycardia

atrioventricular nodal reentrant, 83
atrioventricular reciprocating, 80–82
focal atrial

catheter-based therapy for, 84
characterization of, 83–84

ICD associated, 799
inappropriate sinus, 84
reentrant sinus node, 84
ventricular

catheter ablation therapy for, 91
endocardial mapping of, 79f

Tadalafil, 783
Takayasu arteritis, 663
TAN-67, 223f
TandemHeart pVAD, 820–822
Tamponade, 1142
TCD. See Transcranial doppler ultrasound (TCD)
TEA. See Thoracic epidural anesthesia (TEA)
Technetium-xenon lung scan, 772
TEE. See Transesophageal echocardiography (TEE)
Temporal processing, 328
Temporary pacing

comparison of, 795t
indications for, 795–796
transvenous, 796

Tenase complex, 505
Testamur status, 1175

clinical competence and, 1181
for TEE, 1175

Tetralogy of Fallot, 628–629
Thallium-201, 23
Themodilution method, 439–440
Thiopental

cardiovascular effects of, 209–210
characterization of, 208–209
clinical effects of, 537
CPB concentrations of, 228f
for end-stage heart patients, 830

Thiopental (Continued)
neuroprotective properties of, 848
use of, 210

Thoracic aorta
classification of, 638t
composition of, 638–639
surgical repair of

anesthetic considerations, 639t, 640–641
distal perfusion techniques in, 650t
by hybrid procedure, 808
postoperative care for, 641
preanesthetic assessment of, 639–640
preoperative medications for, 640

transection of, 668b
Thoracic aortic aneurysms. See also Ascending aortic aneurysms; 

Descending aortic aneurysms
characterization of, 641
diagnostic imaging for, 641–642
incidence of, 641
location of, 641
surgical repair of

considerations in, 642
endovascular stent graft for, 651–652
techniques of, 650f
temporary CPB in, neuroprotection for, 643–645
types of, 642–643

Thoracic endovascular aortic repair (TEVAR)
development of, 651–652
risk factors for, 657

Thoracic epidural analgesia, 1014–1015
Thoracic epidural anesthesia (TEA)

clinical history of, 1125–1131
increased use of, 530–531
spirometry results for, 1129t
VAS scores for, 1129f, 1129t

Thoracoabdominal aortic aneurysms (TAAA)
definition of, 649
preoperative features of, 649t
surgical repair of

anesthetic management for, 652, 657
arterial pressure augmentation in, 654
classification of, 648–649
cross-clamp technique for, 649
distal perfusion techniques in, 650t
endovascular stent graft for, 651–652
extracorporeal perfusion circuit for, 650f
function of, 648
Gott shunt for, 649
lumbar CSF drainage in, 654
neurophysiologic monitoring of, 655
paraplegia after, 652–656
partial left-heart bypass for, 650
postoperative analgesia for, 656–657
renal protection during, 656
techniques of, 650f

Thoratec pVAD, 821f
Three-dimensional echocardiography

cardiac output monitoring with, 441–442
characterization of, 308–309
color Doppler-gated imaging, 323
reconstruction

advances in, 320–321
display of, 322–323
history of, 321
limitations of, 321
right ventricle view of, 323

VADs and, 831–832
Thrombin, 952
Thrombin inhibitors, 506–507
Thrombin time, 504
Thrombocytopenia

heparin induction of
characterization of, 499
diagnosis of, 965–966
incidence of, 965–966
mechanisms of, 964–965
options for, 966
prevention of, 966
risks in, 500
thrombosis and, 966
treatment of, 966

PAC-induced, 436
Thromboelastography (TEG)

development of, 511–512
modifications of, 512–514
testing of, 977

Thrombolysis
agents for

characterization of, 774
contraindications for, 774b

characterization of, 65
PCI vs., 58–61

Thrombosis
catheter insertion induced, 423

Thrombospondin, 958
Thrombosuction, 65
Thromboxane A inf2/inf (TxAinf2/inf), 141
Thrombus, 436
Thromoplastin, 952
Ticlopidine, 957–958
Time-domain analysis, 470–471
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Time-gain compensation, 327
Timolol, 241f
Tissue Doppler

characterization of, 310
left ventricle diastolic function in, 125–126

TNF. See Tumor necrosis factor (TNF)
Tocainide, 278
Torsades de pointes, 275b
Total atrial refractory period (TARP), 802
Tracheostomy, 1057–1058
Transcatheter valve replacement, 808
Transcellular communication, 133–134
Transcranial Doppler ultrasound (TCD)

basis for, 482–484
benefits of, 484
decreasing CNS injury with, 1079–1081
imbalances identified by, 485b
TCD monitoring of, 482
technology of

intervention threshold, 482
power M-mode display, 482
pulsed-wave spectral display, 481

Transcutaneous pacing, 797
Transducers, 418
Transesophageal echocardiography (TEE)

advanced training for, 1175
anatomy and, 334
aorta atheromatosis detection by, 1065–1066
basic training for

characterization of, 1175
cognitive requirements of, 1174b

case studies of
acute thoracic aortic dissection, 665b
bicuspid aortic valve, 670b
CPB discontinuation, 1005b, 1006b
CTEPH related, 766, 783b
PAH related, 783b
patent foramen ovale related, 764, 784b
regurgitant carpenter related, 386
right ventricular dysfunction  

related,  765, 785b
stenosis without stenosis, 385
thoracic aortic atheroma, 664b
thoracic aortic transection, 668b

cautionary note for, 311–312
certification for, 1175, 1177f
comprehensive multiplane examinations with

aortic dissection, 659
aortic valves, 347
congenital procedures, 347
imaging planes in, 334–344, 335t
interventional procedures, 347
mitral valve apparatus, 346–347
probe movement in, 335f
schematic drawings of, 339f
structural analysis by, 334–344
three-dimensional views of, 346–347
tricuspid valves, 347

credentialing in, 1175
definition of, 1173–1175
development of, 302
Doppler, 302–303
error prevention by, 1153
four-dimensional, 309–310
guidelines for, 310–311
handheld, 310
ICU use of, 306–307
indications for, 1174b
intraoperative

basic concepts of, 316
cardiac output of, 361–363
clinical applications of, 347
common applications of, 316b
complications with, 332
contraindications for, 332
contrast of, 323–326
credentialing for, 333
diastolic function of, 356–360
Doppler techniques for, 319–320
epiaortic ultrasonography for, 346
equipment for, 331–332
future of, 378
indications for, 386–387
intravascular pressures of, 360–361
for mitral valve evaluation, 368–373
multiplane probe manipulations of, 334–346
for myocardial ischemia, 373–377
performance of, 387–388
for pericardial disease, 377–378
practice parameters of, 333
principles of, 385–386
probe passage technique for, 333–334
purpose of, 383f
quality assurance in, 333
recommendations for, 387b
safety guidelines for, 332
scanners for, 326
for systolic function, 347–356
three-dimensional reconstruction of, 320–323
training for, 333
VADs and, 831

Transesophageal echocardiography (TEE) (Continued)
for valvular evaluation, 364–373
for ventricular function, 347–360

intraoperative, decision process of
for acute aortic syndromes, 410
for aortic pathology, 409–410
for aortic valve dysfunction, 400–403, 406–407
for ascending aorta, 407–409
for cardiac function, 388–389
for hemodynamic instability management, 390
for interventional choice, 404–406
for intracardiac embolization, 409
for intramural hematoma, 412–413
for myxomatous degeneration, 394–396
for occult congenital abnormalities, 396, 397–400
for pericardial effusion, 390–393
for regional wall motion abnormalities, 388–389
for tamponade, 390–393
recommendations for, 387b

mainstream application of, 305–306
nonsurgical use of, 307
perioperative use of, 535–536
prelude to, 302
recent developments in, 307
simulator training for, 1178–1179
speckle tracking, 310
testamur status of, 1175
three-dimensional, 308–309, 831–832
tissue Doppler, 310
two-dimensional, 303–305

Transesophageal ultrasound, 302–303
Transfixation, 421
Transfusion-related acute lung injury (TRALI), 937, 1033
Transfusions

adverse events, summary of, 945t
after cardiac surgery, 941–942
blood groups in

ABO, 934–935
cross-matching of, 935–936
Kell-Cellano, 935
Lewis, 935
MNS, 935
rhesus, 935

delayed immune-related complications in
guidelines for

formulation of, 933–934
implementation of, 934
rationale for, 933–934
requirements of, 934t

hematocrit values in, 944–946
immune-related complications in

delayed, 937
immediate, 936–937

infections from, 1095–1096
lung injury from, 1033
morbidity outcomes for, 937
nonimmune complications in, 937
replacement therapy in

blood substitutes, 943–944
factor VIIa, 942
fibrinogen concentrates, 942
morality and, 944f
prothrombin complex concentrates, 943
volume, 943

safety for, 1151
Transluminal extraction catheter (TEC), 65
Transmembrane communication, 133–134
Transmembrane potential, 77f
Transmural blood flow, 142–144
Transmyocardial laser revascularization, 68
Transplantations. See Heart transplantation; Heart-Lung transplanta-

tion; Lung transplantation
Transthoracic pacing, 798
Transthoracic three-dimensional echocardiography, 307–308
Traumatic aortic injury, 662
Triangulation technique, 422f
Tricuspid valve

Ebstein's anomaly of, 622–623
preoperative evaluation of, 26
regurgitation of

anesthetic considerations for, 604
clinical features of, 603
natural history of, 603

TEE evaluation of, 347, 373
transposition of, 622

Troponin, 204f
Truncus arteriosus, 630
Tumor necrosis factor (TNF)

antagonists of, 187
levels of, 180

12-lead system, 455–456
Two-dimensional echocardiography

cardiac output monitoring with, 441
scanners for, 301

Two-dimensional transesophageal echocardiography, 303–305

U
Ulcers

atherosclerotic, 662
penetrating atherosclerotic, 662

Ulnar arteries, 419

Ultrafiltration
advantages of, 914
characterization of, 913–914
contraindications for, 914
dialysis versus, 891
inflammation prevention by, 186–187
modified

benefits of, 914–915
characterization of, 914
function of, 914

purpose of, 913
Ultrasonography, 146, 148f
Ultrasound

B-mode of, 318–319
basic forms of, 317
beams of, 316–317
cardiac output monitoring by, 441–442
developments leading to, 298
epicardial, 306
guidance for, 1143–1144
harmonic, 318–319
for internal jugular cannulation, 426–428
intravascular, 302
M-mode

development of, 302–303
prelude to, 299
technology of, 317

properties of, 316
stethoscope, 310
two-dimensional, 421–422
vascular, 17, 301
waves of, 317

Ultrasound cardiography (UCG), 299
Undersensing, 802
Unipolar lead, 802
University of California San Diego PTE experience, 769
Upper activity rate (USR), 802
Upper rate limit (URL), 802
Upper sensor rate (USR), 802
Upper tracking rate (UTR), 802
Urinary tract infections

characterization of, 1092
treatment of, 1094b

Urodilatin, 856
Urokinase, 774

V
Val-HeFT subgroups, 263f
Valsalva, sinuses of, 100
Valvular damage, 436
Valvular heart disease (VHD). See also specific conditions

contractility in, 574
ketamine effects on, 214
midazolam effects on, 212–213
preload reserve in, 571–572
pressure-volume loops in, 571
types of, 24
ventricular compliance in, 573–574

Valvuloplasty
aortic balloon, 67
mitral balloon, 67
repair/replacement, 67–68

VAS. See Visual analog scale (VAS)
Vasculature

intravenous drug effects on
cell proliferation and, 207–208
concentration factors in, 204f, 205f
endothelial function, 206
overview of, 203
PNS and, 206–207
pulmonary-associated, 205
remodeling and, 207–208
SNS and, 206–207
systemic-associated, 203–205

Vasectomies, 974
Vasodilation

beta-adrenergic receptors and, 139
myocardial ischemia and, 142
postoperative management of, 1033–1034

Vasodilator therapy, 759–760
Vasodilators

direct, 255
for right heart failure, 1039
heart failure management with, 272
novel, 1033t

Vasopeptidase inhibitors, 268–269
Vasoplegic syndrome

methylene blue for, 1000–1001
vasopressin for, 1000

Vasopressin, 1000
Vasopressin receptor antagonists, 268
Vasoregulation

characterization of, 203
coronary, 195–196
pulmonary, 205
systemic, 203–205

Veins
cannulation of, 865
diseases of, 28
endothelium of, 958
injury, catheter-induced, 1143
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Veins (Continued)
intrathoracic injury to, 1145
obstruction of, EEG detection of, 474
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